
MNRAS 432, 3262–3277 (2013) doi:10.1093/mnras/stt677
Advance Access publication 2013 May 16

The nature of the near-infrared interline sky background using fibre
Bragg grating OH suppression

Christopher Q. Trinh,1‹ Simon C. Ellis,1,2 Joss Bland-Hawthorn,1,3

Anthony J. Horton,2 Jon S. Lawrence2,4 and Sergio G. Leon-Saval3
1Sydney Institute for Astronomy, School of Physics, The University of Sydney, NSW 2006, Australia
2Australian Astronomical Observatory, 105 Delhi Road, North Ryde, PO Box 915, NSW 1670, Australia
3Institute of Photonics and Optical Science, School of Physics, The University of Sydney, NSW 2006, Australia
4Department of Physics and Astronomy, Macquarie University, NSW 2109, Australia

Accepted 2013 April 18. Received 2013 April 17; in original form 2012 December 29

ABSTRACT
We analyse the near-infrared interline sky background, OH and O2 emission in 19 h of H-band
observations with the GNOSIS OH-suppression unit and the IRIS2 spectrograph at the 3.9-m
Anglo-Australian Telescope. We find that the long-term behaviour of OH emission is best de-
scribed by a gradual decrease during the first half of the night followed by a gradual increase
during the second half of the night following the behaviour of the solar elevation angle. We
measure the interline background at 1.520 µm where the instrumental thermal background
is very low and study its variation with zenith distance, time after sunset, ecliptic latitude,
lunar zenith distance and lunar distance to determine the presence of non-thermal atmospheric
emission, zodiacal scattered light and scattered moonlight. Zodiacal scattered light is too faint
to be detected in the summed observations. Scattered moonlight due to Mie scattering by
atmospheric aerosols is seen at small lunar distances (ρ � 11◦), but is otherwise too faint to
detect. Except at very small lunar distances the interline background at a resolving power of R
≈ 2400 when using OH-suppression fibres is dominated by a non-thermal atmospheric source
with a temporal behaviour that resembles atmospheric OH emission, suggesting that the in-
terline background contains instrumentally scattered OH. However, the interline background
dims more rapidly than OH early in the night, suggesting contributions from rapid dimming
molecules. The absolute interline background is 560 ± 120 photons s−1 m−2 µm−1 arcsec−2

under dark conditions. This value is similar to previous measurements without OH suppres-
sion, suggesting that non-suppressed atmospheric emission is responsible for the interline
background level. Future OH-suppression fibre designs may address this by the suppression of
more sky lines using more accurate sky-line measurements taken from high-resolution spectra.

Key words: atmospheric effects – instrumentation: miscellaneous – instrumentation: spectro-
graphs – infrared: general.

1 IN T RO D U C T I O N

The near-infrared (NIR) background is ≈1000 times brighter than
the optical background when observing from the ground, and
severely limits our ability to observe faint objects at these wave-
lengths. For example, the average dark sky brightness in the H-band
is 13.7 mag arcsec−2 (Vega system) compared to 21.8 mag arcsec−2

in the V-band (Sparke & Gallagher 2007). From NIR spectra of
the night sky it is known that the background is dominated by the
bright emission lines associated with the vibrational decay of at-
mospheric hydroxyl (OH) molecules (Meinel 1950; Dufay 1951).
Complicating matters even further, the OH airglow is also known to
fluctuate rapidly on short time-scales preventing clean subtraction

� E-mail: c.trinh@physics.usyd.edu.au

from data (Davies 2007). The situation is rather unfortunate given
the importance of the NIR window to the future of cosmology.
Many key ultraviolet and optical spectral signatures used to study
various astrophysical phenomena, notably star formation, are red-
shifted into the NIR window due to the expansion of the Universe.
Thus, overcoming the OH airglow is a fundamental challenge for
observational astronomy.

Space-based observations naturally provide a much fainter NIR
background. Here, the low background consists mainly of zodiacal
scattered light (ZSL) and may be as low as ≈20 photons s−1 m−2

µm−1 arcsec−2 at 1.6 µm in the H-band as measured with the Near
Infrared Camera and Multi-Object Spectrometer (NICMOS) on the
Hubble Space Telescope (Stiavelli 2002).

In comparison, Maihara et al. (1993) measured an interline
sky brightness of 590 ± 140 photons s−1 m−2 µm−1 arcsec−2 at

C© 2013 The Authors
Published by Oxford University Press on behalf of the Royal Astronomical Society

 at M
acquarie U

niversity on D
ecem

ber 22, 2013
http://m

nras.oxfordjournals.org/
D

ow
nloaded from

 

http://mnras.oxfordjournals.org/
http://mnras.oxfordjournals.org/


NIR sky background with OH suppression 3263

1.665 µm in the H-band from the ground using the University of
Hawaii 2.2-m telescope on Mauna Kea at a resolving power of
R = 17 000. More recently, Sullivan & Simcoe (2012) measured
670 ± 200 photons s−1 m−2 µm−1 arcsec−2 between 1.662 and
1.663 µm using the Folded-port Infrared Echellette (FIRE) spec-
trometer at Magellan at R = 6000. Cuby, Lidman & Moutou (2000)
measured 1200 photons s−1 m−2 µm−1 arcsec−2 in the H-band
during the commissioning of the Infrared Spectrometer And Ar-
ray Camera (ISSAC) on the European Southern Observatory/Very
Large Telescope (VLT). Although the background in space is much
darker when compared to the ground, the limited accessibility of
space telescopes and the fact that the largest telescopes will always
be on the ground drives astronomers to continue searching for ways
to mitigate the OH airglow from the ground.

Given that the OH lines are intrinsically narrow (Turnbull &
Lowe 1983), a low-level background from the ground may be pos-
sible through OH suppression. It has been demonstrated that the
Lorentzian wings of a diffraction grating line profile contribute
non-negligible amounts of light from a bright emission line to
the interline regions (Bland-Hawthorn, Englund & Edvell 2004;
Ellis & Bland-Hawthorn 2008). Recently, Sullivan & Simcoe (2012)
claim that the interline background (ILB) in their measured H-band
spectrum is consistent with just instrumentally scattered OH emis-
sion. They compare their observed spectrum to a simulated sky
spectrum generated from the OH-line list of Rousselot et al. (2000)
with Gaussian line profiles (R = 30 000) convolved with the mea-
sured FIRE line spread function and find a good match between
the two. If this is the case, then suppressing the OH lines before
any dispersive element should limit the amount of OH light scat-
tered by the diffraction grating into the interline regions, providing
higher sensitivity observations. For example, the simulations of
Ellis & Bland-Hawthorn (2008) show that the background reduc-
tion when observing with pre-dispersion OH suppression together
with adaptive optics (AO) versus observations with AO-only may
be a factor of up to ∼7 greater than the background reduction
when observing with AO versus natural seeing. Note that AO re-
duces the background because a smaller aperture may be used to
sample the object compared to natural seeing. Thus, OH suppres-
sion is as important to cosmology as AO (Ellis & Bland-Hawthorn
2008).

Ellis et al. (2012) and Trinh et al. (2013) attempted to use OH-
suppression fibres with fibre Bragg gratings (FBGs) designed to
suppress the 103 brightest OH doublets in the H-band (1.47–1.7 µm)
before dispersion to reduce the Lorentzian wings and demonstrate
an ILB reduction to produce higher sensitivity NIR observations.
FBGs are the most advanced filter-based OH-suppression technique
to date (Bland-Hawthorn et al. 2011). They do not have line pro-
files with scattering wings like diffraction gratings, which is the
reason they provide an advantage (Ellis & Bland-Hawthorn 2008),
in theory, over dispersion-based OH-suppression techniques (e.g.
Iwamuro et al. 2001). Here, the word grating refers to a refrac-
tive index modulation within the fibre core that induces Fresnel
reflections. The filter response of an FBG is due to interference be-
tween the forward and backward propagating waves within the fibre
core, much like a standard dielectric filter (Bland-Hawthorn et al.
2011). The refractive index modulation ‘grating’ of an FBG does
not disperse light, generating line profiles with scattering wings as
a diffraction grating does. In this respect, they behave identically to
ordinary optical fibres.

H-band spectra of the night sky taken with OH-suppression fibres
show that the fibres do an excellent job of suppressing the OH lines
compared to a non-suppressed control spectrum taken through an

ordinary fibre (Ellis et al. 2012; Trinh et al. 2013). However, the ILB
in the OH-suppressed spectrum and the non-suppressed spectrum
is nearly identical (Ellis et al. 2012). This result suggests that the
ILB may be dominated by contributions from non-suppressed OH
lines and/or other atmospheric sources and/or astronomical sources.
However, these night sky observations are detector noise dominated
in the interline regions, due to low system throughput, possibly
obfuscating the expected ILB reduction. Plans are in place for these
observations to be repeated in a regime that is sky background
limited using the same OH-suppression fibres with an optimized
fibre-fed spectrograph in early 2014 (Horton et al. 2012).

If the lack of a reduction in ILB is confirmed by these new obser-
vations, it may still be possible to achieve the desired background
reduction and the associated increase in sensitivity by suppress-
ing more lines if non-suppressed OH lines are responsible. If other
atmospheric sources and/or astronomical sources are responsible,
these sources may be filterable depending on whether they are line
or continuum sources. Understanding the nature of the interline sky
background in the OH-suppressed observations made with the first
generation of OH-suppression fibres is an essential step towards
perfecting this technology.

In this paper, we present the analysis of 19 h of night sky ob-
servations in the H-band using the GNOSIS OH-suppression unit
with the IRIS2 imaging spectrograph (Tinney et al. 2004) at the
3.9-m Anglo-Australian Telescope (AAT). In Section 2, we give
a brief description of GNOSIS followed by a description of our
observations, data reduction and measurements in Section 3. Sec-
tion 4 discusses the NIR background sources considered in this
study, which includes non-thermal atmospheric emission, ZSL and
scattered moonlight. We discuss our results in Section 5, which in-
cludes an examination of the temporal behaviour of OH emission, a
direct comparison of the spatial and temporal behaviours of the ILB
with OH and O2 emission, an assessment of the amount of ZSL and
scattered moonlight contributing to the ILB as well as a measure of
the absolute interline sky brightness during dark time. A summary
is given in Section 6.

2 G N O SIS

A detailed description of the GNOSIS OH-suppression unit and
its performance may be found in Trinh et al. (2013) and Ellis et al.
(2012). Here, we briefly describe the most important aspects. GNO-
SIS uses a fore-optics unit containing a seven element hexagonal
lenslet array integral field unit (IFU) mounted at the Cassegrain
focus to collect light from the AAT. The hexagonal lenslets are
hexagonally packed and span 1.2 arcsec (0.4 arcsec for each lenslet
flat to flat) on the sky. The light collected by the IFU is transported
by a fibre bundle consisting of 50 µm core diameter multimode
fibres (MMFs) to the grating unit.

The grating unit contains seven OH-suppression fibres, each
consisting of two photonic lanterns (Leon-Saval, Birks & Bland-
Hawthorn 2005) and two aperiodic FBGs (Bland-Hawthorn et al.
2004) all fusion spliced together. The OH-suppression fibres be-
have like a 50 µm core diameter MMF with the spectral response
of a single-mode fibre. The fibres suppress the 103 brightest OH
doublets in the range 1.47–1.7 µm using deep (up to 40 dB by de-
sign to match the line strength) and narrow (R ≈ 10 000) notches
while maintaining relatively high throughput between the notches
for scientific observations (≈60 per cent at 1.55 µm).

The grating unit passes the OH-suppressed light to the IRIS2
spectrograph via a ≈10 m long fibre bundle for measurement. The
fibre bundle is terminated in a linear pseudo-slit mounted in an
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interface unit positioned over the IRIS2 dewar window. An optical
relay within the interface unit images the pseudo-slit on to the
IRIS2 slit plane with a point spread function full width at half-
maximum of ≈2 pixels resulting in a resolving power of R ≈ 2350
and a dispersion of ≈3.5 Å pix−1. IRIS2 contains a 1024×1024
Rockwell Hawaii-1 detector with a dark current of ≈0.015 e− s−1

and an effective read noise of ≈8 e− when using multiple read
mode (MRM). For GNOSIS observations, IRIS2 is configured with
a custom slit mask with 250 µm diameter holes and a f/12 cold
stop. The total throughput of the system including atmosphere,
telescope, GNOSIS and IRIS2 is ≈4 per cent when observing blank
sky because there are no aperture losses at the IFU (see Ellis et al.
2012).

3 O BSERVATI ONS

A total of 19 h of H-band observations were taken between 2011
September 1–5 in MRM to minimize read noise. 45 separate sky
frames were taken with exposure times of either 30 (61 reads, 30 s
period) or 15 (61 reads, 15 s period) min. Table 1 lists the details
of each observation. The observations made during September 1–4
include six OH-suppression fibres and one non-suppressed control
fibre.

3.1 Data reduction

We utilize a data reduction procedure similar to the general data
reduction procedure for GNOSIS data given in Ellis et al. (2012).

Table 1. Night sky observations made with GNOSIS+IRIS2 at the AAT. Symbol definitions are as follows: texp – exposure
time, t – time after sunset, z – zenith distance, l – longitude, b – latitude, ρ – lunar distance and α – lunar phase angle.

Sky Moon
Local Galactic Ecliptic

No. Date texp t z l b l b ρ z α

(s) (h) (◦) (◦) (◦) (◦) (◦) (◦) (◦) (◦)

1 1 Sep 2011 1800 5.55 6.74 27.29 − 59.64 330.63 − 15.81 120.76 111.73 −131
2 1 Sep 2011 1800 6.06 37.18 27.29 − 59.64 330.63 − 15.81 120.76 116.94 −131
3 1 Sep 2011 1800 8.66 43.63 27.29 − 59.64 330.63 − 15.81 120.76 134.09 −131
4 1 Sep 2011 1800 9.16 10.16 27.29 − 59.64 330.63 − 15.81 120.75 134.49 −131
5 1 Sep 2011 1800 10.74 11.19 246.08 − 53.73 33.84 − 57.56 118.19 128.58 −131
6 1 Sep 2011 1800 11.25 48.90 246.08 − 53.73 33.83 − 57.56 118.19 124.80 −131
7 2 Sep 2011 1800 1.29 51.76 332.20 36.64 221.84 − 5.42 2.31 46.12 −119
8 2 Sep 2011 1800 2.31 7.82 338.67 28.10 231.91 − 7.00 10.91 59.14 −119
9 2 Sep 2011 1800 3.23 24.38 7.61 − 20.24 288.32 − 8.90 66.46 70.94 −119
10 2 Sep 2011 1800 4.11 18.93 36.41 − 57.87 332.05 − 10.96 109.33 81.93 −119
11 2 Sep 2011 1800 7.16 34.71 27.34 − 59.63 330.64 − 15.78 107.31 115.77 −119
12 2 Sep 2011 1800 8.40 41.17 27.26 − 59.62 330.61 − 15.82 107.28 125.33 −119
13 2 Sep 2011 1800 8.90 64.65 27.26 − 59.62 330.61 − 15.82 107.28 127.96 −119
14 2 Sep 2011 1800 10.76 33.15 27.29 − 59.64 330.63 − 15.81 107.30 129.13 −119
15 3 Sep 2011 1800 3.22 26.69 27.29 − 59.64 330.63 − 15.81 93.98 57.97 −105
16 3 Sep 2011 1800 3.72 7.93 27.29 − 59.64 330.63 − 15.81 93.98 64.37 −105
17 3 Sep 2011 1800 6.11 13.14 27.29 − 59.64 330.63 − 15.81 93.98 93.33 −105
18 3 Sep 2011 1800 6.61 33.44 27.29 − 59.64 330.63 − 15.81 93.98 98.95 −105
19 3 Sep 2011 900 8.67 32.84 154.71 − 57.52 27.68 − 10.06 149.40 118.47 −105
20 3 Sep 2011 900 8.92 33.42 154.71 − 57.52 27.68 − 10.06 149.40 120.28 −105
21 3 Sep 2011 900 9.69 34.39 154.71 − 57.52 27.68 − 10.06 149.40 124.69 −105
22 3 Sep 2011 900 9.95 51.78 154.71 − 57.52 27.68 − 10.06 149.40 125.73 −105
23 4 Sep 2011 900 4.37 49.57 90.63 − 48.78 356.16 11.24 106.22 60.16 −92
24 4 Sep 2011 900 4.62 36.45 90.63 − 48.78 356.16 11.24 106.22 63.35 −92
25 4 Sep 2011 900 5.78 35.19 88.21 − 55.56 355.40 4.34 105.63 77.71 −92
26 4 Sep 2011 900 6.03 28.50 88.21 − 55.56 355.40 4.34 105.63 80.76 −92
27 4 Sep 2011 1800 7.77 34.97 27.27 − 59.63 330.62 − 15.81 80.93 100.44 −92
28 4 Sep 2011 1800 8.27 36.94 27.27 − 59.63 330.62 − 15.81 80.93 105.58 −92
29 4 Sep 2011 900 10.33 38.76 154.71 − 57.52 27.68 − 10.06 136.69 121.83 −92
30 4 Sep 2011 900 10.59 47.53 154.71 − 57.52 27.68 − 10.06 136.69 123.08 −92
31 4 Sep 2011 900 11.54 4.28 154.71 − 57.52 27.68 − 10.06 136.69 125.78 −92
32 5 Sep 2011 1800 0.48 49.45 353.78 5.13 259.21 − 8.29 9.54 9.04 −80
33 5 Sep 2011 900 1.92 46.23 27.27 − 59.63 330.62 − 15.81 68.29 17.69 −80
34 5 Sep 2011 900 2.17 31.68 27.27 − 59.63 330.62 − 15.81 68.29 20.72 −80
35 5 Sep 2011 900 3.31 28.42 27.27 − 59.63 330.62 − 15.81 68.29 35.04 −80
36 5 Sep 2011 900 3.56 18.59 27.27 − 59.63 330.62 − 15.81 68.29 38.29 −80
37 5 Sep 2011 900 4.33 5.68 27.27 − 59.63 330.62 − 15.81 68.29 48.20 −80
38 5 Sep 2011 900 5.62 6.12 27.27 − 59.63 330.62 − 15.81 68.29 64.55 −80
39 5 Sep 2011 900 5.87 26.47 27.27 − 59.63 330.62 − 15.81 68.29 67.72 −80
40 5 Sep 2011 900 7.65 29.72 27.29 − 59.63 330.63 − 15.81 68.30 89.16 −80
41 5 Sep 2011 900 7.90 42.90 27.29 − 59.63 330.63 − 15.81 68.30 92.04 −80
42 5 Sep 2011 900 8.93 46.13 27.29 − 59.63 330.63 − 15.81 68.30 103.10 −80
43 5 Sep 2011 900 9.18 57.88 27.29 − 59.63 330.63 − 15.81 68.30 105.63 −80
44 5 Sep 2011 900 10.11 61.05 27.29 − 59.63 330.63 − 15.81 68.30 114.06 −80
45 5 Sep 2011 900 10.37 30.35 27.29 − 59.63 330.63 − 15.81 68.30 116.06 −80
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Here, we give a brief summary of the data reduction procedure
specifically for the night sky observations. For each MRM sky
frame all 61 reads are saved. There is a significant non-linearity in
the detector response in the first few reads, so we drop the first five
reads from the linear least-squares fit when constructing the final
image. Then, we correct the image for the detector non-linearity
due to the filling of the pixel wells by the procedure given on the
IRIS2 web pages.1

The seven spectra are spread across two detector quadrants. We
note that despite using MRM, the median count level along the spec-
tral direction computed from 200 spatial pixels at each spectral pixel
in the unilluminated portion of the detector shows a discontinuity
in between the two quadrants and some slowly varying structure
within each quadrant. The average count level is consistent with
the expected dark current and we use this as our measure of dark
current and subtract it from each detector row.

The dark-subtracted sky spectrum in each fibre is extracted using
the ‘Gaussian summation extraction by least squares’ method of
Sharp & Birchall (2010) using traces defined from a spectroscopic
observation of the dome flat lamp. Spectroscopic observations of
the dome flat lamp on each night are also used to determine the
fibre-to-fibre throughput variation. The dome flat lamp spectrum in
each fibre is extracted, integrated and normalized to the mean of
all seven fibres. The extracted sky spectra are then divided by these
relative throughput values.

We obtain a wavelength calibration for each fibre from a xenon
arc lamp observation. In the extracted arc spectrum of each fibre,
we determine the pixel positions of the 1.4737, 1.5423, 1.6058
and 1.7330 µm xenon lines by fitting a Gaussian to each line. The
wavelength at each pixel x is then given by the best-fitting cubic
polynomial,

λ(x) = A + Bx + Cx2 + Dx3, (1)

with A, B, C and D as unconstrained free parameters.
The OH-suppressed spectra are combined by taking the median

of the six (September 1–4) or seven (September 5) spectra at each
spectral pixel, which removes cosmic ray hits and other artefacts.
The wavelength solution for the central sky fibre is applied to the
median-combined OH-suppressed spectrum. This results in an ac-
curacy of ≈2 Å due to the slight shift in the wavelength solution
from fibre to fibre.

The GNOSIS+IRIS2 system is uncooled, leading to a signifi-
cant thermal background due to warm components. We remove the
instrumental thermal background from each spectrum by fitting a
blackbody spectrum with an emissivity of ε = 1 to the continuum
values at λ > 1.7 µm using FINDFIT in MATHEMATICA and subtracting
the best-fitting model. The fitting procedure automatically accounts
for the change in temperature throughout the night as each sky
frame is treated separately. We choose the region beyond the OH-
suppression range where the thermal background is clearly domi-
nant in order to avoid inadvertently removing sky emission in the
suppression range where we wish to study the interline sky back-
ground. The functional form of the blackbody spectrum in units of
photons s−1 m−2 µm−1 arcsec−2 is

Nbb(λ, T , ε) ≈ 1.41 × 1016ε

λ4
[
exp

(
14387.7

λT

) − 1
] , (2)

where λ is the wavelength in µm and T is the temperature. Most
of the thermal background comes from the slit block in the IRIS2

1 http://www.aao.gov.au/AAO/iris2/iris2_linearity.html

interface unit and we convert the blackbody spectrum from pho-
tons s−1 m−2 µm−1 arcsec−2 to ADU assuming a throughput
of 11.4 per cent, which includes a 5 per cent loss from slit block
alignment and 12 per cent throughput for IRIS2 (Ellis et al. 2012).
Fig. 1(a) shows the OH-suppressed spectrum from sky frame 1 in
Table 1 with the best-fitting blackbody model (T ≈ 284 K) shown
by the dashed curve and the continuum points used to compute the
best-fitting model shown by squares.

Next, the sky spectra are divided by the instrument response,
which corrects for variation in throughput with wavelength and
telluric features. The instrument response is measured from a sky-
subtracted A0V standard star observation. The stellar spectrum in
each fibre is divided by a model spectrum of Vega (Castelli &
Kurucz 1994) and normalized to the mean value between 1.5 and
1.69 µm.

Lastly, the sky spectra are flux calibrated assuming an effi-
ciency of 4 per cent based on throughput measurements of GNOSIS,
IRIS2 and estimates of the AAT (Ellis et al. 2012; Trinh et al.
2013). Fig. 1(b) shows the dark-subtracted, thermal-subtracted,
flux-calibrated OH-suppressed spectrum from sky frame 1.

3.2 Interline background measurement

We measure the ILB in the OH-suppressed spectrum of each sky
frame. Maihara et al. (1993) and Sullivan & Simcoe (2012) mea-
sure the ILB at 1.665 µm between two OH lines at 1.66111 and
1.66925 µm. In our data, this region is dominated by instrumental
thermal background (see Fig. 1 a) making it difficult to assess the sky
brightness at this wavelength due to uncertainties associated with
the removal of the thermal background. First, from previous analy-
sis of cold frames where the fore-optics unit is pointed directly at a
container of liquid nitrogen, we know that the thermal background
for GNOSIS+IRIS2 observations is only approximately blackbody
(see Ellis et al. 2012). The discrepancy between the instrumental
thermal background and a blackbody is significant in the Maihara re-
gion. Secondly, the blackbody-fitting procedure uses the continuum
values at λ >1.7 µm. As such, it removes the sky emission in this
region. The procedure is necessary to provide a reasonable measure
of the bright, non-suppressed OH lines at λ > 1.7 µm, but we are
oversubtracting the continuum in the Maihara region nearby. The
instrumental thermal background from the cold frames is of limited
use for thermal background removal. Very few cold frames were
taken as they require removing the fore-optics unit from the AAT.
Additionally, the cold frames were not taken simultaneously with
the night sky observations and temperature changes result in sig-
nificant discrepancies between the thermal background in each sky
frame and the cold frames (≈500 photons s−1 m−2 µm−1 arcsec−2

for 2 K).
To overcome the uncertainties associated with the removal of

the thermal background, we utilize the blackbody-fitting proce-
dure described above as it automatically accounts for the change in
thermal emission with temperature. Then, we select a region near
1.520 µm where the thermal background is very low (≈10 pho-
tons s−1 m−2 µm−1 arcsec−2 at 282 K). Specifically, we use the
regions from 1.5160 to 1.5175 and 1.5190 to 1.5225 µm, which are
near the suppressed 3–1 P2(1.5) and P1(2.5) OH lines at 1.51871
and 1.52410 µm, respectively, but do not coincide with these sup-
pressed lines or any other non-suppressed OH lines that appear in
the line lists of Rousselot et al. (2000) or Abrams et al. (1994). The
low thermal background in this region makes it less sensitive to the
uncertainties associated with the thermal background removal.
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Figure 1. (a) Dark-subtracted OH-suppressed spectrum of sky frame 1 in Table 1. The squares show the continuum points used to fit a blackbody spectrum
and the dashed line shows the best-fitting blackbody spectrum. (b) Dark-subtracted, thermal-subtracted and flux-calibrated OH-suppressed spectrum of sky
frame 1.

Figure 2. OH-suppressed (black) and non-suppressed (grey) spectra of sky
frame 1 with the points used in the ILB measurement shown by squares.
The vertical lines show the OH-line positions from Rousselot et al. (2000)
and the dashed lines show the OH-line positions from Abrams et al. (1994).

The OH-suppressed (black) and non-suppressed control (grey)
spectra of sky frame 1 are shown in Fig. 2 with the points used for
the ILB measurement shown by squares. The OH lines according
to Rousselot et al. (2000) and Abrams et al. (1994) are shown
by the solid and dashed vertical lines, respectively. In the OH-
suppressed spectrum of each sky frame, we take the ILB to be
the mean intensity in the two regions. The uncertainty in the ILB
is given by the variation of this value over all six (September 1–
4) or seven (September 5) OH-suppressed fibres. Specifically, the
uncertainty is the standard deviation of the mean intensity in the
two regions in each fibre.

3.3 OH and O2 measurement

The non-suppressed H-band spectra of Sullivan & Simcoe (2012)
appear consistent with an ILB dominated by instrumentally scat-
tered OH emission even at R = 6000. The simulations of Ellis &
Bland-Hawthorn (2008) show that even with OH-suppression fi-
bres, the ILB should still be dominated by residual OH emission.
We measure several different sets of OH lines and O2 in the OH-
suppressed spectrum of each sky frame and the non-suppressed
control spectrum when available (September 1–4) to determine if
our measured ILB contains instrumentally scattered OH light and
possibly other atmospheric emission from molecules with transi-
tions near the ILB measurement region. The high-resolution trans-
mission molecular absorption data base models (HITRAN2008;
Rothman et al. 2009) from SpectralCalc.com show 28, 106, 28,
30, 80, 15 and 46 transitions between 1.516 and 1.518 µm for
H2O, CO2, N2O, CH4, NO, OH and C2H2, respectively. Between
1.519 and 1.523 µm the model shows 59, 234, 18, 48, 210, 43
and 148 transitions for those same species. Although the HI-
TRAN2008 models include O2, there are no transitions in the
region of interest and O2 is unlikely to directly contribute to the
measured ILB. However, the ILB may contain contributions from
any one of the molecules listed above, which may behave similarly
to O2.

The two strongest OH lines near the ILB measurement region
correspond to the 3–1 P2(1.5) and P1(2.5) transitions at 1.51871
and 1.52410 µm, respectively. Due to their proximity, these two
lines are most likely to directly contribute instrumentally scattered
light to the measured ILB. We measure the peak value of these
two lines in the control spectrum of the sky frames that included
a control fibre. Note that these two lines cannot be measured in

 at M
acquarie U

niversity on D
ecem

ber 22, 2013
http://m

nras.oxfordjournals.org/
D

ow
nloaded from

 

http://mnras.oxfordjournals.org/
http://mnras.oxfordjournals.org/


NIR sky background with OH suppression 3267

the OH-suppressed spectrum because they are suppressed by the
GNOSIS fibre design.

In the OH-suppressed spectrum, the two strongest OH lines near
the ILB measurement region correspond to the 3–1 Q1(3.5) and
Q1(4.5) transitions at 1.50883 and 1.51137 µm, respectively. Al-
though these two lines are less likely to directly contribute to the
measured ILB because they are further away from the ILB measure-
ment region, they provide a proxy for the 3–1 P2(1.5) and P1(2.5)
lines on 2011 September 5, when no control fibre was available.
These lines are within the same vibrational transition and will be
correlated. We measure the peak value of the 3–1 Q1(3.5) and
Q1(4.5) lines in the OH-suppressed spectrum of each sky frame.
Note that these two lines are suppressed by the GNOSIS fibre de-
sign, but the suppression is poor due to the doublet separation being
larger than the FBG notch width (Ellis et al. 2012; Trinh et al. 2013).

According to the OH-line list of Abrams et al. (1994), the lines
near our ILB measurement region correspond exclusively to 2–0,
3–1 and 9–6 vibrational transitions. These transitions, especially the
3–1 vibrational transitions should exhibit a strong linear correlation
with the measured ILB if these lines are directly contributing to
the measured ILB compared to other vibrational transitions. To
explore this, we measure the peak value of 17 very strong, non-
suppressed OH lines (λ > 1.7 µm) corresponding to 4–2, 5–3 and
6–4 vibrational transitions in the OH-suppressed spectrum of each
sky frame. Table 2 lists the wavelength of the peak of each measured
OH line and the corresponding quantum mechanical transitions for
reference.

We are mainly interested in the long-term variation of OH emis-
sion throughout the night. To reduce the rapid fluctuations of the
individual OH lines we average lines of the same vibrational tran-
sition yielding three separate measures of OH emission. First, we
average the 3–1 P2(1.5) and P1(2.5) lines to give what we refer to as
the 3–1 P emission. Next, we average the 3–1 Q1(3.5) and Q1(4.5)
lines to give what we refer to as the 3–1 Q emission. Lastly, we
average the 17 lines at λ >1.7 µm to give what we refer to as the
4–2, 5–3, 6–4 emission.

Table 2. Hydroxyl lines measured in GNOSIS+IRIS2
spectra.

No. λ Transition v′′–v′ J
(µm)

1 1.508 83 Q1 3–1 3.5
2 1.511 37 Q1 3–1 4.5
3 1.518 71 P2 3–1 1.5
4 1.524 10 P1 3–1 2.5
5 1.700 88 P1 5–3 3.5
6 1.707 84 P1, P2 4–2, 5–3 10.5, 3.5
7 1.712 37 P1 5–3 4.5
8 1.721 03 P2, R1 5–3, 6–4 4.5, 6.5
9 1.724 93 P1 4–2, 5–3 11.5, 5.5
10 1.728 29 R1 6–4 4.5
11 1.730 34 R2 6–4 3.5
12 1.733 09 R1 6–4 3.5
13 1.735 97 R2 6–4 2.5
14 1.738 67 P1, R1 5–3, 6–4 6.5, 2.5
15 1.742 70 R2, P1 6–4, 4–2 1.5, 12.5
16 1.745 00 R1 6–4 1.5
17 1.750 59 P2 5–3 6.5
18 1.752 83 P1 5–3 7.5
19 1.765 32 Q2, Q1 6–4 0.5, 1.5
20 1.767 18 Q1 6–4 2.5
21 1.769 84 Q1 6–4 3.5

Lastly, we measure the peak value of the a−X 1–0 O2 line at
1.58 µm in the OH-suppressed spectrum of each sky frame. Note
that this line is not suppressed in the GNOSIS fibre design (Ellis
et al. 2012).

4 IN T E R L I N E BAC K G RO U N D S O U R C E S

Below, we discuss the main NIR ILB sources, which include non-
thermal atmospheric emission (OH and other molecules), ZSL and
scattered moonlight. Other contributions, such as zodiacal emission
from interplanetary dust at the ecliptic plane, Galactic dust emis-
sion from interstellar dust and the cosmic microwave background
are negligible in the H-band (Ellis & Bland-Hawthorn 2008). We
removed thermal emission as fully as possible during our data re-
duction. We do not explicitly account for light pollution, which
comes mainly from the town of Coonabarabran located ≈30 km
from Siding Spring Observatory. Krisciunas et al. (2010) find mea-
surable light pollution in the V-band from the city of La Serena
located 55 km away from Cerro Tololo Inter-American Observa-
tory at zenith distances of 80◦ or greater. In the H-band, the sources
of light pollution (mostly visible) are substantially fainter and the
Mie scattering efficiency by atmospheric aerosols decreases by a
factor of ≈4. Hence, light pollution should only be substantial very
close to horizon. Approximately 90 per cent of our H-band obser-
vations were taken at zenith distances smaller than 50◦ and light
pollution should be quite small in our sky frames.

4.1 Non-thermal atmospheric emission

The NIR background in the H-band is dominated by non-thermal
atmospheric emission from OH and has contributions from other
atmospheric molecules. Assuming a smooth distribution of these
emitters, the emission intensity rises towards the horizon due to
the airmass as the column density along the line of sight increases.
The emission intensity also varies with time as a result of physical
processes, such as the propagation of gravity waves, that affect
the reaction rates between atmospheric molecules, changing the
number of emitters at any given time. As such, the emission from
an atmospheric molecule may be written as (Content 1996)

I (t, z) = I0(t)X(z), (3)

where t is the time after sunset, I0(t) is the time-dependent intensity
due to reaction rate changes specific for each atmospheric molecule,
z is the zenith distance and X(z) is the airmass. In reality, I0(t) also
contains a spatial dependence because molecular emission such as
OH has fine structure like cirrus clouds coving many degrees and
this pattern drifts across the field of view over hours. However,
our long integration times help to smooth out this fine structure
and previous studies, such as Ramsay, Mountain & Geballe (1992)
consider the airmass to be the dominant spatial effect. Thus, we will
only consider the time dependence of I0.

For OH emission emitted from a layer ≈10 km thick at height
h ≈ 87 km (Baker & Stair 1988), the airmass is given by the van
Rhijn factor (van Rhijn 1921; Ramsay et al. 1992; Content 1996)

X1(z) =
[

1 −
(

R

R + h

)2

sin2 z

]−1/2

, (4)

where R is the radius of the Earth. For non-OH atmospheric emis-
sion, such as O2 or in cases where we do not know the identity of the
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emitting species, we use the standard expression for airmass given
by

X2(z) = sec(z). (5)

However, note that in the range of zenith distances covered by
our observations (z � 60◦), X1(z) and X2(z) are virtually identical
differing by �4 per cent.

Excited OH radicals responsible for the OH airglow are primarily
created by a reaction between hydrogen and ozone (Bates & Nicolet
1950)

H + O3 → OH∗ + O2, (6)

and may be quenched by reaction such as (Llewellyn, Long &
Solheim 1978)

OH∗ + O → H + O2. (7)

The temporal behaviour of OH emission varies on both short and
long time-scales due to physical processes that affect the rates of
these chemical reactions. On short time-scales, OH emission in-
tensity fluctuates by ≈15 per cent over periods of 15 min (Taylor
et al. 1991) to 1 h (Yee, Niciejewski & Luo 1991) due to gravity
waves (Ramsay et al. 1992; Frey et al. 2000) that induce density
and temperature perturbations. Note that the exposure times of our
observations are roughly of the same length as the period of these
fluctuations and we are not sensitive to short time-scale fluctuations.
Thus, we will only examine the long-term temporal behaviour of
OH emission.

On long time-scales, OH intensity decreases throughout the night
by a factor of 2 to 3 (Ramsay et al. 1992; Content 1996; Glazebrook
& Bland-Hawthorn 2001) due to changes in the altitude-number
density profiles of the minor atmospheric constituents as a result
of the lack of sunlight (Shimazaki & Laird 1970). The long-term
decline of OH emission through the night is typically modelled
with a simple monotonically declining linear model (Content 1996;
Sullivan & Simcoe 2012).

4.2 Zodiacal scattered light

ZSL from sunlight scattering off interplanetary dust is a large com-
ponent of the NIR ILB in space-based observations. With OH sup-
pression, ground-based observations may be able to reach back-
ground levels approaching ZSL levels. Kelsall et al. (1998) provide a
model for ZSL at 1.25 µm as a function of ecliptic latitude (b) based
on measurements from the COBE Diffuse Infrared Background Ex-
periment. For the H-band, Ellis & Bland-Hawthorn (2008) utilize
an analytic approximation to the Kelsall et al. (1998) model with a
T = 5800 K and ε = 1.08 × 10−13 blackbody spectrum, i.e.

IZSL(b) = Nbb(λ, T , ε)

{
0.75

[1 + (2b/0.743)2]
+ 0.25

}
. (8)

Fig. 3 shows the Ellis & Bland-Hawthorn (2008) ZSL model, which
gives ≈70 photons s−1 m−2 µm−1 arcsec−2 near the ecliptic plane.

4.3 Scattered moonlight

It is well known that scattered moonlight, due to Rayleigh scattering
by atmospheric gases and Mie scattering by atmospheric aerosols,
contributes significantly to the sky background in the optical. Re-
cently, Sullivan & Simcoe (2012) find correlations between lunar
conditions and the ILB in the NIR. The correlations are moderate
in the Y-band and decrease in strength at longer wavelengths due to
the decrease in scattering efficiency with wavelength. We adapt the

Figure 3. ZSL model from Ellis & Bland-Hawthorn (2008) based on J-
band measurements from Kelsall et al. (1998) with a T = 5800 K and ε =
1.08 × 10−13 blackbody spectrum.

model of Krisciunas & Schaefer (1991), which is based on measure-
ments in the V-band, to the H-band using the typical wavelength
dependence of Rayleigh and Mie scattering as described in the
Canada–France–Hawaii Telescope Redeye manual.2 The contribu-
tion from scattered moonlight varies as a function of wavelength (λ),
lunar phase angle (α), lunar zenith distance (zmoon), the zenith dis-
tance of the sky position (z), lunar distance or the angular distance
between the Moon and the sky position (ρ) and the atmospheric
extinction (k) as

Bi = I (α)fi(ρ, λ)10−0.4kX3(zmoon)[1 − 10−0.4kX3(z)], (9)

where the subscript i = R refers to the contribution from Rayleigh
scattering and i = M and refers to the contribution from Mie scat-
tering. Bi is in the unit of nanolamberts.

The first term, I(α), is the intensity of moonlight as a function of
phase angle in degrees and has the form

I (α) = 10−0.4[3.84+0.026|α|+(4×10−9)α4−1.3]. (10)

The function is symmetric and sharply peaked about α = 0, which
corresponds to full Moon.

The second term, fi(ρ, λ), is the wavelength-dependent scatter-
ing function for either Rayleigh or Mie scattering. Krisciunas &
Schaefer (1991) measured fR(ρ) and fM(ρ) in the V-band over
Mauna Kea. The wavelength dependence of Rayleigh scattering
goes as λ−4 and Mie scattering goes as λ−1.3 (Cox 2000). Including
these wavelength dependences normalized to 0.55 µm in the V-band
to the measured fR(ρ) and fM(ρ) of Krisciunas & Schaefer (1991)
yields

fM(ρ, λ) =
⎧⎨
⎩ 6.2 · 107ρ−2

(
0.55
λ

)1.3
ρ < 8.5

106.15−ρ/40
(

0.55
λ

)1.3
ρ ≥ 8.5

, (11)

and

fR(ρ, λ) = 2.27 · 105(1.06 + cos2 ρ)

(
0.55

λ

)4

, (12)

where λ is in µm and ρ is in degrees.
The latter terms in equation (9) describe dependence of the scat-

tered moonlight intensity with the zenith distance of the sky position

2 http://www.cfht.hawaii.edu/Instruments/Detectors/IR/Redeye/Manual/
chapter7.html
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Figure 4. Scattered moonlight model due to Rayleigh scattering by atmo-
spheric gases (dashed) and Mie scattering by atmospheric aerosols (solid)
for λ = 1.520 µm, α = −80◦, z = 0◦ and zmoon = ρ. Adapted from the
V-band measurements of Krisciunas & Schaefer (1991) using the typical
wavelength dependence of Rayleigh and Mie scattering.

and the lunar zenith distance, which arises due to airmass effects
that attenuate the moonlight as it travels through the atmosphere be-
fore being scattered into the detector. Krisciunas & Schaefer (1991)
find that computing the airmass by

X3(z) = (1 − 0.96 sin2 z)−0.5, (13)

produces the best fit between the observed lunar brightness and the
model brightness.

Equation (9) may be converted to the units of mag arcsec−2 by
(Garstang 1989)

Vi = 20.7233 − ln(Bi/34.08)

0.92104
. (14)

The final H-band scattered moonlight contribution is given in pho-
tons s−1 m−2 µm−1 arcsec−2 by

I i
moon(λ, ρ, α, zmoon, z) = 27.040 × 10(20−Vi )/2.5

0.290
. (15)

Fig. 4 shows IR
moon and IM

moon for λ = 1.520 µm, α = −80◦, z = 0◦

and zmoon = ρ. α = −80◦ is the largest lunar phase angle in our data
set and we only expect appreciable amounts of scattered moonlight
at very small lunar distances due to Mie scattering by atmospheric
aerosols.

5 R ESULTS

5.1 OH emission temporal behaviour

First, we study the temporal behaviour of OH emission in order to
obtain an empirical fit for I0(t), which will be used in Section 5.5 to
separate the OH component of the ILB from the ZSL and scattered
moonlight components.

Fig. 5 shows the temporal behaviour of the 3–1 Q OH emission for
each night between 2011 September 1 and 5. The spatial dependence
is removed by dividing by X1(z). Additionally, the intensities are
normalized to the mean intensity on each individual night, which
are listed in Table 3. The temporal behaviour of OH emission is
typically described by a simple linear model. We use LINEARMODELFIT

in MATHEMATICA to determine the best-fitting linear model, which
is shown by the line in each panel. The standard error for each
free parameter is computed from the covariance matrix. The best-

Figure 5. 3–1 Q OH emission for each night from 2011 September 1 to 5.
Values are corrected to an airmass of unity by dividing by X1 and normalized
to the mean value on each night. Error bars represent the 15 per cent short
time-scale fluctuations in OH emission due to gravity waves (the lines are
very bright and the Poisson noise is very small). The lines show the best-
fitting linear model.

Table 3. Linear fit parameters for 3–1 Q OH emission with time.

Date Meana rmsb Slope Intercept R2

1 Sep 2011 12 500 19 0.05 ± 0.04 0.5 ± 0.32 0.361
2 Sep 2011 18 700 32 − 0.08 ± 0.02 1.5 ± 0.14 0.708
3 Sep 2011 15 500 14 − 0.02 ± 0.02 1.2 ± 0.16 0.153
4 Sep 2011 11 600 9 − 0.02 ± 0.01 1.2 ± 0.08 0.427
5 Sep 2011 14 900 18 − 0.05 ± 0.01 1.3 ± 0.06 0.698

aPhotons s−1 m−2 µm−1 arcsec−2.
bPer cent.

fitting slope and intercept, their standard errors and the coefficient
of determination for each night are listed in Table 3.

As expected, the temporal behaviour of 3–1 Q OH emission is not
simple. Although we do not show them here, the general temporal
behaviours of 3–1 P and 4–2, 5–3, 6–4 OH emission are qualitatively
very similar to the behaviour of 3–1 Q OH emission as shown in
Fig. 5. 3–1 Q OH emission exhibits large intensity fluctuations
despite our long integration times aimed at averaging out short
time-scale fluctuations and the pattern is different from night to
night. The time curves for 2011 September 2 and 5 show the 3–1
Q OH emission during the first half of the night being greater than
the second half, in agreement with previous observations (Ramsay
et al. 1992; Content 1996; Glazebrook & Bland-Hawthorn 2001).
On the other hand, the time curves for 2011 September 3 and 4 are
more level, but contain few sample points very early in the night
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when OH emission is the greatest. Our time curves are not regularly
sampled in time, so we compute the rms value to coarsely estimate
the amplitude of the OH fluctuations over the entire night including
both the long and short time-scale effects. The rms values for each
night vary from 9 to 32 per cent as listed in Table 3. Despite its
coarseness, the rms values agree with the expected short time-scale
variation of OH. For completeness, the rms of the mean 3–1 Q
OH emission on each night is 15 per cent and the total rms over all
nights is 27 per cent. These values are comparable to values of 20
and 30 per cent reported by Content (1996).

To obtain an empirical fit for I0(t), we combine the data from
all available nights such that the time curve is well sampled. Fig. 6
shows the combined data for 3–1 Q, 3–1 P and 4–2, 5–3, 6–4 OH
emission. The best-fitting linear model is shown by the line and the
fit parameters are listed in Table 4. Note that the R2 values for the
simple monotonically decreasing linear model are relatively low for
all three sets of OH lines.

Upon closer examination of the combined data for all three sets
of OH lines, the data appear to decrease to a minimum near 7 h after
sunset followed by subsequent rise in intensity. This behaviour is not
adequately captured by the monotonically decreasing linear model
as reflected by the low R2 values. This rise in intensity later in the
night may be a similar effect to the exponential rise in geocoronal
Hα due to solar Lyβ excitation of neutral hydrogen in the exosphere
at a height of 500 km (Bland-Hawthorn et al. 1998). The increase in
Hα begins ≈6 h before sunrise as the amount of sunlight reaching
the exosphere increases with increasing solar elevation angle (θs).

Figure 6. Combined 3–1 Q (top), 3–1 P (second from top) and 4–2, 5–3
and 6–4 (third from top) OH emission from all available nights (September
1–5). Values are corrected to an airmass of unity by dividing by X1 and
normalized to the mean value on each night for each set of OH lines. Error
bars represent the 15 per cent short time-scale fluctuations in OH emission
due to gravity waves. The solid line in each panel shows the best-fitting
linear model. Bottom panel shows the solar elevation angle (θs) on the night
of September 5. The dashed line shows a piecewise linear model where the
first half of the night (t � 7.5 h) is treated separately from the second half
and provides a better fit to the data compared to the simple linear model.

Table 4. Fit parameters for combined OH emission with time.

Transition Slope Intercept R2

3–1 Q − 0.04 ± 0.01 1.24 ± 0.06 0.305
3–1 Q (<7.5 h) − 0.10 ± 0.01 1.49 ± 0.06 0.744
3–1 Q (>7.5 h) 0.07 ± 0.03 0.25 0.252
3–1 P − 0.02 ± 0.01 1.17 ± 0.07 0.197
3–1 P (<7 h) − 0.06 ± 0.02 1.35 ± 0.08 0.546
3–1 P (>7 h) 0.04 ± 0.03 0.62 0.148
4–2, 5–3, 6–4 − 0.01 ± 0.01 1.09 ± 0.05 0.080
4–2, 5–3, 6–4 (<7.5 h) − 0.07 ± 0.01 1.31 ± 0.05 0.627
4–2, 5–3, 6–4 (>7.5 h) 0.07 ± 0.02 0.25 0.340

OH emission comes from an emitting layer in the mesosphere at
≈90 km and it is plausible that it too increases as twilight ends
due to increasing solar irradiation. To confirm this, we compute
the solar elevation angle for the night of 2011 September 5, which
is shown in bottom panel of Fig. 6. Comparing the combined OH
emission data with the solar elevation, the intensity is minimum
near the minimum solar elevation angle at ≈7 h after sunset and the
intensity rises after this time coinciding with an increase in solar
elevation angle. Thus, a function that follows the behaviour of θs(t)
is probably best suited to describing the OH emission intensity as a
function of time.

Fitting linear models separately to the first and second halves of
the night gives a function with this behaviour. The best-fitting slope
and intercept of this piecewise linear model are listed in Table 4 and
shown by the dashed line in Fig. 6. The intercept of the linear model
for the second half of the night is constrained to be continuous with
the linear model for the first half of the night at either 7 or 7.5 h
(whichever provides the best fit to the data). Simply comparing
the R2 values demonstrates that the piecewise linear model gives a
better description of the temporal behaviour of OH emission than
the simple monotonically declining linear model. We will use the
best-fitting piecewise linear model for the 3–1 Q OH emission as
our I0(t) in Section 5.5.

5.2 Interline background airmass dependence

Now we determine the nature of the ILB when using OH-
suppression fibres. First, we directly compare the airmass depen-
dence of the ILB, OH and O2 emission to demonstrate that the ILB
contains a strong atmospheric component. Both OH and O2 exhibit
a similar airmass dependence as both are atmospheric emission
sources (but have different temporal behaviour early in the night).

We simplify equation (3) to a single variable by only considering
13 sky frames of the same field (RA = 338.◦839 , Dec. = −25.◦953 ),
which we will refer to as field A from here on, taken throughout the
night of 2011 September 5 as field A rises and sets. In this case, the
zenith distance is a simple function of time after sunset given by

cos z(t) = sin δAδsso + cos δA cos δsso cos[αA − αsso(t)], (16)

where (αA, δA) and (αsso(t), δsso) are the right ascension and decli-
nation of the field A and zenith at Siding Spring Observatory at the
time of observation, respectively, and αsso(t) is the sidereal time.
Hence, the emission intensity is only a function of time after sunset,
i.e.

I (t) = I0(t)X[z(t)]. (17)

A quick examination of equations (4), (5) and (13) shows that re-
gardless of the specific expression used for the airmass, X[z(t)]
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monotonically decreases to a minimum as field A rises (z(t) de-
creasing) during the first half of the night and X[z(t)] monotonically
increases as field A sets (z(t) increasing) during the second half
of the night. This behaviour readily distinguishes an atmospheric
source from non-atmospheric sources and we examine if the ILB
follows this sort of curve to establish whether or not it is atmospheric
in nature.

Fig. 7 shows the 3–1 Q OH (top) and O2 (middle) emission and the
ILB (bottom) as a function of time after sunset. 3–1 P OH emission
is not shown because the sky frames on 2011 September 5 did not
include a control fibre. 4–2, 5–3, 6–4 OH emission is not shown but
its behaviour is qualitatively very similar to that of 3–1 Q emission

Figure 7. 3–1 Q OH (top) and O2 (middle) emission and the ILB (bottom)
as a function of time after sunset from 13 observations taken on 2011
September 5 following field A as it rises and sets. The line shows the I(t)
curve for an atmospheric source when following a rising and setting field
with constant I0(t) (determined by eye) and with X = X1 for OH and X =
X2 for O2 and the ILB. OH, O2 and the ILB are not truly constant I0(t)
sources, which explain the deviations from the I(t) curves. Regardless, the
characteristic X[z(t)] behaviour for an atmospheric source when following a
rising and setting field is clearly visible. Note that OH and O2 may fluctuate
by ≈15 per cent due to gravity waves.

shown in Fig. 7. The lines show the I(t) curve for an atmospheric
source when following a rising and setting field with constant I0(t)
and with X = X1 for OH and X = X2 for O2 and the ILB. Recall that
X1 and X2 are virtually identical over our range of zenith distances
and our choice of X2 for O2 and the ILB does not affect our results or
conclusions. The I0(t) values have been determined by eye. Both 3–1
Q OH and O2 exhibit the expected X[z(t)] behaviour, monotonically
decreasing to a minimum and monotonically increasing during the
second half of the night. The data do not exactly follow the curve,
but this is expected as neither OH nor O2 are truly constant I0(t)
sources. OH shows elevated emission both early and late in the night
due to mechanisms discussed in Section 4.1 and O2 shows very rapid
dimming after sunset as previously observed by one of us (AJH)
during the first on-sky observations with FBGs (Bland-Hawthorn
et al. 2011).

The ILB behaviour with time after sunset exhibits the X[z(t)]
behaviour expected for an atmospheric emission source like 3–1
Q OH and O2 emission. This suggests that the ILB has a strong
atmospheric component that varies according to X[z(t)] (either X1

or X2), but with elevated emission early in the night due to an I0(t)
term for the specific molecule(s) responsible for the ILB. The ILB
trend with time after sunset is not consistent with ZSL, which is
constant with time after sunset given that the ecliptic latitude for
field A is fixed in this set of observations. Scattered moonlight
varies with X3[z(t)] and X3[zmoon(t)], but the large lunar phase angle
(−80◦) and lunar distance (68◦) of these observations results in this
component being much too weak (see Fig. 4) to account for the
observed ILB intensity variation with time. Thus, from the airmass
dependence of the ILB, we conclude that it is certainly dominated
by emission from atmospheric molecules.

5.3 Interline background temporal behaviour

Having established that the dominant component of the ILB is
atmospheric in origin, we search for evidence regarding which at-
mospheric molecule(s) are responsible for the ILB. To do this, we
study the temporal behaviour, I0(t), of the ILB and make direct
comparisons with 3–1 Q OH, 4–2, 5–3, 6–4 OH and O2 emission.

We obtain I0(t) for the ILB, OH and O2 by dividing the intensity
values by the airmass. OH is corrected using X1 while O2 and the
ILB are corrected using X2. The ILB could be corrected using X1

considering that OH is the most logical atmospheric contributor.
However, we avoid assuming that the dominant atmospheric com-
ponent of the ILB is OH by using the standard airmass expression.
In any case, as noted above, X1 and X2 are virtually identical over
the range of zenith distances covered by our data and our choice of
X2 does not affect any of our results or conclusions. Fig. 8 shows
the airmass-corrected ILB (circles), 3–1 Q OH (filled squares), 4–2,
5–3, 6–4 OH (open squares) and O2 (triangles) emission intensities
normalized to the mean intensity for the each night as a function of
time after sunset.

The 3–1 Q OH, 4–2, 5–3, 6–4 OH and O2 all display the expected
long-term decline in their emission intensities throughout the night
due to changes in the rates of the reactions producing these emitters
from a lack of sunlight. The two sets of OH lines are nearly identical
during the first half of the night, but show subtle differences in their
temporal behaviour during the second half of the night. O2 behaves
very similarly to OH from t ≈ 3.5 h after sunset onwards. The most
notable difference between OH and O2 is the very rapid decline of
O2 emission immediately after sunset.

The airmass-corrected ILB shows a clear dependence on time. In
their moonless, non-suppressed FIRE spectra, Sullivan & Simcoe
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Figure 8. Airmass-corrected 3–1 Q OH (filled squares), 4–2, 5–3, 6–4 OH
(open squares) and O2 (triangles) emission and the ILB (circles) as a function
of time after sunset normalized to the mean intensity for the 13 observations
of field A on the night of 2011 September 5. Late in the night, the temporal
behaviour of the ILB is similar to both OH and O2. Early in the night, the
dimming of the ILB is intermediate between the rapid rate of O2 and the slow
rate of OH, suggesting contributions from multiple atmospheric molecules
with different dimming rates early in the night. Note that OH and O2 may
fluctuate by ≈15 per cent due to gravity wave (not shown for clarity).

(2012) find a moderate linear correlation between the H-band con-
tinuum and local time (R2 = 0.461). The best-fitting linear model to
our measured ILB data shown in Fig. 8 yields R2 = 0.368 in good
agreement with Sullivan & Simcoe (2012). However, the linear cor-
relation of the ILB with time is of limited use in identifying the
atmospheric emitter(s) responsible for the ILB, which is the main
goal of this paper.

Directly comparing the ILB to OH, we see that the two closely
follow one another from t � 4 h after sunset, suggesting that the ILB
may indeed contain OH. However, the ILB is also consistent with
O2 in this range suggesting a possible contribution from an O2-like
molecule. Early in the night (t � 4 h after sunset), the behaviour of
the ILB, OH and O2 is very distinct providing valuable information
on the composition of the ILB. OH is the most likely atmospheric
contributor to the ILB, but the ILB dims more rapidly than OH
early in the night. An ILB with contributions from slow dimming
molecules such as OH and rapid dimming O2-like molecules could
explain the intermediate dimming rate of the ILB seen early in the
night in Fig. 8. We conclude that the measured ILB has a definite
time dependence, showing a decline during the first half of the night
and rise during the second half of the night, which is consistent with
the behaviour of atmospheric OH.

5.4 Interline background linear correlations

To investigate further which atmospheric molecules may be respon-
sible for the atmospheric component of the ILB, we examine the
linear correlation between the ILB and OH and O2 emission. For
this purpose, we consider all observations of field A (up to 27 with-
out and 14 with a control fibre) because the night to night variation
of OH or O2 emission should simply result in a corresponding varia-
tion in the ILB if the quantities are correlated. The ZSL contribution
to the ILB is nearly identical in all these frames because the ecliptic
latitude is nearly the same (b ≈ −16◦) and this constant value should
only affect the best-fitting intercept. The scattered moonlight con-
tribution is small and varies by �3 photons s−1 m−2 µm−1 arcsec−2

from frame to frame based on equation (15) for both Rayleigh and
Mie scattering.

Fig. 9 shows the airmass-corrected ILB versus airmass-corrected
3–1 Q OH, 3–1 P OH, 4–2, 5–3, 6–4 OH and O2 emission for the
sky frames of field A. OH is corrected using X1 while O2 and the
ILB are corrected using X2 as before. Again, our choice of X2 does
not affect any of the results or conclusions. We determine the best-
fitting slope and intercept, their standard errors and the coefficient
of determination using LINEARMODELFIT in MATHEMATICA. The best-
fitting linear models are shown by the lines in Fig. 9 and the fit
parameters are listed in Table 5.

Considering the 14 of 27 sky frames of field A with a control fibre
in order to make a fair comparison of all three sets of OH lines and
O2, we see a strong linear correlation between OH (R2 ≈ 0.650) and
a moderate correlation with O2 (R2 = 0.425). This result seems to
indicate that the ILB is much more OH-like than O2-like. However,
the temporal behaviour of OH and O2 are very similar except very
early in the night (t � 3 h). There are only two sky frames in the
entire field A set with t � 3 h and the correlation analysis does not
really distinguish OH and O2 in the ILB. Similarly, it is difficult
to distinguish between the subtle differences in temporal behaviour
between the OH vibrational transitions using correlation analysis.
More data help to distinguish these subtle differences. For 3–1 Q
and 4–2, 5–3, 6–4 OH emission, we can double the amount of data
by considering all 27 sky frames of field A. Doing so weakens the
linear correlation, R2 = 0.484 for 3–1 Q and R2 = 0.397 for 4–2,
5–3, 6–4 OH emission, but these values are similar to the correlation
strengths (R2 = 0.462) reported by Sullivan & Simcoe (2012) with
a significantly larger data set. When considering all 27 sky frames
of field A the ILB correlates with 3–1 Q OH better than 4–2, 5–
3, 6–4 OH, as we expected from earlier arguments about the ILB
measurement region being near 2–0, 3–1 and 9–6 OH vibrational
transitions.

We conclude that the ILB seems to be instrumentally scattered
OH emission in nature based on its airmass dependence, temporal
behaviour and linear correlation with OH. This OH component
may be residual from the suppressed 3–1 P lines as suggested by
Ellis & Bland-Hawthorn (2008), who show that even with OH
suppression, the ILB should still be dominated by residual OH
emission. Alternatively, it may be instrumentally scattered light
from nearby non-suppressed OH lines, such as the 3–1 Q lines.
Knowing where the instrumentally scattered OH comes from is
obviously crucial information for perfecting OH-suppression fibre
technology, but it is difficult to say with the present analysis which
OH vibrational transitions are responsible given how similar the
vibrational transitions are to each other and the fact that the ILB in
the OH-suppressed and control spectrum are the same (Ellis et al.
2012). Additionally, there is possibly a contribution from other
atmospheric molecules that dim rapidly early in the night. Beyond
this, it is not possible for us to make a definite positive identification
of which atmospheric molecules constitute the strong atmospheric
component of the ILB. Doing so will require high-resolution and
high-sensitivity spectra of the region where the ILB is measured.

5.5 Non-atmospheric contributions

Above, we demonstrated that the ILB contains a strong OH-
like atmospheric component. Now we turn our attention to non-
atmospheric contributions to the ILB, specifically ZSL and scat-
tered moonlight. Based on the estimates from the models shown in
Figs 3 and 4, these contributions are expected to be very weak com-
pared to the OH-like atmospheric component (mean uncorrected
measured ILB ≈1000 photons s−1 m−2 µm−1 arcsec−2). Neverthe-
less, following works such as Sullivan & Simcoe (2012), we search
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Figure 9. ILB versus 3–1 Q OH (filled squares), 3–1 P OH (stars), 4–2, 5–3, 6–4 OH (open squares) and O2 (triangles) emission for the sky frames of field
A. All values are adjusted to an airmass of unity using X1 for OH and X2 for O2 and the ILB. The ILB linearly correlates with both OH and O2 suggesting that
it is OH-like and O2-like. However, there are only two sky frames early in the night where the temporal behaviour of OH and O2 are significantly different.
Expected contributions from moonlight and ZSL in these frames are very low and should not significantly affect the linear correlation.

Table 5. Linear fit parameters for ILB-OH/O2 correlations.

Emission Slope Intercept R2

14 sky frames with control fibre

3–1 P OH 0.005 ± 0.001 40 ± 100 0.664
3–1 Q OH 0.03 ± 0.01 100 ± 100 0.620
4–2, 5–3, 6–4 OH 0.009 ± 0.002 60 ± 100 0.692
O2 0.03 ± 0.01 300 ± 100 0.422

27 sky frames without control fibre

3–1 Q OH 0.04 ± 0.01 −10 ± 100 0.484
4–2, 5–3, 6–4 OH 0.009 ± 0.002 10 ± 100 0.397

for trends in the ILB with ecliptic latitude, lunar distance and lunar
zenith distance in an attempt to detect the presence of ZSL and
scattered moonlight in the ILB. We also attempt to quantify these
components in the ILB by a model fitting procedure. Fitting for very
weak non-atmospheric components is challenging, especially given
the large variability of the atmospheric component. However, the
goal of OH suppression is to reduce the atmospheric background
component and in future OH-suppressed data, we may be able to
accurately assess weaker background components by model fitting.

5.5.1 Zodiacal scattered light

First, we attempt to detect the contribution from ZSL in our mea-
sured ILB. Of the 45 sky frames in our data set, we have three sky
frames taken very close to the Moon (ρ � 11◦), which we refer to
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Figure 10. ILB versus ecliptic latitude for 42 sky frames with ρ � 68◦ and
|α| � 80◦. Scattered moonlight component is very small in these frames
and the ILB is mostly the atmospheric component (likely OH) and ZSL.
The values are corrected for airmass and time dependence assuming an OH
component. A very weak correlation (R2 = 0.072) with b is seen indicating a
very weak ZSL component compared to the strong atmospheric component.

as the small ρ set. Judging by eye, there appears to be a signifi-
cant contribution from scattered moonlight due to Mie scattering by
atmospheric aerosols in the small ρ set and we omit it in the anal-
ysis of the ZSL component. The remaining 42 sky frames all have
ρ � 68◦ and |α| � 80◦ and we refer to these as the large ρ set. Ac-
cording to the extrapolated Krisciunas & Schaefer (1991) model,
the scattered moonlight component in the large ρ set is �2 ph-
tons s−1 m−2 µm−1 arcsec−2 (see Fig. 4). Additionally, Sullivan &
Simcoe (2012) find very weak correlations between the ILB and
zmoon and ρ in their H-band data indicating a very weak scattered
moonlight component. Thus, we assume that the ILB in the large ρ

set is essentially the strong atmospheric component and ZSL.
Fig. 10 shows the ILB versus |b| for the large ρ set. As the ZSL

component is quite weak compared to the atmospheric component,
we correct for the airmass and time dependence of the atmospheric
component by dividing the ILB by X1 and I0(t). For I0(t), we use the
best-fitting piecewise linear model for 3–1 Q OH emission, listed
in Table 4, as this set of OH lines has the strongest correlation with
the ILB for all 27 sky frames of field A. The range of b values is
not well sampled and no obvious trend is visible. The line shows
the best-fitting linear model, but the correlation is very weak (R2 =
0.072). We conclude that ZSL is indeed very weak compared to the
atmospheric component of the ILB in the H-band.

We corroborate this with a model-fitting procedure. Consider the
following ILB model including an OH and ZSL component,

IILB(t, z, b) = I0,OH
I0(t)X1(z)

IZSL(0)
+ I0,ZSLIZSL(b), (18)

where I0,OH and I0,ZSL are free parameters. The OH component
has been normalized to the peak value of Ellis & Bland-Hawthorn
(2008) ZSL model such that both I0,OH and I0,ZSL are unitless scaling
factors that may be compared directly. We use NONLINEARMODELFIT

in MATHEMATICA to determine the best-fitting parameter values and
their standard errors (computed from the covariance matrix) with
the constraint that the parameter values be real and positive. The
best-fitting ILB model to the large ρ set has I0,OH = 35 000 ± 10 000
and I0,ZSL = 4 ± 3. The large magnitude and standard error of the
OH component are a reflection of the dominance and variability
of the OH component, which renders the measurement of the ZSL
unreliable in this case. Thus, we adopt the ZSL model of Ellis &

Bland-Hawthorn (2008) and subtract the expected ZSL contribution
from the ILB in our analysis of scattered moonlight.

5.5.2 Scattered moonlight

Sullivan & Simcoe (2012) find very weak dependences on lunar
distance (R2 = 0.093) and lunar zenith distance (R2 = 0.010) for
the H-band ILB and we search for similar correlations in our data.
First, we continue our study of the 42 sky frames of the large ρ set.
Fig. 11 shows the ILB versus zmoon for these sky frames. The values
are ZSL-subtracted using equation (8) and corrected for airmass
and time dependence as before. There is no dependence on zmoon

after moonset. There are six data points in the range 60 < zmoon <

80◦ that are a factor of ≈2 larger than the rest of the data points.
The ILB even seems to rise towards zmoon = 90◦, which is opposite
to the behaviour expected from equation (15) and the trend seen in
Sullivan & Simcoe (2012). These sky frames with the ILB value
�1000 photons s−1 m−2 µm−1 arcsec−2 are from 2011 September
2 and 4. Within each night, there is no dependence on zmoon. Thus,
the apparent trend is likely not due to scattered moonlight, but a
combination of the small number of data points and the night-to-
night variation of the strong atmospheric component. Thus, our
results are in agreement with Sullivan & Simcoe (2012).

Fig. 12 shows the ILB versus ρ for the large ρ set and the small
ρ set. The ILB values of the small ρ set are ZSL-subtracted but not
corrected for the airmass and time dependence of the atmospheric
component because the scattered moonlight component in these
frames may be quite large. There is no ILB dependence on ρ at large
lunar distances. The curve is poorly sampled between 15◦ and 60◦,
but the data show some dependence on lunar distance at ρ � 11◦,
which is consistent with Mie scattering by atmospheric aerosols.
Note that Sullivan & Simcoe (2012) find a weak correlation with ρ,
but they do not have any data points within ≈15◦ from the Moon.

Equation (15) predicts ≈140, 10 and 30 photons s−1 m−2

µm−1 arcsec−2 from moonlight Mie scattered by atmospheric
aerosols for sky frames 7, 8 and 32, respectively, in the small ρ

set. These contributions are much too small to account for the

Figure 11. ILB versus lunar zenith distance for 42 sky frames with ρ � 68◦
and |α| � 80◦. The data are separated by date: September 1 (circles),
September 2 (triangles), September 3 (squares), September 4 (inverted tri-
angles) and September 5 (filled squares). ILB values are ZSL-subtracted
and the airmass and time dependence of the large atmospheric component
is removed. ILB after moonset is consistently dark. At zmoon < 90◦, the ILB
appears to increase with zmoon, which is opposite behaviour expected from
equation (15) and observations of Sullivan & Simcoe (2012). This trend is
unlikely due to scattered moonlight and more likely due to the night-to-night
variation of the strong atmospheric component of the ILB.
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Figure 12. ILB versus lunar distance for both the large ρ and small ρ sets.
The ILB values of the small ρ set are ZSL-subtracted but not corrected for
the airmass and time dependence of the atmospheric component because the
scattered moonlight component in these frames may be quite large. The data
show some dependence on lunar distance at ρ � 11◦, which is consistent
with Mie scattering of moonlight by atmospheric aerosols.

observed ILB values assuming that the only other contributions are
from an OH component and ZSL. To see this, consider the following
ILB model for the OH and ZSL components,

IILB(t, z, b) = I0,OHI0(t)X1(z) + IZSL(b), (19)

where the first term is the time-dependent, airmass-dependent OH
component with I0,OH as a free parameter and the second term
is the ZSL model of Ellis & Bland-Hawthorn (2008). As before,
we use NONLINEARMODELFIT in MATHEMATICA to determine the best-
fitting I0,OH value to the uncorrected ILB of the large ρ set with
the constraint that the value be real and positive. Then, we use
this best-fitting ILB model to estimate the OH+ZSL contribution
in the small ρ set. To this estimate, we include a conservative
uncertainty estimate of σ = 50 per cent to account for the large
variability of OH. Then, we estimate the scattered moonlight con-
tribution by ILBmeasured − IILB(t, z, b)(1 + σ ). This yields a scat-
tered moonlight contribution of at least 3500, 580 and 880 pho-
tons s−1 m−2 µm−1 arcsec−2 for sky frames 7, 8 and 32, respectively.
Compared to the estimate from equation (15), the contribution from
Mie scattered moonlight is ≈25, 60 and 28 times greater than
expected.

This result is not too surprising, considering our estimates us-
ing equation (15) utilize the Mie scattering function measured over
Mauna Kea. Differences in the aerosol composition and concen-
tration, which are affected by factors such as industrial pollution,
volcanic eruptions and sand storms, between Siding Spring and
Mauna Kea could certainly account for the discrepancy between
the model and observations. Given its location and low altitude,
Siding Spring is likely more susceptible to aerosol scattering mak-
ing scattered moonlight a potentially more significant contributor
to the NIR background at this location. However, more night sky
observations at smaller lunar phase angles (|α| � 30◦) and at low
lunar distances (ρ � 30◦) where the scattered moonlight compo-
nent is comparable to the atmospheric component are necessary to
firmly establish the impact aerosol scattering of moonlight on NIR
observations at Siding Spring.

5.6 Absolute interline background

Previously, we used the variation of the ILB measured at 1.520 µm
with airmass, time after sunset, ecliptic latitude, lunar zenith dis-

tance and lunar distance to determine the presence of non-thermal
atmospheric emission, ZSL and scattered moonlight in the ILB
when using OH-suppression fibres. We established that the ILB is
dominated by an OH-like atmospheric source. The end goal of OH
suppression is to reduce the ILB for higher sensitivity observations.
While the current generation of OH suppression has yet to realize
this ILB reduction (Ellis et al. 2012; Trinh et al. 2013), we measure
the absolute sky brightness of the ILB with the current observations
under the darkest conditions to establish a benchmark for future
OH-suppressed observations. We select nine low airmass (X2 <

1.2), middle of the night (5 < t < 9 h after sunset) and moonless
(zmoon > 90◦) sky frames for this dark ILB measurement, which
yields an ILB of 560 ± 120 photons s−1 m−2 µm−1 arcsec−2 from
the mean and standard deviation.

Our measured dark ILB is similar to the values of Sullivan &
Simcoe (2012) and Maihara et al. (1993) at 1.665 µm at R = 6000
and 17 000, respectively, without OH suppression. This suggests
that the ILB in their spectra and ours is the same. Hence, the sup-
pression of the 103 brightest OH lines is not affecting the ILB as
modelled by Ellis & Bland-Hawthorn (2008) and the ILB is domi-
nated by emission from non-suppressed atmospheric emission (OH
or other). If this is the case, it would explain the nearly identical ILB
in the OH-suppressed and non-suppressed sky spectra taken with
GNOSIS+IRIS2. However, we remind the reader that these obser-
vations are detector noise dominated and it is possible that there is
an ILB reduction in our OH-suppressed spectrum that we are unable
to observe among the detector noise. In any case, it is difficult to
form a compelling argument at this point considering that we mea-
sure the ILB at a different wavelength. Ellis et al. (2012) measured
a value of 860 ± 210 photons s−1 m−2 µm−1 arcsec−2 over the
entire H-band with OH suppression using GNOSIS+IRIS2 data,
indicating that our ILB measurement window may be one of the
darker windows in the H-band. With the current GNOSIS+IRIS2
data, we are unable to reliably measure the ILB at 1.665 µm due to
contamination by instrumental thermal emission and the large un-
certainties associated with the removal of the thermal background.
A direct comparison at 1.665 µm with OH-suppression fibres in
a regime that is sky background-limited using an optimized and
cooled spectrograph is left for future work (Horton et al. 2012).

6 SU M M A RY

In this paper, we analyse 19 h of H-band observations taken with
GNOSIS, the first OH-suppression unit to utilize OH-suppression
fibres with FBGs and the IRIS2 spectrograph at the AAT. These
data include 45 night sky observations covering a range of sky
positions and lunar conditions. From these data, we examine the
spatial and temporal behaviours of the ILB, OH and O2 emission to
determine the nature of the ILB measured at 1.520 µm when using
the first generation of OH-suppression fibres with an R ≈ 2400
spectrograph. This analysis is a critical step in the development
of OH-suppression fibre technology, which may potentially impact
observational astronomy at the level of AO or greater.

The region where the ILB is measured is populated exclusively by
OH lines corresponding to 2–0, 3–1 and 9–6 vibrational transitions
and these are the most likely to directly contribute instrumentally
scattered OH into the measured ILB. Thus, we study the temporal
behaviour of OH lines corresponding to 3–1 and 4–2, 5–3 and 6–4
vibrational transitions measured in the OH-suppressed and non-
suppressed sky spectra when available. We find that the temporal
behaviour of OH emission is best modelled by a gradual linear
decrease in the first half of the night followed by a gradual linear
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rise during the second half of the night following the behaviour of
the solar elevation angle. O2 emission on the other hand, exhibits
very rapid dimming after sunset.

For space-based observations, the dominant NIR background
component is ZSL. Unfortunately, given the large variability of
the atmospheric component in the ILB and the relative weakness of
the ZSL component, we are unable to reliably measure ZSL in our
data. We adopt the ZSL model of Ellis & Bland-Hawthorn (2008)
and remove this component from the ILB where appropriate.

The ILB contribution from scattered moonlight in the H-band is
undetectable, except at small lunar distances (ρ � 11◦) where Mie
scattering by atmospheric aerosols is very efficient. This contribu-
tion is much larger than expected from a model based on V-band
measurements at Mauna Kea by Krisciunas & Schaefer (1991) and
extrapolated to the H-band using the typical wavelength depen-
dences for the scattering efficiency of Rayleigh and Mie scattering.
Due to its location and altitude, Siding Spring is likely more suscep-
tible to aerosol scattering by industrial pollution and sand storms
compared to Mauna Kea. Thus, the scattered moonlight contribution
to the NIR ILB at small lunar distance is potentially more signifi-
cant at Siding Spring compared to other sites. We find evidence of
this, but more measurements of the night sky background near full
Moon and at small lunar distance are necessary to firmly establish
the significance of aerosol scattering of moonlight at Siding Spring.
Otherwise, for large lunar distances (ρ � 60◦) and large lunar phase
angles (|α| � 80◦), we find no dependence on lunar distance or lu-
nar elevation angle indicating a weak contribution from moonlight
in the H-band in agreement with the results of Sullivan & Simcoe
(2012) using data from FIRE at Magellan.

Although moonlight dominates the ILB at very small lunar dis-
tances, the background when using OH-suppression fibres is other-
wise dominated by non-thermal atmospheric emission, potentially
either line emission scattered by the instrument or an airglow contin-
uum. The ILB exhibits the characteristic X[z(t)] behaviour expected
of emission from an atmospheric molecule when following the same
field throughout the night. Additionally, the temporal behaviour of
the ILB is similar to that of OH and O2 with the dimming of the ILB
early in the night being intermediate between the slow rate of OH
and the fast rate of O2. This suggests that the ILB contains atmo-
spheric emission from multiple molecules with both slow dimming
rates like OH and rapid dimming rates like O2. There are no O2 tran-
sitions in the ILB measurement region but O2-like molecules may
be responsible for the intermediate dimming rate of the ILB early in
the night. There is also a strong linear correlation between the ILB
and OH emission, which strengthens the case that the atmospheric
component of the ILB is dominated by instrumentally scattered OH.
However, it is not possible to distinguish which lines or vibrational
transitions are responsible given their similar long-term temporal
behaviours.

The absolute ILB at 1.520 µm under dark conditions with OH
suppression is 560 ± 120 photons s−1 m−2 µm−1 arcsec−2. This
value is similar to previous non-suppressed measurements and our
own measurement from a control fibre suggesting that the suppres-
sion with the current grating design does not affect the ILB and it is
dominated by emission from non-suppressed atmospheric emission.
There is some uncertainty regarding this conclusion given that the
current GNOSIS+IRIS2 observations are detector noise dominated
and the ILB comparison is done at two different wavelengths. We are
currently designing an optimized and cooled fibre-fed spectrograph,
called PRAXIS, with a high-performance, low noise 2.5 µm cutoff
Hawaii-2RG detector to be used with the GNOSIS for further devel-
opment of OH-suppression fibre technology. GNOSIS+PRAXIS

will provide sky background-limited data with significantly reduced
thermal noise (Horton et al. 2012). If no ILB reduction is seen in
these data, then it will be clear that non-suppressed atmospheric
emission is responsible for the ILB. In that case, an ILB reduction
may still be possible with improved fibre design, i.e. suppressing
more sky lines.

For example, there is evidence that non-suppressed OH lines
originally thought to be very weak are responsible for the lack of
ILB reduction. This could certainly account for the observed linear
correlation between the ILB and OH. The simulations of Ellis &
Bland-Hawthorn (2008) show an ILB reduction when the sky is
modelled according to the OH-line list of Rousselot et al. (2000).
Here, only the 103 brightest OH doublets need to be suppressed
because the other non-suppressed lines are so weak that they do
not matter. However, the OH-line list of Abrams et al. (1994) in-
dicates that some of the non-suppressed lines are much stronger,
scattering more light into the interline regions. Comparing the ob-
served GNOSIS+IRIS2 spectrum to a simulated OH-suppressed
spectrum using the OH-line spectrum of Rousselot et al. (2000)
and to a simulated spectrum using an updated OH-line spectrum
consisting of an amalgamation of Abrams et al. (1994) and Rous-
selot et al. (2000) (giving precedence to Abrams et al. (1994) when
a line occurs in both lists), indicates that the latter is a better fit
to the observations. If these non-suppressed lines are stronger and
responsible for the lack of ILB reduction, a more accurate model of
the night sky should be used to determine the number of lines that
need to be suppressed to achieve the desired ILB reduction. This
highlights the fact that for proper sky suppression, accurate sky-line
positions and strengths are critical. New measurements of the OH
lines are being carried out with high-resolution spectra taken with
the Cryogenic high-resolution Infrared Echelle Spectrograph at the
VLT (Chris Lidman, private communication). Future grating de-
signs will incorporate these new measurements in order to optimize
the performance of OH-suppression fibres for deep ground-based
NIR spectroscopy.
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