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ABSTRACT

Ground-based mid-infrared (mid-IR) observations appear to be widely perceived as esoteric and demanding, and
very sensitive to observing conditions. Although the principles of observing in the background-limited regime
are well-known, it is difficult for the non-specialist to find specific information on exactly how mid-IR data can
be affected by environmental conditions. Understanding these effects is important for the efficiency of mid-IR
queue observing, the ability of classical observers to adapt their programs to the prevailing conditions, and the
standard of data being delivered. Through operating mid-IR instruments in the queue at Gemini we have amassed
a considerable database of standard star observations taken under a wide range of atmospheric conditions and in
a variety of instrumental configurations. These data can be used to illustrate the effect of factors such as water
vapour column, airmass, cloud cover, etc. on observed quantities like raw sky background, residual background,
atmospheric transmission and image FWHM. Here we present some preliminary results from this study, which we
hope to be of use to observatory users and staff as a guide to which environmental conditions are truly important
to mid- IR imaging observations, and which can safely be neglected.
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1. INTRODUCTION

The mid-infrared spectral region covers a wide range of dust and molecular emission and absorption features,
as well as many recombination and fine-structure lines, probing phenomena as diverse as star formation, stellar
death (e.g. supernova remnants and planetary nebulae), and the dusty cores of active galactic nuclei. Although
ground-based mid-IR instruments cannot match the exquisite sensitivity and wavelength coverage available
to space-based satellites such as Spitzer, they can offer great advantages in spatial and spectral resolution,
and often more complex observing modes (e.g. polarimetry and coronagraphy) than have been feasible for
space-based instruments. Mid-infrared instruments currently or soon to be available on ground-based telescopes
include Michelle! and T-ReCS? on the Gemini telescopes, VISIR? and MIDI* on ESO’s Very Large Telescope,
COMICS®® on the Subaru telescope, MIRSI” at the IRTF, SpectroCam-10% at Palomar, visitor instruments
TEXES? and MIRAC,'® and CanariCam,'! the mid-IR instrument about to be commissioned on the Gran
Telescopio Canarias.

Making the most effective use of these instruments requires knowledge of how data quality is affected by
environmental conditions. If, for example, sensitivity is seriously degraded by a high level of precipitable water
vapour then it is wasteful to attempt observations on wet nights when optical instruments could be more profitably
used instead. Equally, it makes little sense to schedule observations under the best conditions if similar quality
data could be obtained with poorer seeing or cloudier skies. This kind of decision is particularly important in
queue observing in which mid-IR instruments have to compete with other instruments for telescope time.

Some general information about the mid-IR sky is available in the literature,!?13 as is some more specific

work on sky noise and observing techniques.'*'” However, we have been unable to find a basic and general
treatment of how mid-IR sensitivity and image quality depend on environmental and other factors, especially
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one based on an extensive set of real mid-IR data. We have therefore analysed a set of several hundred 10- and
20 pm imaging observations of standard stars to illustrate the effect of environmental conditions on mid-IR data
quality. The conclusions presented here are drawn from data taken with Michelle on the Gemini North telescope
on Mauna Kea, but they may be expected to apply broadly to similar instruments at other sites. Preliminary
analysis of a similar data set from T-ReCS at Gemini South is consistent with the results in this paper.

2. MID-INFRARED OBSERVING FROM THE GROUND

Perhaps the defining characteristic of the ground-based mid-infrared is the huge level of thermal radiation from
the sky, telescope and surroundings, which becomes the dominant source of background radiation beyond about
2.3 pm. According to Wien’s displacement law, AT ~ 3000 um K, blackbody radiation from objects at ~300 K
reaches its maximum intensity in the 10 pum region. With a surface brightness of about -3 mag/sq arcsec around
11 pm, the sky itself is several orders of magnitude brighter than all but the brightest of astronomical sources.

Superimposed on the greybody curve of the continuum emission from the atmosphere and telescope is a
forest of emission lines from telluric molecules, the dominant species being HoO, O3, COgz, NoO and CHy.!3
These lines contribute emission and also represent regions of reduced atmospheric transparency (Fig. 1), so they
both elevate the background in certain wavelength regions and increase the opacity of the atmosphere in those
regions. The stronger HyO lines can saturate in periods of high water vapour (and some are saturated even
under "normal” conditions) while the weaker lines remain well fit by Gaussian or Voigt profiles. The effect on
astronomical observations will depend on the filter or spectral range being used.

Because the mid-IR background is so large it must be subtracted before most astronomical objects can be
detected, and the accuracy and uncertainty in the background subtraction is a limiting factor in the sensitivity of
a mid-IR observation. The techniques generally used for background suppression, at least for imaging and low-
resolution spectroscopic observations, are chopping and nodding. Chopping is tilting the telescope’s secondary
mirror by an amplitude corresponding to a few to a few tens of arcseconds on the sky, so that the first image
contains the source + sky "A” and the second, source + sky "B” (with the source at a different location on
the array, or only sky "B” if the chop amplitude exceeds the instrument’s field of view). Subtraction of the
”A” and ”B” images leaves positive and negative images of the source, plus some level of residual background.
If the chopping is working well then the residual background (the ”radiative offset”) results from the slightly
different parts of the telescope seen by the detector at the two secondary mirror positions; imperfections on the
primary mirror, for instance, will not subtract out perfectly through chopping alone. To cancel out this residual
background the entire telescope is nodded periodically, typically every minute or so, often in the same direction
and with the same amplitude as the chop. The nodding can also cancel out linear gradients in the sky background.
Under many circumstances this scheme works remarkably well; compare for example the raw background levels
in Fig. 2 and the final, subtracted background levels in Fig. 3. More details about chopping and nodding and
a worked example can be found at www.gemini.edu/sciops/instruments/mid-ir-resources/mid-ir-observing; see
also e.g. refs 16-18.

Power spectra of blank sky data obtained with very short integrations'® !7:1° have been used to investigate
the timescales of the fluctuations of the sky background, with ref. 19 recommending chop frequencies of 0.5 Hz
or above. The 1/f noise from the detector and temperature oscillations induced by the instrument’s closed-cycle
coolers must also be taken into account. For imaging observations chopping has traditionally taken place at a
frequency of a few Hz, depending on the wavelength, observing site etc., This means that the secondary mirror is
only stationary for ~100 milliseconds between chops, and it is during this period that the detector is exposed and
read out. Frame times (exposure times) for Michelle and T-ReCS are specified for normal observing conditions.
In periods of particularly high background, which may be caused by clouds or a high water vapour column, the
detectors may saturate; this tends to be how saturation occurs in the mid-IR, rather than on an astronomical
source itself.

3. DATA AND REDUCTION

The data set presented here consists of Michelle observations of stars from the network of over 400 mid-IR
standard stars established by M. Cohen and coworkers.2? For any mid-IR imaging observation in the queue at



Table 1. Michelle imaging filters and standard star observations

| Filter | Si-1 | Si-2 | Si-3 | Si-4 | Si-5 | Si-6 | N’ | Qa |
Central Wavelength (pm) 77| 88 | 9.7 | 10.3 | 11.6 | 12.5 | 11.2 | 18.1
Number of Observations 40 70 50 32 130 80 212 | 245

Number of Observations in Clear Skies | 29 58 38 24 104 65 165 | 202

Gemini, an observation of one of these standards is defined by the PI and obtained shortly before and/or after
the science observation in the matching instrumental configuration. In-band flux densities for these standards
were computed using the Cohen et al. stellar atmosphere models, integrated over the Michelle filter profiles®.

Michelle observations with an RA and Dec within .001 degrees of the coordinates of any of the standard stars
were selected using an automatic routine from images available locally on hard disk and through the Gemini
Science Archive. The images were reduced using the mireduce task in the Gemini IRAF package. The chop-nod
observing scheme used for imaging observations results in files with as many extensions as nods (so a single
ABBA nod sequence, for example, will have four extensions), with each extension containing three planes: one
for the sum of the frames taken in chop beam A, one for chop beam B, and one for (chop A - chop B). Mireduce
combines the data to yield a single ”stacked” file containing a final background-subtracted image for the whole
observation.

The IRAF package DAOPHOT was used to locate objects in the reduced images. For the standard star
observations only a single object is expected in the 32 arcsec x 24 arcsec Michelle field of view, so any images
yielding 2 or more objects were rejected, as were files with quality assessment header keywords marking them
as bad for various reasons. Once an object in the image was identified, the analysis script would measure the
full width at half maximum (FWHM), ellipticity, peak counts, and total flux of the object in an aperture of four
times the measured FWHM. The Strehl ratio for each image was estimated by comparing the observed peak/total
counts to theoretical maximum values for that ratio, calculated assuming an effective primary mirror diameter
of 7.906 m, central obscuration of 0.129 m and pixel scale of 0.1005 arcsec/pixel. The instrumental responsivity
in mJy/ADU was also derived, representing the amount of flux from an astronomical (or other) source required
to produce 1 ADU at the detector. In addition to measurements made on the star itself, the mean value and
standard deviation of the residual background in the sky annulus used by the photometry routine were also
recorded. The raw sky background was taken as the mean of the raw background measured in each chop beam
of each of the individual file extensions (nods).

Information about the weather conditions was extracted from several sources. The Gemini weather tower
measures and writes information about ambient conditions (temperature, humidity, wind speed etc.) to the FITS
header of each Michelle image. An assessment of the cloud cover, based on tools such as the counts measured by
Gemini’s guide probes and data supplied by the CFHT skyprobe', is made by the nighttime summit observer
and is also recorded in the headers. Atmospheric water vapour levels are recorded by the Caltech Submillimetre
Observatory (CSO) in the form of the optical depth at 350 um and 225 GHz and are available from the CSO
website!. In this paper we use: precipitable water vapour (mm) = T25GH, X 20.0.

The final sample of standard star observations numbers approximately 860 spanning the time period between
2004 and 2007. Table 1 shows how the observations are distributed between the various imaging filters. The
results in this paper are based on data taken in clear skies only.

4. EMISSION AND TRANSMISSION

Fig. 1 shows the atmospheric transmission?! in the N and Q band windows at Mauna Kea and the profiles of
some of the filters used by Michelle, T-ReCS and CanariCam. Some of the filters — particularly Qa and Si-1 —

*The flux densities and a tool for their calculation can be found at www.gemini.edu/sciops/instruments/mid-ir-
resources

fwww.cfht.hawaii.edu/Instruments/Elixir /skyprobe/home.html

fwww.cso.caltech.edu/taumeter.txt
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Figure 1. Left: N band atmospheric transmission (solid black line, calculated for 1.0 airmasses, 2.0 mm H2O, 0.05 pm
spectral resolution) and profiles of the Si-1 — Si-6 and N’ filters used in Michelle and T-ReCS (see Table 1). Right: Q
band atmospheric transmission (1.0 airmasses, 2.0 mm H20O, 0.05 pm spectral resolution) and the Qa filter profile. The
N band window is bounded by opaque H2O and CO; lines and contains a strong telluric Oz band around 9.6 pm, in the
middle of the Si-3 filter. The transmission in the @ band ”"window” is generally poorer than in the N band because of the
many strong and variable H2O lines.

intersect regions of strong telluric HoO lines, whereas others do not. This may be expected to cause differences in
the background measured in each filter as a function of water vapour column (because line emission contributes
to the background) and as differences in the amount and perhaps stability of the flux from a star as a function
of water vapour column (because, for filters with water absorption bands within their bandpasses, more flux is
transmitted when Too5GH, is low).

The raw background in the Michelle observations is shown in Fig. 2 as a function of 225 GHz optical depth.
Not unexpectedly, linear least squares fits to the data show that the Qa filter is most sensitive to water vapour
column, followed by Si-1, while there is least effect on the Si-2 data (~ 25% increase on going from Ta25GH,
= 0.05 to 0.15) . The Si-5 and Si-6 filters show a modest dependence on water vapour, with the background
increasing by ~30% with a threefold rise in To25qH,. The broader N’ filter, which encompasses the whole Si-5
and part of the Si-6 bandpasses, is similarly affected. The scatter in the Si-3 data seems reasonable, given that
the peak of the filter transmission coincides with the strong and variable telluric O3 feature. The similar scatter
in the Si-4 filter may also be caused by the O3 band, although that band only partially intersects the filter
bandpass. Other factors that may be expected to affect the sky background to a greater or lesser degree include
airmass, cloud cover (depending on the temperature of the clouds), ambient temperature, relative humidity and
atmospheric dust and aerosols.??2 Additional causes of scatter in the relation between raw sky background and
To25GHz May include emission from species other than HoO and 7995qH, not being a good indicator of the water
vapour column along the particular line of sight of the observations.

Saturation in Michelle imaging data occurs at ~55,000 ADU. Fig. 2 shows that with the current exposure
times saturation due to high water vapour levels is unlikely in the Si-2, Si-4, Si-5 and Si-6 filters on most nights
on Mauna Kea, but with these particular exposure times it would be unwise to attempt observations in the Si-1,
Si-3, N” and Qa filters when the PWYV is much above 3 mm (note that a bias level of about 5000 ADU has been
subtracted off the raw counts). Cloudy conditions can also cause saturation of the images.

Apart from the risk of saturation, a reason to be concerned about the background level is its effect on the
sensitivity of the observations and the ability to detect faint objects. Assuming that the dominant source of noise
is the random fluctuations in the photons from the sky and telescope themselves (the background limited case),
the pixel-to-pixel variations in the residual background (after chop and nod subtraction) will be proportional to
the square root of the counts in the raw background. Fig. 3 shows that the mean residual background is low
for all measured values of the precipitable water vapour in all filters. Evidently the chopping and nodding can
reduce the overall background level by a factor of >10% in the sky-subtracted frames even for relatively high water
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Figure 2. Bias-subtracted raw background vs 225 GHz optical depth for various filters. The solid and open symbols for
the Qa data represent frame times of 20 and 30 ms, used before and after March 2007 respectively.

vapour columns where the background might be expected to be more variable. Fits to the standard deviation
of the mean residual background, however, do reveal some dependence on Taoscu, (Fig. 4). The scatter in the
data and the limited range of Te95qmH, covered by the observations make it difficult to draw firm quantitative
conclusions, but in the N’ filter, for instance, a factor of 1.33 increase in the raw background counts corresponds
to a rise of roughly a factor of 1.13 in the standard deviation of the residual background counts.

A few files with standard deviations >1.1 were removed from Fig. 4. These files were visually inspected and
found to contain strong artefacts as a result of the very bright standard stars used in these observing programs.
Such artefacts are well known in arrays of this type (see ref. 23 for a description and some examples). Weaker
artefacts from fainter stars may account for some of the scatter in the remaining data, as may low-level electronic
noise (not removed from the data for this analysis), and the variations in the effectiveness of the nod at removing
the radiative offset and gradients in the sky background.

So far we have been dealing with the effects of increased background emission, but periods of high precipitable
water vapour will also be periods of increased atmospheric opacity, at least in spectral regions with strong and/or
numerous water lines. One gauge of the atmospheric opacity, all else being equal, is the flux density of a source
required to cause a detector response of 1 ADU, shown in Fig. 5 as a function of m95qH,, and in Fig. 6 as a
function of airmass. For the Si-2, Si-5, Si-6 and N’ filters the responsivity is fairly flat with little scatter in both
plots. For the Si-1, Si-3, Si-4 and Qa filters, however, there is much more scatter and — in the case of Qa and
(probably) Si-1— a trend with 7a25GH.. The behaviour of the former set of filters is in line with what would be
expected based on Fig. 1, given that all of these filters are comparatively free of strong water lines. Qualitatively,
the dependence of the Qa and Si-1 responsivity on the atmospheric water vapour is also unsurprising. As with
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Figure 3. Mean residual background in an annulus around the star, measured on the final "reduced” image (§3).

the raw background, the scatter in the responsivity data for Si-3 and Si-4 probably results from the telluric O3
band.

Fig. 6 reveals almost no dependence of responsivity on airmass for the Si-2, Si-5, Si-6 and N’ filters, while
there may be a weak effect in Si-1, Si-3 and Qa. Again, this is qualitatively what would be expected from Fig. 1.
Quantitatively, the airmass dependence will be related to the number of lines present and their profiles; if a few
strongly saturated lines are present the extinction is predicted to vary as the square-root of the airmass, rather
than being exponential with airmass — a linear extinction law in magnitudes — as is the case for only unsaturated
lines. There are enough data points in the Qa filter to attempt to separate the effects of airmass and water
vapour on the responsivity. The Qa points in Fig. 6 include only data taken at Too5aH, <0.07 but the scatter is
still large. Some of this may be due to the fact that the responsivity changes measurably over even this limited
range of TeosGH,, but it is also likely that the Qa filter is also sensitive to other variables such as temperature
and humidity, and to variations in the water vapour column for different lines of sight.

Although it is difficult to disentangle the effects of airmass and water vapour in the data, especially for the
filters with fewer data points, we can make a crude estimate of the effect of those quantities on the transmission
and signal-to-noise ratio (S/N) using atmospheric models?! and the relation

T
(1—T) +0.04)05

S/N

where T is the atmospheric transmission integrated over the filter bandpass (and therefore 1 — T the emis-
sivity of the atmosphere), and 0.04 is a 4% assumed telescope and instrument emissivity. The results of these
calculations are shown in Table 2.
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Figure 4. Standard deviation of the residual background in an annulus around the star. As in Fig. 2, the solid and open
grey symbols represent Qa data taken with different frame times.

The implications of these data depend on the kind of observations being attempted. The PI of a program
mapping the morphology of a bright HII region at high spatial resolution in the Si-5 filter may find the slight
decrease in sensitivity at high water vapour columns acceptable, given that 1mm of precipitable water vapour
occurs only ~ 20% of the time even at a dry site like Mauna Kea. For a program aiming to detect a faint AGN,
on the other hand, the increased sky background and lower transmission will be more important, especially in
the Q band. It is for programs like these that systematic effects such as the stability of the nod subtraction
(particularly close to zenith where the telescope pupil is rotating at is fastest rate) and electronic noise will also
become important in determining the limiting sensitivity reached for a given observation.

4.1 IMAGE QUALITY

A great benefit of observing in the mid-IR from the ground is that the effect of seeing is minimal at these
wavelengths (particularly in the @ band), and near-diffraction limited images are routinely obtained. For an 8 m
telescope this implies FWHM~0.3 arcsec, depending on the observing wavelength.

Fig. 7 shows the FWHM and Strehl ratio in the various Michelle filters as function of airmass. Compared
with optical wavelengths, where an airmass’® dependence is expected, the FWHM of the Michelle images shows
only a weak dependence on the airmass. Subjectively this agrees with our experience of long integrations on
certain science targets, but examples of a small change in mid-IR. FWHM with airmass are known.?*

The FWHM measured in the Qa filter are strongly concentrated towards the diffraction limit in Fig. 7,
but those measured in the shortest wavelength filters show more scatter. This may reflect atmospheric effects
starting to become important at the shorter wavelengths. As there is no generally-available DIMM on Mauna
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Figure 5. Responsivity for various filters as a function of precipitable water vapour. To separate the effects of water
vapour and airmass the Qa plot shows only data taken at 1.0 - 1.2 airmasses. For clarity only the 30 ms frame time is
shown.

Kea, we do not have measurements of the optical seeing at the time of the Michelle observations to investigate
the relation between the optical seeing and the mid-IR FWHM. However, analysis of T-ReCS data shows little or
no dependence of the FWHM in the Si-2, Si-5 and Qa filters on optical seeing, except in the poorest conditions.
The VISIR User Manual®also shows plots of FWHM at N and Q against the optical seeing, again showing only
a weak dependence.

High Strehl ratios are certainly possible, especially in the Qa filter where Strehl ratios of 80% are not
uncommon, but are generally lower in the shorter wavelength filters. There may be a trend of lower Strehl ratios
at higher airmasses but the present data do not allow unambiguous conclusions to be drawn. Although the
FWHM are fairly constant, a wide range of Strehl ratios is observed. The variation in Strehl ratios probably
reflects errors in measuring the peak and total counts in the star and the performance of the telescope and its
subsystems under the stress of chopping, rather than being directly related to the conditions at the time of the
observations.

5. SUMMARY

Perceiving a lack of easily-accessible information about observing conditions and mid-IR data, we have compiled
a set of Michelle imaging observations which we use to illustrate some of these effects. As expected, the raw
background is sensitive to the atmospheric water vapour column. Although chopping and nodding leave only a

Shttp://www.eso.org/sci/facilities /paranal /instruments /visir /
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small level of residual background under all conditions studied, the noise in that residual background does have
some dependence on the raw background level, albeit with considerable scatter. The magnitude of these effects
varies considerably from filter to filter, with those intersecting strong telluric lines being more affected than those
in ”clean” regions of the atmosphere. In the longer wavelength filters the image FWHM is usually close to the
diffraction limit. The larger scatter at shorter wavelengths may be due to the greater importance of seeing in
that region. Unlike in the optical, we see little dependence of FWHM on airmass.

We hope that this serves as a useful basic aid to understanding how environmental conditions affect ground-
based mid-IR imaging observations. At Gemini, this information will be used to evaluate and improve observing
and quality assessment procedures for mid-IR data. In the future we plan to expand the analysis to cover more
aspects of imaging data, as well as spectroscopic and polarimetric data sets.
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Figure 7. FWHM and Strehl ratio for various filters as a function of airmass.



Table 2. Transmission and S/N for various airmasses and water vapour columns (see text for details of the calculations)

| Airmass | Transmission | | S/N (normalised to secz=1.0, 1.0 mm H,0) |
1.0mm | 1.6 mm | 3.0 mm | 5.0 mm 1.0 mm | 1.6 mm | 3.0 mm 5.0 mm

Si-1

1.0 0.64 0.61 0.55 0.51 1.00 0.92 0.78 0.69

1.5 0.57 0.54 0.48 0.43 0.82 0.75 0.63 0.54

2.0 0.52 0.48 0.43 0.38 0.71 0.63 0.54 0.46
Si-2

1.0 0.95 0.95 0.93 0.92 1.00 0.95 0.87 0.81

1.5 0.94 0.93 0.91 0.89 0.89 0.84 0.76 0.70

2.0 0.92 0.91 0.88 0.86 0.81 0.76 0.69 0.63
Si-3

1.0 0.73 0.73 0.72 0.72 1.00 0.99 0.98 0.97

1.5 0.67 0.67 0.66 0.66 0.85 0.84 0.83 0.81

2.0 0.63 0.62 0.62 0.61 0.75 0.74 0.73 0.71
Si-4

1.0 0.93 0.93 0.92 0.92 1.00 0.99 0.96 0.93

1.5 0.91 0.90 0.90 0.89 0.89 0.88 0.85 0.82

2.0 0.89 0.88 0.87 0.86 0.82 0.81 0.78 0.74
Si-5

1.0 0.98 0.98 0.97 0.96 1.00 0.96 0.89 0.83

1.5 0.98 0.97 0.96 0.95 0.92 0.88 0.80 0.74

2.0 0.97 0.96 0.95 0.93 0.86 0.82 0.74 0.67
Si-6

1.0 0.95 0.94 0.93 0.91 1.00 0.95 0.87 0.81

1.5 0.93 0.92 0.90 0.88 0.87 0.83 0.75 0.70

2.0 0.91 0.90 0.88 0.85 0.79 0.74 0.67 0.62
N/

1.0 0.98 0.98 0.97 0.96 1.00 0.97 0.91 0.84

1.5 0.97 0.97 0.96 0.95 0.93 0.88 0.81 0.75

2.0 0.97 0.96 0.94 0.93 0.86 0.82 0.75 0.69
Qa

1.0 0.78 0.73 0.64 0.56 1.00 0.86 0.66 0.53

1.5 0.72 0.66 0.56 0.48 0.83 0.70 0.53 0.42

2.0 0.68 0.61 0.49 0.41 0.74 0.61 0.43 0.34
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