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Abstract

The unique advantages for astronomy on the Antarctic plateau are now well established.
In particular, Dome C, Antarctica is potentially one of the best new sites for optical,
infrared and sub-millimeter astronomy, presenting the opportunity to build unique as-
tronomical instruments. Located high on the Antarctic plateau. Dome C offers low wind,
clear skies, and negligible precipitation. This thesis addresses three additional properties
of the site relevant to optical astronomy—sky brightness, atmospheric extinction and

optical turbulence.

The sky at an optical astronomy site must be dark, and the atmosphere very clean
with minimal light extinction. At present little is known from an astronomer's perspective
about the optical sky brightness and atmospheric extinction at most Antarctic sites. The
high latitude of Dome C means that the Sun spends a relatively small amount of time far
below the horizon, implying longer periods of astronomical twilight and less optical dark
time than other sites, especially those close to the equator. We review the contributions
to sky brightness at high-latitude sites, and calculate the amount of usable dark time at
Dome C. We also explore the implications of the limited sky coverage of high-latitude
sites, and review optical extinction data from the South Pole. A proposal to extend
the amount of usable dark time through the use of polarising filters is examined, and
we present the design and calibration of an instrument (called Nigel) to measure the

brightness, spectrum and temporal characteristics of the twilight and night sky.

The atmospheric turbulence profile above an astronomical site limits the achievable
resolution and sensitivity of a telescope. The atmospheric conditions above high plateau
Antarctic sites are different to temperate sites; the boundary layer of turbulence is con-
fined very close to the surface, and the upper atmosphere turbulence very weak. We
present the first winter-time turbulence profiles of the atmosphere above Dome C, and
characterise the site in terms of the achievable precision for photometry and astrometry,

and the isoplanatic angle and coherence time for the adaptive optics.
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e Lawrence et al. 2004: A robotic instrument for measuring high altitude atmo-

spheric turbulence from Dome C, Antarctica
e Lawrence et al. 2006b: Site testing Dome A, Antarctica
e Moore et al. 2006a: Ground-layer turbulence profiling using a lunar SHABAR

e Moore et al. 2006b: The Gattini cameras for optical sky brightness measurements

in Antarctica

See Appendix C for full details.

During this project I was involved in the development of two instruments and the
software and data analysing tools for these instruments; however, there were many other
researchers involved in these projects. Below I clarify my contributions and the con-
tributions of others to these projects. These contributions are also referenced in the

text.

e Nigel was developed using the components and general idea behind the Antarctic
Fibre Optic Spectrometer (AFOS). The AFOS instrument and software was primarily
designed and developed by Maxime Boccas and Michael Ashley. With the help of the

Antarctic group I modified the instrument, adapted the software, and installed and
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calibrated Nigel at Dome C. I was responsible for the operation and data analysis of

Nigel.

The Dome C MASS was installed by Jon Lawrence and Tony Travouillon in the
summer of 2003/2004. I was involved in some pre-deployment work on the instrument
and software, and the calibration of the instrument during the 2004/2005 summer
season. I carried out my own analysis of the MASS data using software I based on

scripts by Andre Tokovinin.

All data collection from instruments in the AASTINO was aided by scripts written

by Michael Ashley and Jon Lawrence.



“No cloud above, no earth below,

A universe of sky and snow.”

John Greenleaf Whittier (1807-1892)
Snow-Bound: A Winter Idyll (1866)

Chapter 1

Introduction

Optical astronomy is entering a new stage of telescope design as larger and more complex
astronomical facilities are being proposed. The science demands of astronomers require
higher resolution and greater sensitivity than ever before. We will soon be leaving behind
the first generation of very large telescopes (8-10 m apertures) and entering the era of
Extremely Large Telescopes (ELTs; 20-30 m apertures). This is a step towards the
even bigger telescopes of the future which may have aperture sizes up 100 m. The
potential sites of these expensive facilities have to be rigorously tested, with more in-depth

characterisation than in the past, to ensure that the best available sites are chosen.

Dome C, Antarctica is potentially one of the best locations on the Earth on which
to site a telescope. This thesis assesses three fundamental areas of astronomical site
testing for optical astronomy at Dome C—sky brightness, atmospheric extinction, and
atmospheric turbulence. This research uses on-site measurements, and models that in-

corporate data from the South Pole and satellite-based instruments.

In this introductory chapter the characteristics of an ideal astronomical site are de-

scribed and the choice of Antarctica, and in particular Dome C, is explained.



2 Chapter 1. Introduction

1-1 Site testing for ground based astronomy

The atmosphere places the final limit on the resolution and, sometimes, the sensitiv-
ity of a ground-based optical telescope. The light from every astronomical object has
to pass through our turbulent, cloudy, rainy atmosphere before reaching the telescope.
Space-based telescopes are used to get above the atmosphere, removing these atmo-
spheric problems. However, space based telescopes have their own disadvantages: they
are extremely expensive to design, manufacture and launch; the size of the telescope and
associated instruments are limited by the size of the Shuttle or other launch vehicle; and
access to repair or upgrade the instrument is very limited and incurs even more cost.
Ground-based telescopes are a more economical and versatile option, as long as they are
placed at the best possible, high altitude, sites on the Earth. With larger apertures and
advanced imaging techniques, ground-based telescopes of the future will rival space-based

telescopes in terms of sensitivity and resolution.

Below the characteristics of an ideal optical astronomical site are listed:

High altitude: a high altitude site is necessary to minimise the amount of atmosphere
that the light from an astronomical object must travel through, resulting in lower

extinction. A high altitude location will also be above some cloud layers.
Dry atmosphere: a dry atmosphere reduces the absorption of light by water vapour

No precipitation: a telescope dome is closed in the event of rain, fog, hail and snow,

minimising the available observing time.

No lightning: lightning can damage the surface of the telescope and the sensitive elec-

tronics of the instruments.

No cloud cover: clouds attenuate the light reaching a telescope. In the event of thick

cloud, no measurements can be taken.

Weak surface wind speed and low seismic activity: these both have implications
for the design of the telescope structure and dome. The telescope dome must be able
to withstand the strongest gusts of wind at a site, and the telescope structure needs
to remain still for precision measurements and tracking. These criteria are becoming

more important as telescope sizes are increasing.
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No close-by towns and cities: artificial lighting in nearby towns and cities can in-
crease the sky brightness. The pollution in the atmosphere from a city can increase
the scattering of light in the atmosphere, and also result in the mirror requiring more
frequent cleaning. The potential growth of the city needs to be predicted because

telescope facilities can be in use for decades.

Access to the site: the telescope site needs to be accessible in some form, with access

to power, communications, accommodation, food, and water.

Weak atmospheric turbulence: atmospheric turbulence distorts the light travelling
through the atmosphere. A calm, stable atmosphere is necessary to minimise this

turbulence.

Low sky brightness: most astronomical observations require the background sky to be

as dark as possible.

Minimal atmospheric extinction: particles in the atmosphere scatter and absorb the

light from astronomical object, attenuating the signal that reaches the telescope.

Preliminary site evaluations typically use historical meteorological records or satellite
measurements to assess the climate of the site. If the site looks promising, on-site mea-
surements are then conducted using a variety of instruments. These can include sky
cameras to monitor cloud cover, and weather stations to measure precipitation, wind

speed, and temperature.

The focus of this thesis is on the last three characteristics in the list. These are now

explained further.

1-1.1 Atmospheric turbulence

The light from a star, or other astronomical object, is distorted as it passes through the
turbulent atmosphere of the Earth. This distortion places limits on the resolution and
sensitivity of ground-based optical telescopes. Astronomical telescopes should be located

at sites where the atmosphere is calm and stable, and the turbulence is weak.

In the context of astronomy, turbulence refers to optical turbulence created in the

atmosphere. Optical turbulence is generated when wind in the atmosphere mixes air of



4 Chapter 1. Introduction

different temperature. This mixing results in the formation of “cells” each with a slightly
different temperature, humidity and refractive index. The light from a star enters the
atmosphere as a plane undistorted wavefront. As the wave propagates towards the Earth
these cells act as positive or negative “lenses” changing the wavefront curvature and
producing phase and amplitude fluctuations. The effect of these fluctuations can be seen
on an image taken through a telescope. With a small aperture telescope the image is
seen to randomly move around and change intensity. With a larger aperture the image

will be blurred and a “speckle” pattern is formed.

Astronomers usually consider optical turbulence in three regimes: dome, surface and
free atmosphere turbulence. Dome turbulence is usually related to temperature gradients
inside the telescope dome itself, and temperature gradients between the inside and outside
of the dome. These gradients can usually be overcome by equalising internal and external
temperatures; for example, by opening side panels on the dome to let air flow through.
Surface layer turbulence is caused by the lower atmosphere interacting with the surface
of the Earth. Wind shear in this layer is caused as the wind interacts with the local
terrain and man-made structures and temperature gradients are formed by the diurnal
cycle of solar heating of the ground. The free atmosphere turbulence is associated with
wind shears (for example, caused by strong jet-stream winds), and convection in the

tropopause. Atmospheric turbulence is discussed further in Chapter 6.

1-1.2 Atmospheric extinction

Atmospheric extinction describes the attenuation of light by absorption and scattering as
it passes through the atmosphere. Light can be scattered and absorbed in the atmosphere
by gaseous molecules (at optical wavelengths the most important are oxygen, ozone,
nitrogen and water), and by aerosols—solid particles or liquid droplets that are suspended
in the atmosphere. Scattering has two effects on astronomical observations: it increases
the overall sky brightness and decreases the flux received from the object being observed.
Atmospheric absorption reduces the amount of light reaching a telescope mirror, lowering

the flux from both the sky background and the observed object.

The amount of molecular scattering and absorption can be minimised by choosing

a site at a high altitude with minimal water vapour in the atmosphere. In terms of
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aerosols, each site has to be considered individually because aerosols come from assorted
sources including dust from the ground, particles of sea salt, and pollution. Sites near
major cities may experience more pollution in the atmosphere in the future. Estimating
the long-term concentrations of aerosols above current and potential astronomical sites

is essential to evaluating the future of the site.

1-1.3 Sky brightness

To make the best use of an astronomical site you need a large quantity of good quality
dark skies. The Sun sets the limit on the amount of dark-time at a site. During the day
the surface of the Earth is illuminated by direct sunlight and sunlight scattered by atmo-
spheric molecules and particles. After sunset, the surface of the Earth is only illuminated
by scattered sunlight; the direct component illuminates the atmosphere above the level
of the Earth’s shadow. Over the course of twilight the scattered sunlight contribution
to sky brightness decreases to negligible levels and night begins. The length of the night

depends on the latitude of the site and the season of year.

Even after the Sun has fully set the sky is never completely dark at optical wave-
lengths. At any site the optical night sky is always brightened with airglow, zodiacal
light, integrated starlight, diffuse Galactic light and extra-galactic light. Further bright-
ening can be caused by aurorae, moonlight and artificial sources. Atmospheric scattering
of the flux from each of these sources adds significantly to the sky brightness. Each of

these sources has to be considered individually when assessing a site.

1-2 Why Antarctica?

Antarctica brings to mind images of howling winds, blizzards, heavy snow, and penguins.
But, as discussed earlier, the ideal astronomical site has slow winds and little precipita-
tion; penguins are not a problem. It begs the question, why would Antarctica be chosen?
Most of the Antarctic continent is actually a high, almost flat plateau of ice ranging from
about 2000 to 4000 m above sea level. While the coast of Antarctica experiences some
of the most violent blizzards in the world, on the highest parts of the plateau the wind

speed and weather is very calm.
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The winds in Antarctica are partly katabatic in nature. Katabatic winds form as
cold, dense air moves downward in altitude. From the highest places on the plateau
the gradient of the ice is very slight; only near the coast does the gradient become very
steep. The katabatic winds in Antarctica form as the cold air on the summits slowly
rolls down towards the coast, gaining speed as the gradient increases. On reaching the
coast the wind increases to impressive speeds; for example, a wind speed of 345 km h™!
(=~ 96 m s~!) was measured from an 80 metre high tower on the coastal base of Dumont
D’Urville (Wendler et al. 1997, and references therein.). Lower lying areas on the plateau
can also experience strong winds. Figure 1.1 shows the prevailing wind directions on the

Antarctic continent.

The potential of the Antarctica plateau as a prime site for astronomy has been recog-
nised for a number of years. See Indermuehle et al. (2005) for a history of astronomy
in Antarctica. The Antarctic plateau is the highest and driest continent in the world,
fulfilling the first two criteria for an ideal site. There is no lightning, the cloud cover is
very low, and as just discussed, the wind speeds on the summits are very slow. There is
very little seismic activity, and of course there are no nearby major cities to pollute the

atmosphere.

The scientific exploration of the Antarctica plateau has come a long way since the first
scientific expedition in 1898. In the early 1900’s the race was on to trek to the geographic
South Pole. The men in these expeditions experienced severe conditions and many lost
their lives. Scientific exploration on the plateau is now a lot more comfortable. There
are now permanent stations on the plateau that house people all year round, supplied

during the summer months by airplane or tractor traverse.

1-3 Where in Antarctica?

Not every place on the Antarctic plateau is suitable for optical astronomy. Figure 1.1
shows an elevation map of the Antarctic continent; marked on the map are the South
Pole and the three highest places on the plateau: Dome A, Dome F, and Dome C (in
order of height). The highest summit, Dome A, is possibly the best site for astronomy
on the plateau. However, there is no permanent station as yet at Dome A; indeed

the site was only first visited in January 2005 by a Chinese expedition. While there
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Dome F

Figure 1.1. Left: elevation map of Antarctica from the U.S. Geological Survey website
(http://terraweb.wr.usgs.gov/projects/Antarctica/antdemsr.html). The positions of the
South Pole and the three highest summits, Domes A, F and C, on the Antarctic plateau
are shown. Right: map of Antarctica showing the prevailing surface wind directions

(Marks et al. 1999, and references therein).

are plans to deploy a remote site-testing facility to Dome A as part of the 2007/2008
International Polar Year activities (e.g., Lawrence et al. 2006b), the first major Antarctic
optical astronomy telescope will probably be built on the permanently manned summit

of Dome C.

1-4 Site testing at Dome C

Located at 75°6' south, 123°21' east, and an altitude of 3260 m. Dome C is the third high-
est place on the Antarctic Plateau. The French (Institut Polaire Francais Paul Emile Vic-
tor; IPEV) and Itahan (Programma Nazionale di Richerche in Antartide; PNRA) Antarc-
tic programs have operated a summertime scientific base, called Concordia, on Dome C
since 1995 (Candidi Sz Lori 2003). Construction of a wintertime station was completed at
the beginning of 2005, leading to the first manned winter season at Dome C. PreHminary
site testing has been carried out at Dome C since 1995 (Valenziano & dall'Ogho 1999;
Candidi & Lori 2003). Systematic measurements of the summertime (ConcordiAstro

project; Aristidi et al. 2005b) and wintertime (AASTINO project; Storey et al. 2005)
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Figure 1.2. Image of the station at Dome C, Antarctica, showing the author in front
of Concordia Station, the AASTINO and ConcordiAstro. Photograph courtesy of Jon

Lawrence.

characteristics of the site began in 2001. The ConcordiAstro project also began winter
measurements in 2005. Figure 1.2 shows a photograph of the station at Dome C. This

thesis is part of the AASTINO site testing project.

The Automated Astrophysical Site Testing INternational Observatory (AASTINO)
is a remote laboratory that operated at Dome C from January 2003 to February 2005,
after which time the entire AASTINO system was shut-down. For full details on the
AASTINO see Lawrence et al. (2003) and Lawrence et al. (2005); a brief summary of the

AASTINO and instrument suite is supplied here.

The AASTINO is a completely self-contained laboratory that was designed to operate
at Dome C before the station had a wintertime crew and power supply. From January
2003 to the end of 2004 the AASTINO was powered by solar panels (in the summer)
and Stirling engines (in the summer and winter) with back-up batteries. From summer

2004/2005, the AASTINO power was supphed by the Concordia station power plant.

Control over the operation of the AASTINO was by the "Supervisor" computer. The

Supervisor controlled the power and heat in the AASTINO as well as the operation of



1-4. Site testing at Dome C 9

various instruments and communications. Communications to the Supervisor from off-
site were via the Iridium satellite network. The instruments that were operated from the
AASTINO are listed below. See the associated references and the AASTINO website!

for more details.

e MASS (Multi-Aperture Scintillation Sensor; see Lawrence et al. 2004 and Section 6-
4.2): MASS monitors the scintillation of a single star to derive a low resolution profile
of the turbulence in the atmosphere from 0.5 to 20 km above the surface. A MASS
was installed in summer 2003/2004 and operated from 23 March to 16 May, 2004.

e SODAR (SOund Detection And Ranging; Travouillon et al. 2003a,b): A SODAR
was one of the first instruments installed in the AASTINO. SODAR measures the
echo strength of an acoustic pulse to derive the strength of temperature fluctuations
in the atmosphere, the wind speed and wind direction. Profiles of each parameter

are returned in 30 metre intervals from 30 to 900 m above the surface.

e SUMMIT (SUb-MilliMetre Tipper; Calisse et al. 2004) is a sub-millimetre radiome-

ter for the measurement of the sky opacity at 350 ym .

e Nigel (Kenyon et al. 2006a and Chapter 5) is a fibre-fed spectrograph for mea-
surement of the spectrum of the twilight and nighttime sky. Nigel was installed
at Dome C in summer 2004, but unfortunately no twilight or nighttime data were

collected before the AASTINO was shut down in February 2005.

e A number of Web Cameras were situated in and on the AASTINO; these provided
useful data on the conditions at the site such as cloud cover, wind, white-out and
alien visitations. The web cameras were also used for monitoring the conditions of

the other instruments for snow build up or icing.

Two robotic instruments were deployed to Dome C prior to the AASTINO:

e ICECAM (Ashley et al. 2005) is a CCD camera system that was used to monitor
cloud cover by taking regular pictures of the sky over a 30° field of view. ICECAM
was designed to work completely autonomously in air temperatures down to —80°C,

powered by lithium thionyl chloride batteries.

IThe AASTINO project Web site: www.phys.unsw.edu.au/ mcba/aastino/
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e COBBER (ClOud OBserBER; Dempsey et al. 2003) is a mid-infrared detector that
monitors cloud cover by measuring the thermal emission from the atmosphere. COB-
BER was installed in summer 2001/2002 (as part of the ICECAM experiment); how-
ever, because of a wiring fault the instrument did not run successfully until the next

suminer season.

1-5 Thesis motivations

Previous to my thesis starting in 2004, Dome C already looked to be a very promising site
for a range of wavelengths. The mean ground-level wind speed was known to be very slow,
2.9 ms~! (Aristidi et al. 2005c), because of the extremely flat local topography. This
wind speed is less than half that at most other observatories. The site is extremely cold.
Combined with a very low precipitable water vapour (Valenziano & dall’Oglio 1999) this
leads to exceptionally low sky backgrounds in the infrared (Walden et al. 2005) and the
sub-millimetre (Calisse et al. 2004). Substantial improvements in atmospheric transmis-
sion were predicted at these wavelengths, opening up a number of new spectral windows
that are inaccessible at non-Antarctic sites (Lawrence 2004). Cloud cover measurements
in 2001 indicated the sky to be cloud-free for at least 74% of the time (Ashley et al.
2005). While the site looked very promising in terms of infrared wavelengths and beyond
(e.g. Storey et al. 2003), a number of questions remained unanswered, especially in the
“optical” region of the electromagnetic spectrum. In this thesis the optical region is

considered to be between the atmospheric cut-off (around 320 nm) and 1 micron.

The atmospheric extinction is expected to be minimal at Dome C because of the
high altitude and clean atmosphere. However, few measurements of the extinction in
the Antarctic atmosphere have been made. In Chapter 2, the expected atmospheric

conditions at Dome C are assessed, using models incorporating data from South Pole.

The high latitude of Dome C means that the sun spends a relatively small amount of
time far below the horizon. This implies longer periods of astronomical twilight and less
optical dark time than other sites, especially those close to the equator. In Chapter 3
the twilight sky brightness and the quantity of formal optical dark time are investigated.
In Chapter 4 the quality of the dark time is assessed in terms of airglow, zodiacal light,

integrated starlight, diffuse Galactic light, extra-galactic light, aurorae, moonlight and
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artificial sources.

The conclusions drawn in Chapters 3 and 4 are based on models incorporating data
from the South Pole and satellite based instruments. However, until the sky brightness
at the site has been measured no firm conclusions can be made. The unique conditions
of an Antarctic site introduce new aspects that would not normally be considered when
assessing the sky brightness at a temperate site, such as ice reflection and aurorae. In
Chapter 5, an instrument to measure the optical brightness, temporal characteristics,

and spectrum of the twilight and nighttime sky is described.

The boundary layer of atmospheric turbulence was known to be close to the ground
(Travouillon et al. 2003a) and the high altitude turbulence was expected to be weak.
However, the high altitude turbulence was yet to be monitored during the winter. In
Chapter 6 the first nighttime measurements of the strength of the turbulence as a function
of altitude in the first 20 km of the atmosphere above Dome C are presented. The data
derived from this experiment are evaluated in terms of the effects of phase fluctuations
on image quality. Turbulence also introduces intensity fluctuations in the star light.
This effect can be seen with the naked eye as the twinkling, or scintillation, or stars.
Prior to the 2004 MASS measurements the winter time scintillation at Dome C had
only been estimated from atmospheric models. In Chapter 7 the MASS measurements
are interpreted in terms of the scintillation noise contribution to photometry and the

atmospheric noise contribution to narrow-angle astrometry.

Final conclusions and a discussion of the future prospects for astronomy at Dome C

are made in Chapter 8.






“Even more impressive than the clarity of some
of the Antarctic days, is the atmospheric trans-

parency of many of the Antarctic nights.”

Robert S. Dietz
Antarctic “Seeing” (1948)

Chapter 2

Atmospheric extinction

Dome C presents a very promising site for an astronomical observatory, as discussed
in the introduction. Visually, the atmosphere appears to be very clear with minimal
atmospheric extinction—the view from the 30 metre high tower at Dome C seems to
stretch forever. Atmospheric extinction describes the absorption and scattering of light by
molecules and aerosols in the atmosphere. While the atmospheric extinction at Dome C
is theoretically expected to be minimal, few measurements have yet been taken. In this
Chapter, the expected atmospheric conditions at Dome C are assessed, using models
and data from South Pole. The atmospheric conditions at Mauna Kea, Hawaii are also
assessed using data from Mauna Loa and Hilo in Hawaii; we selected Mauna Kea because

it is the closest major observatory to the equator. The location and altitude of each site
are listed in Table 2.1.

Atmospheric extinction is described in broad terms in Section 2-1. Each component
contributing to atmospheric extinction is discussed in more detail in Sections 2-2 to 2-4.

This chapter is an extension on work published in Kenyon & Storey (2006).
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Table 2.1. Site parameters

Site Latitude Longitude Altitude (m)
Dome C 75°06’ S 123°06' E 3260
South Pole  90°00" S 2835
Mauna Kea 19°49' N 155°28' W 4205
Mauna Loa 19°53' N 155°57" W 3400

2-1 Atmospheric extinction

Atmospheric extinction causes the attenuation of light as it passes through the atmo-
sphere. As light travels from the top of the atmosphere to the surface of the Earth it
can be scattered, absorbed, or transmitted directly to the surface. Extinction collectively
describes light scattering and absorption. Light can be scattered and absorbed in the
atmosphere by gaseous molecules, and by aerosols—solid particles or liquid droplets that
are suspended in the atmosphere. Scattering has two effects on astronomical observa-
tions: it increases the overall sky brightness and decreases the flux received from the
object being observed. Atmospheric absorption reduces the amount of light reaching a
telescope mirror, lowering the flux from both the sky background and the observed ob-
ject. Light can also be reflected off the surface of the Earth back into the atmosphere.
All processes of atmospheric scattering and absorption are strong functions of altitude,
pressure, temperature, gas concentration and wavelength, and all, except for molecular

scattering, are highly variable with location and time.

The attenuation of light by the atmosphere can be described by Beer’s law,
IN) = IeT™® (2.1)

where I is the flux of the astronomical object outside the atmosphere, I(A) is the atten-
uated flux received by the observer, A is the wavelength of the light, and 7()\) is the total
wavelength-dependent optical thickness of the atmosphere. 7(\) can be divided into the
optical depths caused by molecular scattering 73, and absorption (from water vapour

78, ozone 74 and clouds 7&), and aerosol scattering 73 and absorption 74,

rN) = TN+ FTEN) 780+ ) + 740 29

molecular component aerosol component
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Each component is discussed separately below.

2-2 Molecular scattering

Molecular scattering was first described by Lord Rayleigh in 1871. and is commonly
called “Rayleigh scattering”. The Rayleigh scattering optical depth (73;) is dependent
on the molecular composition of the atmosphere—mainly nitrogen and oxygen. with
small amounts of argon, carbon dioxide and other trace molecules. Rayleigh scattering
occurs from molecules that are a lot smaller in size than the wavelength of light that
is interacting with them and is therefore dependent on the wavelength. scaling as A%
The Rayleigh optical depth is essentially constant between sites of similar altitude and
atmospheric conditions, but does vary with pressure, temperature and carbon dioxide
concentration. Dome C is almost a kilometre lower in altitude than Mauna Kea; in
general an altitude difference of this extent would have a considerable impact on 7j;.
However, the low pressure at Dome C (which is a consequence of the lower temperatures
and hence thinner scale height of the atmosphere) results in a lower molecular density
above the site than would be expected for a temperate site of similar altitude. Dome A is
almost at the same altitude as Mauna Kea; however it has a lower atmospheric pressure,

so a significant reduction in Tf{ could be expected for Dome A.

Two methods for estimating 73, are explained and applied to Dome C, Mauna Kea

and Dome A.

2-2.1 Simple model

The first method is a simple model by Bodhaine et al. (1999); the calculations from
that paper are summarised in this section. Bodhaine et al. (1999) estimate the Rayleigh

optical depth using
__osPA

Meg

Thr(A) (2.3)

where o, is the scattering cross section (m?), P is the atmospheric pressure (Pa), 4 is
Avogadro’s number, m, is the average molecular weight of the atmosphere (kg mol™!)

and ¢ is the local gravity. The average molecular weight and local gravity are estimated
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from
mq = (15.0556 x 107°Co, + 28.9595) x 1073 (2.4)

and

g =9.806160 (1 — 2.6373 x 1073 cos 2¢ + 5.9 x 107° cos® 2¢)
— (3.085462 x 107% 4 2.27 x 1077 cos 2¢) 2, (2.5)

+(7.254 x 10713 +1.0 x 1071 cos 2¢)z2 + (1.517 x 1071 + 6 x 10722 cos 2¢) 2,

where Cco, is the concentration of carbon dioxide (parts per million), ¢ is the latitude,
2. is the effective mass-weighted altitude given by z. = 0.73737z + 5517.56, and z is the
altitude (m). |

The scattering cross-section characterises the efficiency of the scatters based on the

refractive index and wavelength, this is expressed as

2473 (n2 — 1)

7o) = NN (2 )

(2.6)

where A is the wavelength (m), Ng is the molecular density at 288.15 K and 1013.25 hPa
(2.546889 x 1025 molecules m~3) and n is the refractive index of air with carbon dioxide

concentration Ccyg,, estimated from
n(X, z) = [1+0.54 x 107° (Cco, — 300)] [n300 — 1] + 1, (2.7)

where nggp is the refractive index of air with 300 ppm concentration of CO», given by

2480990 n 17455.7
132.274 — A7210~12 © 39.32957 — A\—210—12

n3oo(\, 2) = [8060.51 + x 1078 + 1. (2.8)

Finally, in Equation 2.6, F is the depolarisation factor (otherwise known as F(air) or the
King factor) that describes the effect of molecular anisotropy:

_ 78.084Fn, + 20.946Fp, +0.934 + Cco, x 107* x 1.15
N 78.084 +20.946 + 0.934 4+ Cgo, x 1074

Fn, = 1.034 + 3.17 x 107162 (2.10)

F

(2.9)

Fo, = 1.096 + 1.385 x 10715372 4 1,448 x 1078\~ (2.11)
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Table 2.2. Data for the simple Rayleigh model. The average temperature (winter)
and pressure at Dome C was obtained from an analysis of Automatic Weather Station
(AWS) data (Valenziano & dall’Oglio 1999), and at Mauna Kea from the ESO Working
Group (2003) report. The Dome A values are from AWS data, courtesy of the Polar
Research Institute of China and the Australian Antarctic Division. The carbon dioxide

concentration is for South Pole and Mauna Loa (Keeling & Whorf 2004).

Site Latitude Altitude Pressure Temperature COj concentration
(m) (hPa) (K) (ppm)
Dome C 75°06" S 3260 644 208 370 (South Pole)
Dome A 80°02' S 4084 569 210 370 (South Pole)
Mauna Kea 19°49' N 4205 614 275 375 (Mauna Loa)

2-2.1.1 Results

This model depends on the ground level pressure, altitude and carbon dioxide concen-
tration, and the latitude of the site. Table 2.2 shows the values used to evaluate the
model at each site. The carbon dioxide concentrations are for Mauna Loa and South

Pole (Keeling & Whorf 2004).

The results of the calculation are shown in the first four columns of Table 2.3. Using
this model we find a slightly higher molecular scattering optical depth at Dome C than

at Mauna Kea. A lower 73, was calculated for Dome A than the other sites.

2-2.2 Improved model

Tomasi et al. (2005) provide a different set of approximations for the Rayleigh optical
depth; these are summarised below. Tomasi et al. (2005) note that simpler approxima-
tions do not properly take into account water vapour and carbon dioxide in the calculation
of the refractive index, ignore the spectral dependence of the depolarisation factor, and

do not take into account changes of the air composition with height.

The Rayleigh scattering optical depth is expressed as

) = / ™ Ny(2)0s( 2)dz (2.19)
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Table 2.3. Rayleigh optical depth at Dome C, Dome A and Mauna Kea calculated
using two methods. The first method depends on the latitude of the site and the ground
level pressure, altitude and carbon dioxide concentration. The second method takes into
account altitude profiles of the water vapour partial pressure, air pressure, temperature

and relative humidity.

Wavelength T4, First method Ty Second method

(nm) Dome C Dome A Mauna Kea Dome C Dome A Mauna Kea

300 0.77 0.68 0.74 0.76 0.67 0.75
350 0.40 0.35 0.38 0.39 0.35 0.39
400 0.23 0.20 0.22 0.22 0.20 0.22
450 0.14 0.12 0.13 0.14 0.12 0.14
500 0.091 0.080 0.087 0.089 0.079 0.088
550 0.062 0.054 0.059 0.060 0.053 0.060
600 0.043 0.038 0.041 0.042 0.037 0.042

where N,(z) is the height-dependent number density of the molecules in the air. The
molecular density is calculated by weighting the standard density at standard tempera-
ture and pressure by the temperature and pressure at the height z,

P(z) T,

Ny(z) = NStTST_(z—)’

(2.13)

where P(z) and Ps = 1013.25 hPa are the total and standard air pressures, and T'(z) and
T, = 288.15 K are the air and standard temperatures. The scattering cross section is
calculated using Equation 2.6; however, the refractive index n and the depolarisation fac-
tor F' are now dependent on air pressure and temperature, water vapour partial pressure

and CO; concentration. The refractive index is given by

n—1= Pa (Nags — 1) + P (nws — 1) (2.14)
Pazxs Pws
B 0.05792105 1.67917 x 1073
_1= 534 x 1078 (Co, — C:
Mags = 1= [1+0.534 x 107 (Cco, — Co)] [238.0185 A0 T 57362 — A-210-12
(2.15)

(2.16)

2.95235 N 2.6422  3.2380 n 4.028
106 221020 )\41034 © N\61047

Nyws — 1 = 1.022 (
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where p, and p,, are the density of dry air and water vapour at the site, and pyzs and pys
are the same parameters for standard conditions. n,,s and n, are the refractive indices
of dry air and water vapour under standard conditions. The wavelength is in metres.

The values of pa, pazs, Pw and pyws (kg m~3) are determined from

_ M, P(z) — e(z) 1
Pe=R T T()  ZIP()T() Xu) (2.17)
M, P - 1 )15
pa.’ES - R T Z[ T37Xw] ( * )
_ M, f[P(2),T(2)] e(z) 1 3 My
PwERT TG ZIP(1T() X {1 Xu [P2) T() (1 M, )]
(2.19)
M, f[P, T e 1 . M,
Pws = E T+ 7 [PS,T*,Xw] [1 — Xuw [P37T ] ( M, >j| (2'20)

Here R is the gas constant, T* = 293.15 K, e¢* = 1333 Pa, M,, = 0.018015 is the molar

mass of water vapour, and M, is the molecular mass of dry air given by
M, = 2.89635 x 1072 +12.011 x 107° (Cco, — C1), (2.21)
where C; = 400 ppm. Z is the compressibility of moist air calculated as

P
A (P, T, Xw) =1- T [ao + a (T — Tg) + aso (T — To)2 + b Xy + b1 Xy (T — To)

P 2
+co X2 + a1 X2 (T — To) + (—) (do + di1X2) (2.22)

T

where Ty = 273.15 K, ap = 1.58123 x 107K Pa~!, a; = —2.9331 x 1078 Pa™!, ay =
1.1043 x 10~10 K—! Pa~1, by = 5.707 x 1076 K Pa~!, by = —2.051 x 1078 Pa™!, ¢o =
1.0808 x 1074 K Pa~l, ¢; = —2.376 x 107% Pa~!, dy = 1.83 x 107! K? Pa~2, d; =
—~7.65 x 1079 K2 Pa=2.

In Equations 2.17-2.20 and 2.22

0 for pa, paws
Xu(P,T) = Par P (2.23)

fh'E(T)P_l for pu, puws
where f is the enhancement factor of water vapour in air and E(T) is the saturation

vapour pressure of water vapour in air, given as

F(P,T) =1.00062 + 3.14 x 107*P + 5.6 x 1077 (T — 273.15)? (2.24)

and

E(T) = exp (1.2378847 x 107°T2 — 1.9121316 x 107°T — 6343.1645T ") (2.25)



20 Chapter 2. Atmospheric extinction

respectively. F(), z) is calculated from

. 0.78084Fx, (A) 4+ 0.20946 Fo,, () + 0.00934F4, + 107CO2Fco, + [e(2)/P(2)]Fii,0
B 0.999640 + 10~6CO4 + e(2)/P(2)

(2.26)
where Fi,()\) = 1.034 + 3.17 x 10716172, Fo, (A) = 1.096 + 1.385 x 1071°A72 + 1.448 x
1072804, Fy, = 1.00, Fco, = 1.15, Fu,o0 = 1.001 and e(z) is the water vapour pressure
(Pa).

2-2.2.1 Results

To apply this model, profiles of the water vapour partial pressure, air pressure, tempera-
ture and relative humidity are required. A few temperature profiles have been measured
above Dome C, however profiles of the other parameters have not been measured yet.
The Earth System Research Laboratory of the National Oceanic and Atmospheric Ad-
ministration (NOAA) have been using ozone and water vapour sondes to monitor the
atmosphere above South Pole for a number of years. Included in the measurements are
the pressure, temperature, relative humidity and water vapour pressure as a function of
altitude; these data are accessible from the NOAA website!. Profiles are also available
for Hilo, Hawaii and a limited number are available for Mauna Kea. The calculations
were carried out by limiting the profiles to above the altitudes of Dome C, Dome A and
Mauna Kea. The few measured temperature profiles at Dome C show a good match to

the South Pole measurements.

Figure 2.1 shows the profiles used at each site, and the resulting molecular density
and optical depth. These results indicate that the optical depths at Mauna Kea and
Dome C are virtually identical, so there is no disadvantage with the loss of altitude at
Dome C compared with Mauna Kea. The optical depth at Dome A is considerably less,
especially at shorter wavelengths. The two methods used to estimate the optical depths

showed very similar results.

1Global Monitoring Division, Earth System Research Laboratory, National Oceanic and Atmospheric

Administration, on-line data available from http://www.cmdl.noaa.gov/.
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Figure 2.1. Altitude profiles of the average (a) temperature, (b) relative humidity, (c)
pressure, (d) water vapour and (e) molecular density at South Pole (solid) and Hilo,
Hawaii [dashed). The dotted line in plot (a) shows the average temperature profile
measured at Dome C from 16 balloon launches between March 15th and August 1,
2005 (Agabi et al. 2006). Note that on the profile plots the altitude is plotted on the
vertical axis and the dependent variable on the horizontal axis for easy visualisation.
Plot f: calculated Rayleigh optical depth as a function of wavelength at Dome C (black),

Dome A (grey) and Mauna Kea (white)] see figure 2.2 for more detail in the 300-450 nm

wavelength range.
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Figure 2.2. The calculated Rayleigh optical depth as a function of wavelength between
300 and 450 nm at Dome C (black) and Dome A [grey).

2-3 Molecular absorption

2-3.1 Water vapour and clouds

Water vapour is the primary absorber in the atmosphere for most wavelengths of light.
The optical thicknesses for water vapour and clouds show complicated and highly variable
changes in magnitude with wavelength and time. Figure 2.3 shows the precipitable water
content of the atmosphere above Dome C in summer (Valenziano & dall'Oglio 1999), and
South Pole, Mauna Kea and the Atacama desert in Chile, in summer and winter (Lane
1998). Valenziano & dall'Oglio (1999) note that the Dome C and South Pole summer
measurements are similar and there is reason to believe the water vapour content over
Dome C in winter will be similar to South Pole in winter. The water vapour content over
Antarctica in winter is considerably less than at Mauna Kea and Atacama, implying less

impact from the absorption of hght by water vapour.

The optical depth caused by cloud cover at Dome C is expected to be at a minimum
level because the skies over Dome C are cloud free for at least 74 (Ashley et al. 2005),
and possibly up to 92 (Mosser & Aristidi 2007), per cent of the time (see Section 3-1 for

further details).
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Figure 2.3. Quartile values of precipitable water vapour at Dome C, South Pole, Mauna
Kea and Atacama. The values for Dome C were measured in for one month in summer
1997 and are comparable to the South Pole measurements in the same season. Data from

Table 1 of Valenziano & dall'Oglio (1999) and Figure 2 of Lane (1998).

2-3.2 Ozone optical depth

The ozone optical depth is determined by the ozone concentration in the atmosphere.
Figure 2.4 shows the average ozone content of the atmosphere (from 1996-2005) as a
function of 5° latitudinal bins”. In the polar regions the data only cover the summer
months. For the southern polar regions this means measurements are only taken when
the ozone hole is present and consequently the ozone content is at the lower level. The
infamous "ozone hole" is unhkely to be of significant benefit to astronomers. From
January until August the column density of ozone in the atmosphere above the southern
regions is typically the same as at other sites around the world. It is only during the spring
months that the ozone content falls to as low as 40% of its normal value. Unfortunately
for astronomy, these low ozone values do not occur in the dark winter months, and so no
benefit is expected for most astronomical programs. Furthermore, because the Hartley
bands of ozone are heavily saturated, even a reduction in ozone column density by a

factor of three (i.e., somewhat greater than is actually observed over the South Pole)

~Data compiled from the Total Ozone Mapping Spectrometer, Ozone Processing Team, NASA, on-line

http://toms.gsfc.nasa.gov/ozone/ozoneother.html.
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Figure 2.4. Average ozone content in the atmosphere in 5° latitudinal bins from 1996 -
2005. In the polar regions the data only cover the summer months, in particular at
the latitude of Dome C (75°S) measurements are only made in January to March and

September to December (see the text in Section 2-3.2 for the data source).

would shift the ultra-violet cutoff wavelength of the atmosphere by only about 5 nm

(from a LOWTRAN simulation, courtesy of Jon Lawrence).

2-4 Aerosol scattering and absorption

Atmospheric aerosols come from assorted sources including dust from the ground, parti-
cles of sea salt, and pollution. Because of this large range of sources the aerosol optical
depth varies with the geography of the site, the time and season, and the shape, size,
chemical composition, concentration and complex refractive index of the aerosol parti-
cles. The complex refractive index of a particle is expressed as m = n — ik, where n
is the real part (1.45-1.60) and %&£ (0.001-0.1) the imaginary part; the bracketed ranges

are typical values for most "dry" atmospheric aerosols (Coulson 1988). High humidity in
the air can cause condensation to occur on aerosol particles, which changes the index of
refraction, size and mean density of the particle. Most aerosols only absorb hght weakly.

However some particles such as carbon, are quite strong absorbers.

Aerosols promote both aerosol-to-aerosol and aerosol-to-molecule multiple scattering.

Aerosols generally have a different scattering pattern to Rayleigh scattering. The aerosol
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scattering cross-section is related to the wavelength of the scattered light by s ox A™¢,
where « is known as the Angstrom exponent. « contains information about the size
of the dominant aerosol particles, values close to zero indicate the dominant particles
are larger than a few um in diameter whereas sub-micrometre particles will have values
around two (McComiskey et al. 2003). For the best astronomical sites the aerosol optical

depth needs to be as small as possible.

2-4.1 Aerosols at Dome C

Dome C has a very clear atmosphere with no dust, so aerosol scattering is expected to be
at a minimum level. The aerosol content of the atmosphere at Dome C was monitored
during the 2003/2004 summer season (Six et al. 2005); however no night time aerosol

measurements exist yet.

Six et al. (2005) monitored the atmosphere 1 km west of the summer station. A
histogram of their results for the optical depth at 440 nm is shown in Figure 2.5. In
clear-sky conditions they found on average 7,(400 nm) = 0.020+0.003 and 7,(870 nm) =
0.007 + 0.003, and interpolated a value of 0.016 at 500 nm. The average Angstrom
coefficient was a = 1.65, suggesting that small particles were dominant. In diamond
dust? conditions the optical depth increased to 7,(440 nm) = 0.025 and 7,(870 nm) =
0.013, and « decreased to 1.25 because of the larger ice crystals in the atmosphere. In
comparison, Holben et al. (2001) find 74(500 nm) = 0.020 4+ 0.008 and « = 1.50 £ 0.20
from 1994-1999 at Mauna Loa.

The measurements by Six et al. (2005) only cover a small time period in the summer.
Year-round measurements of the aerosol absorption and scattering coefficients have been
taken at South Pole and a number of other sites around the world (including Mauna
Loa, Hawaii) since 1974 (Bodhaine 1995, and references therein). At the South Pole

Bs(550 nm) is very low, varying between 1 X 1077 and 4 x 1077 m~L

The maximum
values are seen in winter and are associated with long-range mid-tropospheric transport
of sea salt from the coast. Scattering from polar stratospheric clouds may also contribute
to the maximum seen in winter (Collins et al. 1993). In comparison, at Mauna Loa

B5(550 nm) varies between s = 6 x 1077 and 60 x 107 m~!, showing maximum values

3The expression “diamond dust” refers to tiny ice crystals in atmosphere.
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December and January dala (440 nm)

Figure 2.5. Histogram of the aerosol optical depth at 440 nm measured at Dome C in
December 2003 and January 2004 (Figure 5 from Six et al. 2005). The dotted vertical

line indicates a change of scale on the horizontal axis at r» —0.1.

in the winter and spring that are associated with dust transport.

The atmospheric absorption coefficient (related to the optical depth) is described by

the imaginary part k of the refractive index of the atmospheric particles, such that

Ank

faf\z) T A (2.27)

The aerosol absorption coefficient for light at 550 nm at South Pole varies between
2X10"and 5 x 10"~ significantly lower than at Mauna Loa (from 1 x 10"" to

3 x 10" m~")(Bodhaine 1995, and references therein).

2-5 Conclusions

Atmospheric extinction is caused by the scattering and absorption of light by molecules
and aerosols. The only way to minimise the molecular contribution is to build a telescope
at high altitude. Using two different models, it was shown that the molecular scattering

at Dome C should be close to that at Mauna Kea. The molecular scattering at Dome A
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will be less than at Mauna Kea, even though they are about the same altitude, because
the air pressure at Dome A is less. Absorption by water vapour at Dome C should be
less than at Mauna Kea because there is less water vapour in the atmosphere at Dome C.

The ozone contribution is likely to be similar at both sites.

The aerosol contribution to atmospheric extinction is site-dependent. The aerosol
optical depth measured at Dome C, over a short period of time. is slightly less than
that at Mauna Kea. Year-round aerosol measurements at the South Pole show less
aerosol scattering and absorption than at Mauna Loa. Dome C may have an even lower
atmospheric aerosol content than South Pole because of its greater distance from the
coast. Therefore, the scattering and absorption by aerosols is expected to be typically
an order of magnitude less at Dome C than at Mauna Kea and the overall atmospheric

extinction will be the minimum possible.






“Twilight drops her curtain down, and pins it with a star.”
Lucy Maud Montgomery (1874-1942)
Anne of Green Gables (1908)

Chapter 3

Optical twilight and formal

dark-time

The thought of an Antarctic winter brings to mind a long, continuous, dark period. This
is true at the South Pole, which experiences about 80 days of continuous astronomical
dark-time. However, at lower latitude Antarctic sites the Sun spends more time close
to the horizon, resulting in long periods of twilight. At Dome C, less formal optical
astronomical dark-time is experienced compared to other sites, especially those close to
the equator. The sky brightness at infrared wavelengths is not affected by twilight and
the advantages offered by these longer wavelengths are well established (e.g., Storey et al.
2003).

In this Chapter, the amount of usable dark-time at Dome C is investigated. In Sec-
tion 3-1 the concept of formal astronomical dark-time is explored and the effect of cloud

cover on the available time is investigated.

Baldry & Bland-Hawthorn (2001) have suggested using a polarising filter on a tele-
scope to reduce the scattered sunlight contribution to sky brightness during twilight, to
achieve “dark-time” observing. At sites close to the equator this probably would not be
worthwhile because twilight only lasts a few hours. However, the use of a filter during
twilight in Antarctica could be very beneficial, as noted in that paper. For example, if

dark-time conditions at Dome C could be achieved at a solar depression angle of 15° (in-
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stead of requiring the “formal” depression angle of 18°), the available “dark” observing
time would increase by 18%. Sections 3-2 to 3-5 look at the intensity and polarisation of
twilight to evaluate the feasibility of using a polarising filter to reduce the twilight and

increase the usable dark-time.

The majority of this chapter has been published in Kenyon & Storey (2006), see
Appendix C-1.

3-1 Twilight, formal dark-time and cloud cover

Sunlight is the strongest contributor to the brightness of the sky. During the day the sur-
face of the Earth is illuminated by direct sunlight and sunlight scattered by atmospheric
molecules and particles. After sunset, the surface of the Earth is only illuminated by
-scattered sunlight; the direct component illuminates the atmosphere above the level of
the Earth’s shadow. Over the course of twilight the scattered sunlight contribution to
sky brightness decreases as higher and less dense levels of the atmosphere are illuminated
(Rozenberg 1966). The total brightness (Ip) of the twilight sky can be separated into
the contributions from light due to single (Is) and multiple scattering (Ips), and from

the overall night sky background (Iy),
Ig=Is+Ipn + In. (3.1)

The night sky background (discussed further in Chapter 4) includes aurorae, airglow,
zodiacal light, integrated starlight, diffuse Galactic light, integrated cosmic light and

artificial light pollution.

In the absence of moonlight and artificial sources, scattered sunlight completely dom-
inates the sky brightness until the Sun reaches a zenith angle of about 98° (Pavlov et al.
1995). For solar zenith angles greater than about 98°, multiple scattering accounts for
essentially all of the sunlight contribution to sky brightness; this contribution is affected
by the aerosol content in the atmosphere (Pavlov et al. 1995; Ugolnikov et al. 2004).
Dome C has an exceptionally clear atmosphere with no dust, haze, smog or sand aerosols
and therefore it is expected that the intensity of multiply scattered light will be at a min-
imum possible level. Paradoxically, the lack of aerosols will also decrease the attenuation

of sunlight that grazes the Earth’s surface, with the result that at mid-twilight the inten-
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sity just above the Earth’s shadow could be brighter at some wavelengths than at sites
with less clear skies. This has the effect of lowering the effective altitude of the so-called
“twilight layer” (Ougolnikov 1999; Ougolnikov & Maslov 2003), creating an opportunity

for enhanced scattering by the denser gas at those lower altitudes.

In the final part of twilight, the relative contribution of scattered sunlight to total sky
brightness decreases sharply to a negligible level, marking the beginning of the night. In
the V-band this occurs when the Sun is depressed 17-19° below the horizon; if there is
a high amount of scattering in the atmosphere this can be extended to depressions of
20-23° (Rozenberg 1966). As discussed in Chapter 2, scattering in the atmosphere at
Dome C is minimal and the onset of optical dark-time should occur at a relatively small
solar depression angle. However, this cannot be quantified except by direct measurement

or by detailed modelling using accurate atmospheric aerosol profiles.

A further effect that could brighten the Dome C sky is the high albedo! of the snow
that covers the Antarctic plateau, which could increase the sky brightness by a small
amount at sunset. However, this effect decreases with increasing solar zenith angle and is
negligible once the Sun has set (Anderson & Lloyd 1990). During periods when the Moon
is above the horizon the high albedo of the snow may also increase the sky brightness

beyond that normally experienced during grey time.

Astronomical nighttime is formally defined to begin when the Sun reaches a depression
angle of 18°. Figure 3.1 shows the solar elevation angle over the year at Dome C, South
Pole and Mauna Kea. This figure shows that Dome C only experiences almost continual
astronomical dark-time for a short period in the middle of the year, compared to South
Pole which has a definite period of continual dark-time. Continuous 24 hour observations
from Dome C would be possible for objects that can be observed with brighter skies.
From a simple geometric calculation, Dome C has about 50% of the formal astronomical

nighttime of Mauna Kea, as shown in Figure 3.2, with long periods of twilight.

The level of cloud cover at each site also needs to be taken into consideration when
looking at the amount of dark-time available for optical observations. On the basis of
2001 data, Ashley et al. (2005) report the skies at Dome C to be cloud-less for 74% of

the time, with the remaining 26% having more than 1/8 cloud cover. This is a tentative

!The fraction of the incident light that is reflected from a surface.
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Figure 3.1. Contour maps of the solar elevation angle at (a) Dome C, (6) South Pole

and (c) Mauna Kea over the course of one year, 2006.
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Figure 3.2. Comparison of the total available dark-time (black) and the available dark-
time with cloud cover taken into account at Dome C and Mauna Kea. For Dome C the
white and grey shading show the number of hours with 74% and 92% cloud free time. For
Mauna Kea they show the number of photometric [white) and spectroscopic [grey) hours
available (see the text for further details and references). The graphs on the left show the
number of hours of formal astronomical nighttime (i.e., when the Sun is further than 18°
below the horizon). The graphs on the right show the number of hours of astronomical
dark-time (i.e., astronomical nighttime hours when the Moon is below the horizon or less

than one quarter phase).

conclusion based on less than a full year of data from Dome C. Preliminary conclusions
based on independent measurements in 2005 (Aristidi et al. 2005a) suggest that the
percentage of cloud-free skies at Dome C may be as high as 96%; additional analysis of
these data by Mosser & Aristidi (2007) found a metrological duty cycle of at least 92% at
Dome C. In comparison, at Mauna Kea there are 45% photometric nights (no clouds) and
67% spectroscopic nights cloud cover) (ESO Working Group 2003, and references
therein). Taking these percentages into account, the amount of usable dark-time at each

site is calculated and shown in Figure 3.2.

If the more optimistic figures of Aristidi et al. (2005a) and Mosser & Aristidi (2007)
are confirmed over subsequent years then Dome C will be seen to have a comparable

number of usable, astronomically dark hours to Mauna Kea.
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3-1.1 Sky coverage

In addition to the long twilight, high latitude sites suffer from reduced sky coverage
because of the limited declination range of celestial objects that can be observed. To
quantify this we use the fraction f of the total 47 steradians of the heavens that can be
seen from a site of given latitude over a 24 hour period, that is

sin N — sin S
2

f= (3.2)

where N is the northernmost declination observable and S is the southernmost. We
consider two cases: a zenith limit of 45° (1.4 airmasses), and a zenith limit of 60° (2 air-
masses). Figure 3.3 shows the the declination range and f for these two cases as a
function of latitude; the results for Dome C, South Pole, Mauna Kea and the Equator
are summarised in Table 3.1. Mauna Kea has access to 81% of the sky at 2 airmasses or

less, while at Dome C only 37% of the sky is similarly available.

In the case of a high-latitude southern site such as Dome C, this restricted sky coverage
is mitigated somewhat by the accessibility of several key sources such as the Large (decl. =
69°S) and Small (decl. = 73°S) Magellanic Clouds and the Galactic Centre (decl. =
28°S). Such southern sources are of course favourably observed from Dome C. For
example, although the Galactic Centre reaches comparable maximum elevations of 44°
at Dome C and 41° at Mauna Kea, it is above 30° elevation for 1300 dark hours per
year at Dome C, but only 660 dark hours per year at Mauna Kea. The advantages
of a high-latitude southern site for the continuous monitoring of southern objects have
already been discussed by a number of authors; such as Deeg et al. (2005). Another
benefit offered by high latitude sites is the opportunity to observe object for long periods

at almost constant zenith angle (and corresponding constant air mass).
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Figure 3.3. The observable sky as a function of latitude. The shaded regions show the
dechnation range available (left axis). The sohd lines show the percentage of the whole
47r steradians of the sky that is observable (right axis). The top plot show the values for
the 45° zenith limit and the bottom plot shows the range for the 60° zenith limit. The

dashed lines show the latitudes of Dome C and Mauna Kea.

Table 3.1. The amount of sky observable from a site depends on the latitude of the site.
This table shows the declination range and the percentage of the sky that is observable

at each site for two zenith hmits.

45° Zenith limit 60° Zenith limit
Site Deel. Range Sky percentage Deel. Range Sky percentage
Equator 45°S - 45°N 70 % 60°S - 60°N 86 %
Mauna Kea 26°S - 64°N 66 % 41°S - 79°N 81 %
Dome C 90°S - 30°S 25 % 90°S - 15°S 37 %

South Pole 90°S - 45°S 14% 90°S - 30°S 25 %
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3-2 Using a polariser to reduce sky background

The twilight sky brightness is a combination of singly and multiply scattered sunlight,
and the background night sky illuminance, as summarised in Equation 3.1. When sun-
light enters the atmosphere it is unpolarised. Sunlight becomes polarised in the Earth’s
atmosphere through scattering interactions with permanent (mainly oxygen and nitro-
gen) and variable atmospheric gases, and solid and liquid particles suspended in the
atmosphere (aerosols, water, ice crystals). The degree of polarisation (P) quantifies the
amount of polarised light as a fraction of the total light. The total degree of polarisation
of twilight is given by:

P="2Ps+—P 3.3
Tn s+IB M (3.3)

where Pg and P are the degrees of polarisation of singly and multiply scattered light.
The polarised component of the background night sky flux is assumed to be negligible

with respect to that of the scattered sunlight.

The following derivation of the possible advantage of a polariser is summarised from
Baldry & Bland-Hawthorn (2001). If a polariser is inserted in front of the receiver, the

background flux received by the observer is reduced to

Ig =7[In +Is(1— Ps)+ Ing (1 = Par) + 2y (Pl + PsIn))

=rlp [1—P(1+2’)’)] (34)

where 7 is the transmission of the polariser with unpolarised light, v is the extinction of
the polariser (v < 1) and P is the total polarisation as defined in Equation 3.3. A figure
of merit, related to the observing efficiency for an instrument and telescope, is defined as

_R2 _ eI(%

f t Io+1Ip

(3.5)

where R is the signal to noise ratio, ¢ is the integration time, € is the efficiency of the
telescope and instrument, and Ip is the object flux. If a polariser is inserted to reduce

the background flux, this figure of merit is given by

o €(rlp)? €Tl

~ = 3.6
TIo-l-I'B Io+IB[l—P(1+27)] (3.6)

where €' is the efficiency of the telescope and instrument with polarised light.
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Using Equations 3.5 and 3.6, the gain in observing efficiency when using a polariser

is given by

! "Tlo+1 ! I I
fo.e [M] — 75 ot ls (3.7)
€

o~ =T— .

f Io+ I elo+1Ig[l— P(1+27)]
A polariser will be beneficial whenever the gain is greater than unity. Assuming photon
noise limited observations, a perfect polariser, no change in instrument response with
polarisation, and setting v = 0 and €’/e = 1, the sky must be polarised to

Io+ Ip

P>(1-1) 7
B

(3.8)

for the use of a polarising filter to be worthwhile. We consider two examples, in both

cases setting 7 = 0.48.

1. For objects that are very dark compared to the sky background, a polarisation of

P > 52% is required for this technique to be beneficial.

2. For a sky background of 20.5 mag arcsec 2 and object of magnitude of 22 mag
arcsec” 2, the polarisation must be greater than 65% for the use of a polariser to be

beneficial.

Baldry & Bland-Hawthorn (2001) model the brightness of the sky at zenith during twi-
light, with and without the use of a polarising filter. In this model they assume the
polarisation of twilight is always 85%, independent of the solar elevation angle. Al-
though the polarisation of singly scattered light is probably always above 85% (for a
clear atmosphere), the total polarisation depends on the relative intensity of the singly
and multiply scattered light to the total sky intensity, as Equation 3.3 shows. In the
next sections we look in some detail at the total polarisation of light in the atmosphere
as a function of solar zenith angle and wavelength, to explore the benefit that might be

gained by using a polariser on an Antarctic telescope.

3-3 The polarised sky

As a first step to evaluate the use of a polarising filter, the amount of polarised light in

the sky is examined using a simple model for singly scattered sunlight. The polarisation
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of sunlight singly scattered in a pure Rayleigh atmosphere can be described by (Coulson

1988):

PMAX 5in? o
P s 3.9
s 1 + cos? « (39)
cosa = sinZg sinZcos @+ cos Z cos Z

where Pg’IAX is the maximum polarisation, Z and Z are the zenith angles of the Sun
and observed sky point, and ¢ is the azimuth of the observed sky point from the solar
meridian. In this model the atmosphere is considered to contain only permanent gases
with no aerosols, clouds, water vapour or ionised particles; the scattering particles are

assumed to be spherical; and the refractive index very close to unity.

We applied this model for solar zenith angles Z = 90°, 96°, 102° and 108° (i.e., from
sunset to the end of astronomical twilight); Figure 3.4 shows the results. The light shading
shows that a large section of the singly scattered sunlight perpendicular to the Sun is
polarised to a high degree, whereas in the direction parallel to the Sun the polarisation

rapidly drops off with zenith angle.

The degree of polarisation in the real atmosphere differs from this model because
of non-isotropic molecular scattering, aerosol scattering and reflection from the Earth’s
surface (Coulson 1983). However, the pattern of polarisation across the sky will be close
to the Rayleigh model. Molecular scattering is non-isotropic because atmospheric oxy-
gen and nitrogen molecules are not spherical; this decreases the polarisation by about
3-5%. Aerosols promote depolarisation by encouraging aerosol-to-aerosol and aerosol-
to-molecule multiple scattering. The depolarising effects of aerosols depend on the con-
centration, refractive index and size of the particles. The addition of aerosols will also
increase the solar zenith angle at which maximum polarisation occurs, and will introduce

a wavelength dependence.

The polarisation of sunlight can be further reduced by reflection from high level clouds
and cloud forming particles. Pomozi et al. (2001) studied the effect of clouds on the
polarisation of the sky compared to clear skies and found that although the degree of
polarisation may decrease, the pattern of polarisation is the same if part of the atmosphere

between the clouds and the Earth is directly illuminated by sunlight.

The degree of polarisation from single scattering is essentially independent of wave-

length, however the scattering efficiency from atmospheric gases is proportional to A4
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Figure 3.4. Top: Full sky plots of the degree of polarisation (Pg) as a fraction of the
maximum polarisation (Pmax), using the Rayleigh model for solar zenith angles (a) 90°,
(b) 96°, (¢) 102° and (d) 108° (i.e., from sunset to the end of astronomical twilight).
The circles indicate elevation angle and are spaced 20° apart, the outermost circle is the
horizon. The position of the Sun in shown as a star in each plot. Bottom: a horizontal

cut through each sky image.

(e.g., Coulson 1980), resulting in a wavelength dependence in 1s/18-  Multiply scattered
sunlight is polarised to a lesser degree than singly scattered light. In the Rayleigh model
for single scattering the position of the maximum polarisation is always 90° from the
Sun. The maximum polarisation point for multiple scattering should remain at zenith
regardless of Zq. The position of the maximum polarisation therefore gives an indica-
tion of the relative strength of primary and multiple scattering (Postylyakov et al. 2003).
If the maximum polarisation occurs when the Sun is below the horizon, this indicates

multiple scattering. Aerosol scattering will also change the maximum scattering angle.

The highest polarisation of light occurs when water vapour and aerosol concentrations
are very low and the Rayleigh optical depth is as small as possible, suggesting that scat-
tered sunlight at Dome C should, in general, be more highly polarised than at temperate

or tropical sites.
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3-4 Polarisation at the South Pole and effects of ice pre-

cipitation

At this stage no measurements of the polarisation of twilight at Dome C have been taken.
However, Fitch & Coulson (1983) measured the polarisation of the sky at the South Pole
during summer, under both clear sky conditions and conditions when ice crystals were

evident.

A maximum polarisation at zenith of 80% was observed during clear sky conditions
when the Sun was 10° above the horizon. Measurements taken on days with ice crystals
in the atmosphere showed a decrease in polarisation of ~ 6% at 700 nm and of < 1%
at 398 nm. In addition, the presence of ice crystals moved the position of the maximum
polarisation away from the Sun by a few degrees. Further measurements taken when the
Sun was on the horizon showed greater effects, with the maximum polarisation decreased
by 10% at 398 nm and 45% at 872 nm compared to clear sky conditions. The effect of ice
crystals is greater at longer wavelengths. The authors note that the data set is small and

there may be ice crystal formation in the atmosphere when there are no visible clouds.

These results show that in the absence of ice crystals the atmosphere at South Pole is
very clean and is very close to a “Rayleigh atmosphere”; that is, the only scatterers in the
atmosphere are gaseous molecules. We expect that the atmosphere at Dome C will also
closely resemble a Rayleigh atmosphere and therefore, at small solar depression angles,
the scattered light will be highly polarised. The measurements by Fitch & Coulson
(1983) were conducted when the Sun was on or above the horizon. In the next section
the behaviour of the polarisation of twilight at various other high altitude, clean sites is

analysed.

3-5 Polarisation measurements during twilight

During twilight the number of gas molecules and aerosol particles able to participate in
scattering changes as different levels of the atmosphere are illuminated by solar radiation
and the lower levels are shadowed by the Earth. The vertical concentration of molecules
and aerosols changes with altitude, leading to changes in the polarisation and intensity

of skylight as a function of solar angle and wavelength. Single scattering is confined to a
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thin atmospheric layer; for Z<, > 90° the thickness of this layer does not depend on the
solar zenith angle or the zenith distance of the observation (Ougolnikov 1999). However,
the minimum altitude at which this layer begins slowly increases as the Sun sinks further
and further below the horizon. Multiple scattering is confined to a thin atmospheric layer
that is much closer to the Earth’s surface than the single scattering layer (Ougolnikov
1999). For example, for Zz, = 94° the height of the single scattering layer is about 33 km
and for multiple scattering the height of the layer is about 12 km (at Z = 98° these
increase to 80 and 17 km respectively). The contribution of multiple scattering to the
total background intensity can only be determined by computational modelling of the

atmosphere coupled with intensity and polarisation measurements.

Measurements of the maximum polarisation at zenith during twilight can be used to
determine the vertical profile of aerosols in the atmosphere (see, for example, Coulson
1980 and Ashburn 1952). In this section, various measurements of the twilight polari-
sation and intensity at various high altitude, clean sites are analysed and combined to
form a general picture. The behaviour of the total degree of polarisation P as a function
of solar zenith angle Z can be roughly divided into the three twilight regimes (civil,
nautical and astronomical); the benefit of using a polariser in each regime is assessed. P
also behaves somewhat differently for red P(red \) and blue P(blue \) wavelengths, with
a division around A = 550 nm. Note that P(Zz) usually shows day-to-day variations
at each site, probably caused by different weather conditions and vertical aerosol con-
centrations, and there is some overlap in the behaviour of P(Z) for the three twilight

groups.

The typical behaviour of the degree of polarisation P as a function of solar zenith
angle Zz and wavelength A is summarised in Table 3.2, which is derived from the work
of Bondarenko (1964), Coulson (1980), Pavlov et al. (1995) and Postylyakov et al. (2003).
Figure 3.5, from Pavlov et al. (1995), shows the typical variations of single, multiple and

total polarisation as a function of solar zenith angle during twilight.

The Zs = 102-108° regime is where one might have hoped to turn twilight into
dark-time. For the use of a polariser to be worthwhile the sky must be polarised by
at least 52%. However, between Zz = 102° and 108° the overall polarisation at these
sites drops from about 50% (depending on wavelength) to zero, and from Zg ~ 104°

the night illuminance accounts for more than 80% of the sky brightness, reaching 100%
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Table 3.2. Summary of the typical behaviour of the degree of polarisation P in three
twilight regimes. The first two rows for each regime describe the behaviour of blue and
red wavelengths of light, the next row shows the dominant processes and the last row
shows the maximum object brightness Io (mag arcsec™2) at selected solar zenith angles
(Z@) for which a polariser will yield an advantage at 690 nm, based on the results of
Pavlov et al. (1995). This table was complied from Bondarenko (1964); Coulson (1980,

1988); Pavlov et al. (1995).

Civil twilight Zz = 90-96°

P(blue \)

P(red A)

Processes

Advantage

The maximum polarisation occurs at a solar zenith angle of ~ 92—
94°, after which the polarisation decreases with increasing Z. The
polarisation is wavelength dependent in this range.

The maximum polarisation occurs at Zz ~ 90° then P(Z)) decreases.
Occasionally a minimum in polarisation is seen at Z5 = 94-95°. The
polarisation is independent of wavelength.

Single scattering dominants over multiple and Iy is negligible.

Z ~90° 1Ip>53; Z~96° 1o >99

Nautical twilight Z5 = 96-102°

P(blue A)

P(red \)

Processes

Advantage

P(Z) decreases steeply to a flat or a minimum section between 98°
and 102°.

P(Z) decreases steadily. Occasional 274 maximum is observed, this
is associated with aerosol layers.

Multiple scattering dominates over single, and Iy ~ 0 for Zg < 98°.
In both wavelength ranges the polarisation is less than about 60%.

Z ~98° Ip > 14.3; Z ~ 100°,1p > 18.3

Astronomical twilight Z& = 102-108°

P(blue )

P(red \)

Processes

Advantage

P(Z)) decreases steeply then starts to flatten at Z) ~ 104°, reaching
zero around Zg ~ 108°. Strongly A dependent.

P(Z) decreases steeply, reaching zero polarisation around 106°.
Strongly A dependent

Single scattering dominates over multiple for Z > 104° and the Iy
dominates over the total scattered light. Aerosol scattering is important
in this range. P < 50% for both wavelength ranges.

No advantage in using a polariser.
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1% AN

Figure 3.5. Polarisation as a function of solar zenith angle. Curves 1 and 2 are calcu-
lated for singly scattered light (Ps) in a clear atmosphere, curves 3 and 4 are averaged
measurements of the total polarisation (P), and curves 5 and 6 are the calculated polari-
sation for multiply scattered hght (PM)- The dashed lines are for polarisation at 480 nm

and the solid lines are for 690 nm. (Plot is from Pavlov et al. 1995).

at the onset of night (Pavlov et al. 1995). Aerosol scattering plays an important role,
causing depolarisation at certain wavelengths (i.e., when 27rr ~ A, where r is the particle
size). The total polarisation at Dome C at these solar zenith angles is hkely to be
similar to the sites discussed because they are all at high altitude—therefore have small
Rayleigh optical depths—and have clean atmospheres, with few aerosols. In addition all

the measurements were taken on visibly clear days.

We conclude that there is hkely to be no gain in using a polariser, in this regime. How-
ever, for observations of bright stars (for example, direct imaging of exoplanets around
host stars of typical magnitudes F = 11) a high sky background can be tolerated. Using
a polariser for this type of observation could be advantageous during those times when
the Sun is 6° or further below the horizon. Of course if the light from the object itself is

polarised then this method would have less benefit.
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3-6 Conclusions

Most astronomical observations require very dark skies. We find that Dome C has a
comparable number of cloud-free, formal astronomical dark hours to a more temperate
site such as Mauna Kea. In the next Chapter the quality of this dark-time at Dome C is
assessed. The fraction of sky observable at Dome C is considerably lower than at Mauna
Kea; however some important southern objects are observable for longer at Dome C than
Mauna Kea. The scattering at Dome C is expected to be close to the minimum possible.
For this reason it is expected that astronomical nighttime will start when the Sun is
closer to the horizon than at sites with high scattering. However, no firm conclusions can
be made in this respect without detailed atmospheric modelling or measurements at the
site. An instrument to measure the twilight and nighttime sky brightness is described in

Chapter 5.

We assessed the use of polarising filters during twilight as a means to increase the
amount of dark-time. We find that some advantage could be gained through the use of
polarising filters in early evening twilight and late morning twilight; however, as the sky

becomes darker, such filters are of less benefit.



“The summer day is closed—the sun is set:
Well they have done their office, those bright hours,
The latest of whose train goes softly out

In the red west.”

William Cullen Bryant (1794-1878)
An Evening Reverie (1842)

Chapter 4

Optical sky brightness

In Chapter 3 the twilight sky brightness and the quantity of formal optical dark time at
Dome C were investigated; in this Chapter the quality of the dark time is assessed. The
sky is never completely dark at optical wavelengths, even after the Sun has fully set. At
any site the optical night sky is always brightened with airglow, zodiacal light, integrated
starlight, diffuse Galactic light and extra-galactic light. Further brightening can be caused
by scattered sunlight, aurorae, moonlight and artificial sources. A brief summary of the
physical origins and dependencies of each of these contributions is presented in Table 4.1.
Atmospheric scattering of the flux from each of these sources adds significantly to the
sky brightness; for example, the contribution from zodiacal light can be increased by
more than 15% by scattering and that from integrated starlight by 10-30% (Leinert
et al. 1998). At the darkest sites the dark time sky background is on the order of 22.0-
21.1 V mag arcsec”? at zenith (Leinert et al. 1998). The sky brightness at a particular
site varies with solar activity, as first noted by Rayleigh (1928); for example, Walker
(1988) records a change of at least 1 mag arcsec "2 in sky brightness with solar activity

at San Benito Mountain.

Dome C exhibits many characteristics that are extremely favourable to optical as-
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Table 4.1. Contributions to the light of the night sky. Adapted from Roach & Gordon

(1973).

Source

Physical Origin

Varies with

Scattered sunlight . ...

Moonlight

Aurora

Airglow

Zodiacal light

........

Integrated starlight ..

Diffuse galactic light .

Integrated cosmic light

Light pollution

Sunlight scattering from
molecules and particles in
the upper atmosphere
Sunlight reflected from the
lunar surface, then scat-
tered in the Earth’s atmo-
sphere

Excitation of upper atmo-
sphere atoms and molecules
by energetic particles
Chemiluminescence of up-

per atmosphere atoms and

molecules

Sunlight scattered by inter-
planetary dust
Unresolved stars in the
Milky Way

Scattering of starlight by

interstellar dust

The universe

Artificial lighting

Ecliptic coordinates, sea-

son, location, aerosols
Lunar phase, position of

the moon, aerosols

Magnetic latitude, season,
magnetic activity, solar ac-
tivity

Zenith angle, local time,
latitude, season, solar ac-
tivity, altitude, geomag-
netic latitude

Ecliptic coordinates

Galactic coordinates

Galactic coordinates

Galactic coordinates, cos-

mological red shift

Proximity to civilisation
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tronomy; however, at this stage few measurements have been made of the brightness of
the optical night sky. In the following sections each contribution to night sky brightness
is considered and a comparison to Mauna Kea, Hawaii is presented. See Leinert et al.
(1998) for a comprehensive discussion of diffuse night sky brightness, Patat (2003) for
an in-depth survey of UBVRI night sky brightness at ESO-Paranal, and Benn & Ellison
(1998) for a review of sky brightness measurements at La Palma. This chapter is an

expansion of the work published by Kenyon & Storey (2006); see Appendix C-1.

4-1 Moonlight

Moonlight brightens the sky in much the same way as the Sun—by direct transmission
and scattering. The sky brightness contribution caused by the Moon depends on its
position and phase. Figures 4.1 and 4.2 show the elevation of the Sun and Moon, together
with the phase of the Moon, for Dome C and Mauna Kea over the course of one year
(2005). The darkest skies are when the Sun is far below the horizon and either the Moon

is below the horizon or the phase of the Moon is close to new.

The 18 year lunar nodal cycle causes the Moon to cycle between declination ranges of
+29° and +18°. At Dome C, this results in the maximum elevation of the Moon cycling
between about 33° and 43° over the 18 years. At sites closer to the equator, such as
Mauna Kea, the Moon can always pass through the zenith, regardless of the lunar nodal
cycle. Since the scattered moonlight contribution reaches a minimum level about 60° to

90° away from the Moon, a lower elevation angle is an advantage.

In the next section a model for moonlight scattering (Krisciunas & Schaefer 1991) is

summarised and then applied to Dome C and Mauna Kea.
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Figure 4.1. Top: solar and lunar elevation angles at Dome C over the course of one
year (2005). The contours show the solar elevation angles and the grey scale shows the
lunar elevation angles according to the scale to the right. The darkest skies are when the
Sun is far below the horizon and either the Moon is below the horizon (dark shading)
or the phase of the moon is close to new. Bottom: the lunar elevation angle (grey, left

scale) and the lunar phase angle (black, right scale) over the same period.
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Figure 4.2. Solar and lunar elevation angles and lunar phase angle at Mauna Kea over

the course of one year (2005). See the caption on Figure 4.1 for further details,
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4-1.1 Model of the moonlight contribution to sky brightness

To quantify the effect of the different range of Moon elevation at Dome C and Mauna
Kea, the scattered moonlight brightness was calculated using the model of Krisciunas
& Schaefer (1991). In this model the scattered moonlight brightness is given by the

following set of equations:
By = f(p)I*IO—OAkX(ZM) (1 _ 10—0.4kX(Z)) (4.1)
f(p) = falp) + fm(p) (4.2)
108-15-0/40  for 10° < p < 80°

falp) = (4.3)
6.2 x 107p2 for p < 10°

Fu(p) = 2.27 x 105 (1.06 + cos? p) (4.4)
I* = 10~ 0-4(m(a)+16.57) (4.5)
m(a) = —12.73 4 0.026 || + 4 x 10 %a* (4.6)
X(Z) = (1-096sin*>2) " (4.7)
X(Zu) = (cos Zas + 002511 eos ) 7! (4.8)

where f(p) is the scattering phase function which incorporates models of the Rayleigh
molecular (fus) and aerosol (f4) scattering as a function of the angular separation (p) of
the Moon and sky position. I*, m and « are the illuminance (footcandles), magnitude
and phase angle (degrees) of the Moon; k is the local extinction coefficient; and X (Z2)
and X (Zps) are the airmass of the sky position and Moon position as a function of the

observed-sky (Z) and Moon (Z)y) zenith distances.

By is in units of nanoLamberts (nL) and can be related to magnitudes per square
arc second using

B = 34.08 exp (20.7233 — 0.92104V) . (4.9)

The change in V-band sky brightness caused by the Moon is expressed as

B B
AV = —25log (JM) (4.10)
By
where By is the background sky brightness at zenith distance Z given as
Bo(Z) = B,en 10 0#X(2)-1 x (7) (4.11)

and B, is the sky brightness at zenith.
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Figure 4.3. 7Top: scattered moonlight brightness as a function of zenith angle for the
highest altitude of the Moon in each month (in 2005), regardless of phase. Bottom:
scattered moonlight contribution when the full Moon reaches its highest altitude in each
month. Each plot shows the moonhght contribution for a cross section of the sky that
passes through the Moon and the zenith, for Dome C (left) and Mauna Kea [right). Each

curve represents a different month.

4-1.2 Results

The lunar phase (from full to new and back) cycles over one month; for each month
in 2005 the sky brightness was calculated when (1) the full Moon was at the highest
elevation for that month and (2) the Moon was at the highest altitude, regardless of
phase. In the calculation the extinction coefficient for both sites was set to to the median

value for Mauna Kea (0.12 mag airmass"” at 550 nm).

A cross section of the sky, cutting through the position of the Moon and the zenith at
those times, is plotted in Figure 4.3. The full-moon contribution at Dome C is less than
that at Mauna Kea by several magnitudes at zenith, with httle difference at the horizon.

For the second case, excluding the sky close to the Moon, the contribution is also less
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at Dome C than at Mauna Kea. As at all sites, this contribution reaches a minimum
between 60° and 90° away from the Moon (Patat 2004). This advantage to Dome C
is reduced to some extent by the fact that the fullness of the Moon and its maximum

elevation are highly correlated (as seen in Figure 4.1) but only weakly so at Mauna Kea.

Averaged over the epoch 20052015, skies that would otherwise be dark are brightened
at zenith by moonlight by a median value of 1.7 V mag arcsec 2 at Dome C and 2.1 V mag

arcsec” 2 at Mauna Kea.

4-2 Aurorae

Aurorae are the spectacular lights seen dancing across the skies in (mainly) polar regions.
Aurorae result from the collisions of highly energetic solar particles with upper atmo-
sphere atoms and molecules. These collisions excite the atoms and molecules to higher

energy levels, from which they radiatively decay.

Aurorae are generally (though not exclusively) confined to annular regions 15-25 de-
grees from the geomagnetic poles. The geomagnetic poles are the two positions where the
theoretical magnetic dipole of the Earth intersects the surface. As shown in Figure 4.4
the geographic positions of the geomagnetic poles are not static and are recalculated each
year. The size and position of the auroral oval also changes with solar activity; see the
OVATION Web site! for plots of the size and position of the auroral oval from December
1983 to the present.

The particle collisions that cause aurorae typically occur 100-250 km above the ground
but can occur at altitudes anywhere between 80 and 1000 km. In the V-band the strongest
auroral emission is from neutral oxygen at 557.7 nm; Table 4.2 shows the sources, wave-
lengths and typical intensities of some visible auroral emissions. Aurorae can vary rapidly
in intensity and position across the sky during a night, and the long term intensity has

a strong dependence on the 11 year sunspot cycle.

1OVATION ([Auroral] Oval Variation, Assessment, Tracking, Intensity, and On-line Nowcasting) is
a project of the Auroral Particles and Imagery Group and the John Hopkins University; see http: //sd-

www.jhuapl.edu/Aurora/index.html.
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90"W

180
Figure 4.4. Left: Schematic of the typical southern auroral oval, showing the
geographic South Pole (SP), Dome C (DC) and the position of the geomagnetic
south pole (GSP) for the year 2005. The auroral oval is typically located 15-25°
from the geomagnetic south pole (shown in grey shading). Aurorae at 250 km
altitude will be above the horizon at Dome C only if they lie within the dot-
ted hne. Right: Positions of the geomagnetic south pole over 107 years (obtained
from the Kyoto University Web page "World Data Center for Geomagnetism", at

http: //swdewww.kugi .kyoto-u.ac. jp/poles/polesexp.html).

4-2.1 Implications for Dome C

Dome C lies about 10° away from the inner edge of the typical auroral oval;, aurorae are
therefore expected to be low on the horizon and of low intensity. Figure 4.4 shows the
geographic positions of Dome C, South Pole, the typical auroral oval and the geomagnetic
south pole (for January 2005; 79.3°S, 108.5°E2). South Pole is located very close to the

inner edge of the auroral oval and experiences considerable auroral activity.

Using the simple geometry shown Figure 4.5, the distance and elevation angle of
aurorae, as viewed from Dome C, was calculated as a function of angular separation
between Dome C and the aurorae. The calculation was carried out for aurorae occurring
at 100 and 250 km above the Earth. The results are shown in Table 4.3. Aurorae at
100 km altitude will usually be below the horizon at Dome C; at 250 km altitude this
occurs at 16° separation; the dotted circle in Figure 4.4 shows this range. The elevation

AQObtained from the National Geophysical Data Center Web page "Estimated Values of Magnetic Field

Properties", at http://www.ngdc.noaa.gov/ngdc.html.
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Table 4.2. Typical auroral emissions in the visible, adapted from Dempsey et al. (2005).

Wavelength ~ Emitter Typical intensity
(nm) (kR)
3914 ....... IN N3 band 98.51
4278 ....... IN N band 30.0
557.7 oo.. .. [O]] line 100
630.0 — 636.4 [OI] line 2 — 100
687.3 ....... M N7 band 14.22
706.4 ....... M N band 10.50
731.9 — 733.0 [OII] line 0.4 — 100
T4 L [O]] line 9.6
785.3 ....... M N7 band 65.49
808.1 ....... M N7 band 38.91
823.3 ....... M N band 10.99
8446 ....... [O1] line 11.5
868.0 ....... [NII] line 10.5

Note:~1R= 1/(47) x 10'° photons m=2 s=! sr 1,

angle of typical aurorae seen from Dome C will be between the horizon and 7° elevation,
and they will be between 1160 and 2000 km away. Sun-aligned quiet arcs will not decrease
with increasing magnetic latitude in the same fashion as normal aurorae; however they
are significantly less intense than the aurorae occurring within the auroral oval (Gary

Burns, 2005, private communication).

Dempsey et al. (2005) used satellite measurements of the electron flux above Dome C
to calculate the expected intensity of aurorae. They found in the V band the intensity of
the auroral contribution to sky background was less than 22.7 mag arcsec ™2 for 50% of
the wintertime during a solar maximum year and below 23.5 mag arcsec ™2 during solar
minimum.

Aurorae are expected to have a minor impact on optical astronomy at Dome C, even

without the use of narrow-band filters to remove the brightest emission lines. The con-

tribution to sky brightness at Mauna Kea by aurorae is of course negligible.
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Figure 4.5. Schematic showing the geometry used to calculate the distance and elevation

angle of typical aurorae as viewed from Dome C. In the figure, A is the angle between

Dome C and position on Earth of the nadir of the aurorae, E is the elevation angle of the

aurorae relative to the local horizon at Dome C and D is the distance to the aurorae.

Table 4.3. Position of aurorae as viewed from Dome C. The first column is the angular

separation between the aurora and Dome C. From this the distance from the Dome C to

the aurora and the elevation angle of the aurora at Dome C is calculated. See Figure 4.5

for the geometry.

between aurora & Dome C Distance

10
12
14
16

Angular separation

(deg)

(km)
1130
1350
1570
1790

Aurora altitude: 100 km

Elevation Distance
(deg) (km)
0 1160
-2 1380
-3 1600
-5 1830

Aurora altitude: 250 km

Elevation

(deg)
7

4
2
0
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4-3 Airglow

Airglow, at night, is the chemiluminescence of upper atmosphere molecules and atoms.
This so-called “nightglow” includes a quasi-continuum from NO4 and a number of discrete
emission lines, the strongest by far from the hydroxyl radical. Nightglow is unpolarised
and on a large scale increases from zenith to the horizon, as described by the van Rhijn

function,
-0.5

1-— Ro \° sin? z (4.12)
Ro+h ’

where Ry is the radius of the Earth, h is the height of the emitting atmospheric layer

V =

above the surface of the Earth and z is the zenith distance. On small spatial scales the
nightglow emissions are uneven and blotchy across the sky. Nightglow emissions vary

over short and long time scales.

4-3.1 Airglow reactions and emissions lines

Nightglow emissions are mainly from the thin mesospheric layer, centred at an altitude
of 85-90 km. Nightglow includes a quasi-continuum from NOy and a number of discrete
emission lines, primarily from atomic and molecular oxygen. The strongest emission
in the visible is the 557.7 nm line of O(!S) and at wavelengths longer than 600 nm the
strongest emissions come from the hydroxyl radical (OH). Table 4.4 shows the wavelength,
sources, typical intensities and chemical reactions for the formation of the most common

visible airglow emissions.

The O(!S) emission relies heavily on the concentration of atomic oxygen between 80
and 100 km (Yee et al. 1997). O} and O('S) have very short lifetimes, but atomic oxygen
above 100 km altitude has a long lifetime. The OH Meinel bands are primarily excited by
a reaction between ozone and atomic hydrogen; the concentrations of O3 and H depend

on the atomic oxygen mixing ratio (Le Texier et al. 1987).

4-3.2 A reduction in airglow over Antarctica?

The emissions discussed above are produced photochemically through reactions involving
atomic oxygen, atomic hydrogen and ozone. There have long been discussions that

nightglow over Antarctica should decrease in winter because of a lack of atomic oxygen.
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Table 4.4. Mesospheric nightglow emissions at zenith in the visible range. The first
three columns are adapted from Roach & Gordon (1973); Leinert et al. (1998); McEwan &
Phillips (1975) and references therein. The chemical reactions are sourced from McDade
et al. (1986) [Og, OI, NOy], Yee et al. (1997, and references therein) [O9 and OI] and
Midya & Midya (1993) [Na].

Typical
Wavelength Source intensity Comments Reactions®
(nm) (R)
260-380 O, 0.5A"1  Herzberg bands O0+0+N; — 02 (A’S]) + N,
0, (A’S}) — 02 + hv
391.4etc N <1
500-650 NO4 250 Nightglow continuum NO + O — NO5 + hv
or
NO+O+M — NO;+M
NO5+ M — NO; + M
NO3 — NOgz + hv
519.8, 520.1 N 1
557.7 Or1 250 Strongest visible emission O+ O+ M — O + M
034+ 0 — O('S) + O
0O('s) — O('D) + hv
589.0, 589.6 Na D 20-150 Strong seasonal variation Na + O3 — NaO* + O,
NaO* + O — Na(?P) + O2
Na(?P) — Na(?S) + hv
600-4500 OH 4500 k  Meinel bands from the 0+0:4M — O3+M
transitions among the 9 H+ O3 — OH* + O,
lowest electronic levels OH* — OH + hv
656.3 H 3
761.9,864.5 O, 1000 Atmospheric bands O+0+M —O5+M

03+ 02 — 02 (b'Z]) + 0,
O, (b'S) — Oz +hv

9In all cases the species M is usually Na.
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However, atomic oxygen at about 100 km altitude has a long lifetime and is transported
globally in the mesosphere and lower thermosphere via the two-cell meridional circulation
from the equator to the poles (Garcia & Solomon 1985; Yee et al. 1997). Because of these
efficient mechanisms that transport reactants from sunlit locations to the poles, there is
no reason to expect a diminution in the chemiluminescence of species such as OH and O»
during the long polar night. As discussed in the next section, this conclusion is supported

by measurements.

4-3.3 Airglow measurements

Airglow measurements have been carried out all around the globe, both ground based
and from satellites. A number of these measurements are selected and discussed in this

section.

Continuous monitoring of the OH Meinel bands in the J-band with a Michelson in-
terferometer has been carried out at the South Pole since January 1992, and the data
are now publicly available (Sivjee et al. 2005). As expected, these data show very large
hourly and nightly variations, with no diminution in average intensity as the winter
progresses. Over a period somewhat less than a year, Phillips et al. (1999) observed a
small reduction in OH emission at South Pole in 1995 relative to temperate sites, but
this is more likely explained by the known highly variable nature of OH emission. Mea-
surements of OH nightglow between 837.5 and 856.0 nm at Davis, Antarctica (68°35’ S,
77°58 E) over seven years (Burns et al. 2002) show a barely significant seasonal variation
in emission intensity, although there are large day-to-day variations (Gary Burns & John
French, 2005, private communication). Zaragoza et al. (2001) measured the OH night-
glow emissions in a narrow spectral band near 4.6 pum for just under one year. Using
the Improved Stratospheric and Mesospheric Sounder on the UARS satellite they have
almost full global coverage (80° N to 80° S). They find at high latitudes a springtime
minimum in the OH emission ~ 30% below the global mean, although this is only for
one year of data. During the Northern hemisphere winter solstice period their averaged
measured intensities of OH nightglow at high and mid-latitudes are the same to within
the errors. Therefore, we expect that the sky brightness in those bands (650 nm-4.6 pm)

dominated by OH emission will be essentially identical at Dome C to that at all other
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observatory sites, including Mauna Kea.

Models of the global tides in the thermosphere, ionosphere and mesosphere (Yee et al.
1997) predict an increase in 557.7 nm emission towards the poles, although more data
are needed to confirm this model. Note, however, that this single strong line can be
easily filtered from astronomical measurements. Figure 6 in Ratnam et al. (2004) shows
the global volume emission rate of the O, atmospheric bands in four seasons; their
results indicate no significant reduction in O, emission during the southern winter at

high latitudes.

In general, we conclude that little difference in overall airglow emission between

Antarctic and temperate sites should be expected.

4-4 Zodiacal light

Zodiacal light is sunlight scattered from the diffuse cloud of interplanetary dust that lies
largely in the plane of the solar system. Zodiacal light is generally seen as a cone of light
with its base at the horizon at the azimuth of the Sun. The cone is brightest at the base,
decreasing in intensity towards the zenith, with a secondary maximum at the anti-solar
point. The intensity of zodiacal light depends on the wavelength, observer position, and
sky position. Zodiacal light is polarised, reaching a maximum polarisation of about 20%

(Leinert et al. 1998).

Following Leinert et al. (1998), the expected zodiacal contribution to sky brightness at
Dome C and Mauna Kea was calculated over one year. All correction factors in the model
were set to unity; thus there is a possible variation in flux of up to 30%. A summary of

the calculation is shown below, see Leinert et al. (1998) for details and look-up tables.

The visual zodiacal light brightness (Iz;) can be estimated for a particular observer

position, sky position and wavelength as

Izr = fRI(A =A@, B) foo fsP (4.13)

where I(A — A\, B) is the visual intensity for a particular viewing direction, fg is de-
pendent on the heliocentric distance and varies by a few percent over the year, fu is
dependent on wavelength and varies from unity by up to 20% in the wavelength range

350 nm to 800 nm, fgp corrects for the position of the observer relative to the zodiacal
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60 120 180 240 300 360 60 120 180 240 300 360

Day of year Day of year
Figure 4.6. The range of zodiacal contribution to sky brightness (V mag arcsec"”) at
Dome C (left) and Mauna Kea (right), over one year, for Sun elevations less than —18°.
The black shading is for observations at zenith and the grey is for a zenith distance of

60° at the same azimuthal position as the Sun.

dust cloud and varies from unity by up to 10%.

4-4.1 Results

Limiting the calculations to astronomical nighttime, two cases were looked at: the zodi-
acal brightness at (1) the zenith and (2) at a zenith angle of 60° at the same azimuth as

the Sun; the results are shown in Figure 4.6.

In the V-band, the model shows the zenith brightness of zodiacal light at Dome C
is expected to be always darker than 23.1 mag arcsec"”. This is because the echptic
plane is always fairly low on the horizon. In comparison, at Mauna Kea the zodiacal
sky brightness at zenith is expected to be always brighter than about 23.1 mag arcsec"”,
reaching a maximum contribution of about 22.1 mag arcsec"”. For the second case, the
zodiacal light at Dome C is always darker than about 22 mag arcsec"”; at Mauna Kea

it can get as bright as about 20.8 mag arcsec"”.

This reduced contribution from zodiacal light at Dome C compared to Mauna Kea is
a reflection of the fact that a different part of the sky passes overhead at Dome C than

does at Mauna Kea.
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4-5 Integrated starlight

Telescopes can only identify, as individual objects, those stars that are brighter than
a certain magnitude. The integrated flux from all stars fainter than this magnitude
contribute to the sky background. The limiting magnitude depends on the seeing and

atmospheric extinction of the site, and the size of the telescope.

The excellent seeing (Lawrence et al. 2004 and Section 6-6) and expected low atmo-
spheric extinction (Kenyon & Storey 2006 and Chapter 2) at Dome C will ensure that the
limiting magnitude of even a small telescope will be sufficient to reduce the integrated

unresolved starlight to negligible levels.

4-6 Diffuse Galactic light

Diffuse Galactic light is starlight that has been scattered off interstellar dust. Diffuse
Galactic light is typically about 23.6 V mag arcsec 2 at zenith (Roach & Gordon 1973);
brighter towards the heart of the Milky Way where the concentrations of stars and dust

are highest.

The Galactic plane is always close to the zenith at Dome C and this may result in a
relatively higher contribution of diffuse Galactic light and integrated starlight, compared
to lower latitude sites. At Dome C the galactic latitude of the zenith ranges between
—10° to —40°, whereas at Mauna Kea the range is much larger: —40° to +85° with
the galactic plane close to the horizon for some of the time. This contribution is rather
smaller than other sources of sky brightness and, similarly to zodiacal light, depends on

the celestial coordinates.

4-7 Integrated cosmic light

Integrated cosmic light is the red-shifted starlight from unresolved galaxies. No firm
measurement exists for its exact value. Upper and lower limits have been measured and
estimated from models, giving a range of about 25 to 30 mag arcsec ~2 at 550 nm (Leinert

et al. 1998, and references therein).

The integrated cosmic light (red-shifted starlight from unresolved galaxies) contribu-
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tion, at all sites, is very small in comparison to all other sources of sky brightness.

4-8 Light pollution

The night sky can be brightened considerably by light pollution from towns and cities.
Light pollution is mainly from vapour lamps (Hg and Na emission lines) and a weak
continuum from incandescent lamps (Benn & Ellison 1998). For example, Massey & Foltz
(2000) found high pressure sodium street lamps to contribute about 0.2 mag arcsec 2 to

the sky brightness at Kitt Peak and Mount Hopkins in the USA.

Garstang (1989a) modelled the increase of the zenith sky brightness caused by light
pollution at various sites. Garstang (1989b) further predicts the increase in light pollu-
tion at various sites over time. For example, Garstang (1989b) predicts the artificial sky
‘brightness will increase the total sky brightness by between 0.04 and 0.53 mag arcsec ™2
at Mauna Kea by the year 2020. This estimate is based on projections of population
increase and does not take into account changes in light sources and systems or unfore-
seen circumstances such as major tourist or housing developments nearby the sites, as
noted in the paper. However, an expected increase in sky brightness of this size is not
unreasonable; for example Massey & Foltz (2000) found sky brightness at Kitt Peak in-

creased by ~ 0.5 mag arcsec ™2

over 11 years, in the direction of the city of Tuscon. For
further discussions of night sky brightness modelling and world maps of the artificial sky

brightness see Cinzano et al. (2001) and Cinzano & Elvidge (2004) and references within.

The closest station to Dome C (Vostok at 78°27'51”S, 106°51’57" E) is 560 km away.
The placement of external lighting at the Dome C station itself will be carefully considered
in relation to astronomical observations. With proper planning there should continue to
be no artificial light pollution at Dome C, while the light pollution at other sites is likely

to increase.

4-9 Conclusions

As we saw in the previous chapter, Dome C has a comparable number of cloud-free,
astronomically dark hours to a more temperate site such as Mauna Kea. Atmospheric

scattering at Dome C should be close to the lowest anywhere on Earth, reducing the sky
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brightness contributions from sunlight, moonlight and tropospheric scattering, and reduc-
ing the extinction throughout the optical. The moonlight contribution to sky brightness
over the year is less than at lower latitude sites. Aurorae will rarely be more than 7°
above the horizon and will typically be more than about 1160 km away; they will gen-
erally be unobservable. Zodiacal light is darker at the zenith and 60° from the zenith
than at equatorial sites and will always be darker than 23.1 V mag arcsec™2 at zenith.
Airglow is essentially the same at all sites. The integrated starlight and diffuse galactic
light will be slightly brighter at Dome C than at other sites because the galactic plane is
always close to zenith. There is no artificial light pollution at Dome C; a condition that
should persist indefinitely. Dome C thus appears to be an attractive site for optical as

well as infrared astronomy.






“ ‘Scuse me while I kiss the sky”
Jimi Hendrix (1942-1970)
Purple Haze (1967)

Chapter 5

Nigel, monitoring the sky
brightness at Dome C

The brightness of the night sky at an optical astronomical site is one of the principal
factors that determine the quality and quantity of available observing time. In the
previous two chapters, the optical sky brightness at Dome C was analysed using models,
and data from the South Pole. However, until the sky brightness at the site has been

measured no firm conclusions can be made.

Because of the high latitude of Dome C, the Sun spends a relatively small amount of
time a long way below the horizon, resulting in long periods of twilight. The reduced
aerosol content in the atmosphere above Antarctica, combined with the low density of the
atmosphere, could result in astronomical nighttime starting at a smaller solar depression
angle compared to other sites, increasing the available observing time. By monitoring
the sky brightness during twilight and into the night, the solar elevation angle at which
the sky ceases getting darker can be determined, and the maximum amount of dark-
time can be measured. The unique conditions of an Antarctic site introduce new aspects
that would not normally be considered when assessing the sky brightness at a temperate
site, such as ice reflection and aurorae. The large surface of highly reflective ice around
an Antarctic telescope could increase the sky brightness caused by scattered light, in

particular moonlight scattered from the ice could considerably brighten the sky.
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Broadband photometry of the sky can be used to measure the brightness; however,
this includes artificial sources and strong natural airglow lines that could be eliminated or
filtered during actual astronomical measurements. In particular, at polar sites broadband
photometry would also include auroral lines that could be filtered from observations.
Ideally, one would also take absolute spectrography of the sky; this allows individual
spectral contributions to the sky brightness to be extracted; the overall background sky
brightness in various bands can then be derived. Sky brightness assessments need to be
carried out over long periods of time because various contributions, for example airglow
and aurora, are known to vary in intensity both over very short time scales, and longer

periods such as the 11 year solar cycle.

Previous to 2005, the optical sky brightness above Dome C had not been monitored
during the winter. Nigel is a fibre-fed spectrograph that was deployed to Dome C for
the measurement of the optical brightness, temporal characteristics, and spectrum of the
twilight and nighttime sky. Nigel was installed in the AASTINO at Dome C in November
2004, and operated until 13 February 2005, at which time the entire AASTINO system
was shut down. Unfortunately this means that the darkest sky recorded was when the

Sun was barely below the horizon.

The design and control of Nigel are described in Sections 5-1 and 5-2. Nigel is designed
to operate at a remote observatory; since it is not desirable to take expensive calibration
standards into the field, alternative inexpensive methods for wavelength (Section 5-3)
and flux (Section 5-4) calibration were explored. In Section 5-6 the future plans for Nigel
are discussed. The majority of this chapter has been published in Kenyon et al. (2006a),

see Appendix C-3.

5-1 Instrument description

Nigel is a fibre-fed UV /visible grating spectrograph with a thermoelectrically cooled
256 x 1024 pixel CCD camera, designed to measure the twilight and night sky brightness
from 250 to 900 nm. Nigel was developed from the Antarctic Fibre Optic Spectrograph
(AFOS; Boccas et al. 1998) which operated at the South Pole from 2002 to 2003 (Dempsey
et al. 2004).

Nigel has six optical fibres that collect light from three directions in the sky and direct
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Spectrograph connector

Figure 5.1. Schematic and photograph showing the set-up of Nigel's fibres. Three pairs
of optical fibres (with one blue and one red wavelength optimised fibre) are held in a
coaxial copper tube on the roof of the AASTINO; each pair of fibres points in a different
direction. On the spectrograph end the fibres are held parallel in a brass V-groove

connector.

it into a spectrograph; the resulting image is recorded on a CCD. The spectrograph,
CCD and control computer were located inside the AASTINO and the fibres fed outside
through a roof port (Figure 5.1 shows a schematic and photograph of the fibre set-
up). Nigel is designed to operate in the wavelength range 250-900 nm; to ensure good
efficiency over the whole spectral range two sets of fibres were used, optimised in red and
blue wavelength ranges. Both sets of fibres were supplied by Ceramoptec (WF100/132P
and UVIOO/110) and have a standard numerical aperture of 0.22 £ 0.02 with a core
diameter of 100 i¥m. The numerical aperture corresponds to an /-ratio of //2.2; each
fibre thus sees a field of view of 25° on the sky. The six fibres are paired into blue and
red optimised combinations; each pair was pointed in a different direction, one towards
the zenith and the other two pairs elevated to 30° and pointed in northerly and southerly

directions.

The "sky" end of each fibre is held in an SMA connector, with a coaxial copper tube to
hold the fibres in place on the top of the AASTINO. The tube can be electrically heated
to prevent ice build up near the fibres. Each fibre is threaded into Teflon tubing for

protection; Teflon was chosen as it remains flexible at the cold temperatures experienced
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at Dome C. Inside the AASTINO the tubes were bundled together and threaded into a

rubber tube for further protection.

The spectrograph end of the fibres is held in a brass connector that is machined with
six parallel, evenly spaced V-grooves. Each fibre was glued into a groove and cut flush
with the edge of the connector; the fibre ends were hand-polished by Jon Everett (School
of Physics, University of New South Wales). The resulting linear array of fibres forms a
pseudo-slit to the spectrograph, with the spectrum from each fibre separated by about
20 pixels on the CCD.

A commercial spectrometer (Jobin Yvon model CP200) was used; the characteristics
of the spectrograph are shown in Table 5.1. Figure 5.2 shows a schematic of the light path
in the spectrograph. The grating is concave holographic and produces a linear dispersion
that varies from 24.6 nm/mm in the blue to 25.7 nm/mm in the red. With the 100 ym
fibres, the resulting resolution is 2.5 nm full width half maximum. The 1024 x 256 pixel
CCD camera was an Andor unit supplied by Oriel Instruments (model Instaspec IV,
open electrode), cooled by a single air-cooled Peltier stage. The images from the CCD
are saved in the FITS file format. Figure 5.3 shows a CCD image taken with Nigel; each
horizontal line corresponds to the spectrum from one fibre, and the wavelength decreases

to the right.

5-2 Control and communication

Ultimate control over the operation of Nigel was by the “Supervisor” computer in the
AASTINO. The Supervisor controlled the power and heat in the AASTINO as well
as the operation of various instruments and communications. Communications to the
Supervisor from off-site were via the Iridium satellite network. Nigel has a separate
PC104 computer to control the CCD; the two computers were connected via Ethernet

and communicate using the ERIC software package (Ashley et al. 1996).

The observing sequence of Nigel was controlled by a Perl script (runnigel) on the
Supervisor computer; this script was started each day by a crontab file. runnigel
turns on the power to Nigel’s computer and carries out a continuous observing loop for
23 hours. At the end of this period the CCD cooling system is turned off, the log file for

the day is saved and moved to the data directory, and the computer is turned off. This
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Figure 5.2. Light path in the spectrograph used in Nigel, see Table 5.1 for an explanation

of the symbols and the values.

Table 5.1. Characteristics of the fibre and spectrograph used in Nigel

Fibre acceptance angle (%))
Fibre diameter (D)
Grating groove density

Length of spectrum

Length of entrance arm (/a)

Angle of incidence (a)

Length from grating to spectral plane {/h)
Angle between the grating and spectral plane (Ph)

Diffraction order (K)
Entrance dispersion

Angle of diffraction {Pb)

Flat field dispersion (dA/dx)

Exit arm length (Is)

Pixel size (x)

CCD gain (G)

12.7°

100 *m

200 grooves mm~*

25 mm

191.721 mm

-3.942°

181.075 mm

25°

1

260.2 A

6.127° at 190 nm

13.458° at 820 nm

24.58 nm mm~”" at 190 nm
25.78 nm mm~" at 820 nm
191.36 mm at 190 nm
184.36 mm at 820 nm

27 jim

48 e" DN"!
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900 nm p» 250 nm

Figure 5.3. Raw CCD image taken with Nigel. Each horizontal line corresponds to the

spectrum from one fibre; wavelength decreases to the right.

script controls the frequency and the exposure time of each exposure, these depend on
the azimuth and altitude of the Sun and Moon, and the phase of the Moon. Every six
minutes the position of the Sun and Moon are found from a look-up table. If the Sun is
in the field of view of a pair of fibres no exposure is taken; exposures are taken every 15
minutes if the Moon is in the field and the lunar phase is more than half-full, otherwise
the CCD is exposed every three hours. The number of exposures taken with Nigel was
limited solely by the storage capacity available on the Supervisor; each compressed FITS
file is about 125 KByte. The Sun or Moon was considered to be within the field of view
of one of the fibres if the elevation angle was between 15° and 45°, and the azimuth angle
was in the range 295° < Azi < 355° or 135° < Azi < 185°. The exposure time was set
depending on whether the altitude of the Sun is above 10°, below —5° or between these

two values.

If run_nigel determines that the CCD is to be exposed then a shell script (nigel.sh)
is started. This script communicates and controls the CCD computer. The shell script
connects to the CCD computer and sets the time to match that of the supervisor. The
CCD was then cooled if the temperature in the AASTINO was higher than —27°C;
the readout area of the CCD was set to 10-1024 by 48-218 pixels (covering the area
of the CCD used by the fibres). The CCD is exposed and the FITS file is moved to
the supervisor computer, compressed, and renamed with the time of the start of the

observation.
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5-3 Wavelength Calibration

The wavelength scale of the spectrograph was calibrated using a domestic fluorescent
light tube. This method is an easy and inexpensive way to calibrate the instrument in a
remote location. The tube of a fluorescent light contains a rare gas (usually Argon) and
a small amount of mercury. The tube is coated on the inside with phosphor; typically
a combination of three rare earth phosphors are used to cover the visible spectrum (Sri-
vastava & Sommerer 1998; Dejneka et al. 2003). In the red, green and blue colour ranges

the compounds often used are:

e Red—Y,05:Eu3t
e Green—CeMgAl;;1019: Th3t; LaP04:Ce3t Th3t or GdMgB5019:Ce3t, Th3*

e Blue—BaMgAl;gO7:Eu?t or (Sr,Ba,Ca)s(PO4)3:Eu*

Tables 5.2 and 5.3 show the typical emission wavelengths and transitions for Europium 1v
(Eu3t) and Terbium 1v (Tb3"), respectively. Table 5.4 shows the most intense visible
emission lines of Mercury 1 (Hg). Using these tables, the emission lines in a typical
fluorescent light spectrum, recorded by Nigel, were identified; Table 5.5 and Figure 5.4a
show the nominal wavelengths and probable identifications of each fluorescent peak used

for wavelength calibration.

Additional wavelength calibration is possible from known Fraunhofer absorption lines
in daytime sky spectra, and airglow emission features during twilight and night time.
Figure 5.4b shows a daytime sky spectrum recorded with Nigel; the Fraunhofer calibration
lines are marked on this spectrum; see Table 5.6 for the line identifications. Table 5.7
shows several twilight airglow emission wavelengths and typical intensities that could also

be used for calibration.
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Table 5.2. Europium 1v transitions and wavelengths.

Transition ~Wavelength References | Transition Wavelength References
(nm) (nm)

Do — "H 587.7 1 Do — "F3 6305 2
590.51 2 630 1, 2
590 3 650 3
591.28 2 653.3 2

Do — "Fy 596.45 2 Do — "Fy 657 2
593 1 700 3
599 1 Do — "Fy 710.6 2
611 1,4
609.7 2
614 3

References: [1] Satoh et al. (2005), [2] Koningstein (1964), [3] Wang & Yan (2005)
and [4] Ofelt (1963)

Table 5.3. Terbium IV transitions and wavelengths.

Transition Wavelength References | Transition Wavelength References
(nm) (nm)
5Dy — "Fy 484 1 5Dy — "Fy 583 1
489 2,4,5 584 2
490 3 587 3
Dy — "Fy 542 1,5 SDy — "Fy 618 1
544 2 621 2
544 3 622 3
625 6

References: [1] Hussain et al. (2002), [2] Ng et al. (2000), [3] Wang & Yan (2005),
[4] Dejneka et al. (2003), [5] Ofelt (1963), [6] Thompson et al. (1977)
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Table 5.4. The most intense Mercury transitions in the visible range (NIST 2006).

Transition =~ Wavelength Relative | Transition Wavelength Relative
(nm) intensity (nm) intensity
3Py, —» 3D3  302.1504 300 3Py — 351 404.6565 1800
3pp— 3Dy 3125674 400 P — 3Dy 433.9220 250
3P, — 3Dy 313.1555 320 | 'P— Dy 434.7506 400
3P — 1D, 313.1844 320 3P — 38, 435.8335 4000
3Py — 3D3  365.0158 2800 3Py — 351 546.0750 1100
3Py — 3Dy 365.4840 300 |!'P— 3Dy  576.9610 240
3P, — 'Dy  366.3284 240 | 'P— 'Dy  579.0670 280

Table 5.5. Probable identification of phosphor emission lines in a spectrum of a fluo-

rescent tube. The peak labels correspond to Figure 5.4a.

Peak Nominal Probable Peak  Nominal Probable
label wavelength identification label wavelength identification
(nm) (nm)
a 405 Hg1 3Py — 35 i 625 Tb1v °Dy — "Fy
b 436 Hg1 3P — 35 631 Euiv 5Dy — "F3
c 488 Tb1v 5Dy — "Fg| k 651 Euiv %Dy — "F3
d 544 Tb1v °Dy— "F5| 1 662 ?
546 Hg1 3P,— 35 | m 688 Eulv °Dy— "Fy
e 588 Eurv %Dy — "Fy | n 694 Eurv %Dy — "Fy
f 593 Eutv °Dyg— "F,| o 711 Eurv 5Dy — "Fs
g 599 Euiwv %Dy — "Fy | p 742 Euiv 5Dy — "F;
611 Euiv °Dyg— "B | q 809 Euiv 5Dy — "Fp
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Table 5.6. Fraunhofer lines in the visible, the data is from a Web site Sterner (2006)

which draws the information from Delbouille et al. (1973).

Designation Species Wavelength | Designation Species Wavelength

(nm) (nm)
Aband ... O 759.4-762.1 | F ......... Hg 486.1342
B band ... Og 686.7-688.4 | d ......... Fe 1 466.8
C......... H 656.2808 € ceiiinnn. Fe 1 438.3557
aband .... O 627.6-628.7 | f.......... Hy 434.0475
D1 ........ Na 1 589.5940 G......... Ca/Fe 430.8
D2 ........ Na 1 588.9973 g . Ca1 422.6740
E......... Fe 1 526.9550 h ... Ho 410.1748
bl ........ Mg 1 518.3619 H......... Ca 11 396.8492
b2 ........ Mg 1 517.2698 K......... Ca 11 393.3682
C v Fe 495.7613

Table 5.7. Twilight glow emission features (McEwan & Phillips 1975).

Wavelength  Source Intensity | Wavelength Source Intensity
(nm) (R) (nm) (R)

3889 ..... He 1| 5577 ..... 0] 400

3914 etc . N 200-500 | 589.3 ..... Na 1-4 k

3933 ..... Ca™ <100 | 630, 6364 O 1k

396.8 ..... Ca™ <100 | 670.8 ..... Li 10-1000

436.8 ..... 0) 117699 ..... K 40

520.0 ..... N 10 | 1083.0 .... He 3k

Note: 1R= 1/(4m) x 10'® photons m~2 s~ sr ~1.
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(a) Fluorescent tube spectrum

300 400 500 600 700 800 900

Wavelength (nm)

(b) Day time sky spectrum

300 400 500 600 700 800 900

Wavelength (nm)

Figure 5.4. Spectra of (a) a compact fluorescent tube and (b) the daytime sky showing

the calibration wavelengths, see Tables 5.5 and 5.6 for line identifications.
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Lambertian screen!

Tungsten
globe Optical fibre

Figure 5.5. Absolute flux calibration using a tungsten bulb; the light from a tungsten
globe is reflected from a Lambertian surface and directed via an optical fibre to the

spectrograph.

5-4 Flux calibration

To achieve an absolute flux calibration of Nigel, a method using light from a tungsten
bulb reflected off a diffuse white surface was explored (Harang & Kosch 2003; Kosch et al.
2003; Harang 2004). We also planned to use lunar spectra to check the flux calibration
during the year, as the Moon would pass through the fleld of view of all but the zenith-

pointing fibres on several occasions.

The idea behind the first method is to illuminate a Lambertian surface™ with a tung-
sten globe and observe the reflected light with the spectrograph (see Figure 5.5). The
spectral luminance [photons of the Lambertian surface can be calcu-

lated from

(5.1)

where A'is the wavelength; T, af and E{X,T) are the temperature, area and spectral
emittance of the tungsten filament; a(A) is the albedo of the surface; L is the distance
between the filament and the surface; and 6 is the angle between the filament and the
normal to the Lambertian surface. This method is summarised below, for full details see

Harang & Kosch (2003) and Kosch et al. (2003).

“The luminance of a Lambertian surface is the same at all viewing angles.
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The effective surface area of the filament is calculated from

ay = JZI_}%_T_“ (5.2)
where V' and I are the voltage across and the current through the filament, ¢(T") is the
total emissivity of tungsten at temperature 7', and o is the Stefan-Boltzmann constant.
In the temperature range 1200 < T < 2500 K, €(T') is calculated from an empirical

relationship

em(T) = —5.0 x 107872 4 3.11 x 1077 — 0.161. (5.3)

The temperature of the bulb is estimated from the known temperature-resistivity re-
lationship for tungsten. First, the room temperature resistivity, is calculated using an

empirical relationship, valid in the temperature range 200 < T' < 400 K,
po = 1.25 x 107°T2 + 0.0236T, — 1.57. (5.4)

The resistivity at temperature T is calculated using the relationship

_poV

p(T)—ROI

(5.5)

where Ry is the resistance in the filament at room temperature. The bulb temperature

is now found by solving
p(T) = 1.79 x 107572 + 0.0264T — 3.25 (5.6)

for T (this expression holds for 1200 < T' < 2500 K).
The spectral emittance of the Lambertian surface is calculated from

2me 1

EONT) = e\ T) 57 Saper —

(5.7)

where €(\, T) is the tungsten emissivity, h is the Plank constant, c is the speed of light,
and k is the Boltzmann constant. The tungsten emissivity at a particular wavelength
and temperature is interpolated from the values in Table 5.8.

5-4.1 Theoretical sensitivity

The count rate on a CCD pixel (DN s~!; here DN stands for data numbers) is given by

Npn = IRS (5.8)
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Table 5.8. Emissivity of tungsten as a function of temperature and wavelength (Lide &

Frederikse 1996).

Wavelength Temperature (K)

(nm) 1600 1800 2000 2200 2400 2600 2800
250 ....... 045 044 044 043 042 042 041
300 ....... 048 0.48 047 047 047 046 046
350 ....... 048 0.48 0.47 047 047 0.46 046
400 ....... 0.48 048 047 047 047 046 046
500 ....... 0.47 047 046 046 046 045 045
600 ....... 046 045 045 045 044 044 043
700 ....... 0.44 044 044 043 043 042 042
800 ....... 043 043 042 042 041 040 040
900 ....... 0.41 041 040 0.40 0.39 0.39 0.38
1000 ...... 039 039 038 0.38 037 037 037

where I is brightness of source (R nm 1), related to Equation 5.1 by By, » = Ir10'%/(4x).
The sensitivity of the Nigel instrument (DN R~! s~! nm) is given by,

S = ﬂQ()\)T(/\)l -A-Q-D-P (5.9)

4T G
where Q()) is quantum efficiency of the CCD (e~ph™!), 7()) is the optical efficiency of
the spectrograph, G is the CCD gain (e~ DN71), A is the surface area of the end of the
fibre (m2), Q is the solid angle of the sky that the fibre ‘sees’ (sr), d is the dispersion in

nm/mm, and P is the pixel size (mm).

The theoretical sensitivity of the system was calculated using the CCD quantum
efficiency and the spectrograph efficiency supplied by the manufacturers. Figure 5.6
shows the CCD and spectrograph efficiencies, and the theoretical sensitivity of the system

as a function of wavelength.

5-4.2 Measured sensitivity

Calibration images were taken while Nigel was at Dome C, using a 25 W tungsten globe.

Because of the large wavelength range, light from wavelengths between 245 and 450 nm
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Figure 5.6. Left: manufacturer's data on the CCD quantum efficiency (crosses), spec-
trograph efficiency (dots), and combined CCD and spectrograph efficiency (stars) as a
function of wavelength. Right: theoretical sensitivity of Nigel, calculated using Equa-

tion 5.9.

will pass through the grating in the second order and contaminate the wavelength range
490-900 nm. To account for this, calibration images were taken with and without a
515 nm long-pass glass filter in front of the fibres. Figures 5.7a and 5.7b show the
response of the system to the illuminated Lambertian screen, unfiltered and filtered,
respectively. There is considerable difference between response of each fibre; the "worst"
fibre only collects about 5% of the flux that the "best" fibre receives. This is probably
because of poor couphng efficiency between the fibre ends and the grating, possibly a

result of the polishing technique, or the fibre ends could have been damaged in transit.

Figures 5.7c and 5.7d show the response of each fibre with the intensity axis zoomed
in to show the behaviour at short wavelengths. Even in the filtered case, the intensity
does not drop to zero at shorter wavelengths but has a pedestal of about 2.7 DN
This is probably caused by scattering within the spectrometer. On average this pedestal
accounts for about (0.1-2) x 10" of the total flux recorded in a fibre, close to the expected

stray light rejection ratio, 10"”, of the spectrometer.

The expected output from the tungsten globe was calculated using Equation 5.1. After
removing the scattered light contribution from the measured spectra, the ratio between
the measured response and the tungsten spectrum was calculated (i.e., the sensitivity,

see Figures 5.7¢ and 5.7f). Also plotted is the theoretical sensitivity that was calculated
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in Section 5-4.1. The system sensitivity obtained for the “best” fibre agrees reasonably
well both in shape and in absolute terms with the expected transmission at wavelengths
longer than about 500 nm. However, the absolute transmission of the other fibres is

considerably less, as discussed earlier.

As shown in Figure 5.7e, this technique of flux calibration becomes unreliable at short
wavelengths. This is because the flux radiated from the bulb is too weak and the response
becomes dominated by scattered light; in addition, the glass bulb absorbs some UV light
(Harang 2004).

Figures 5.7g and h show the measured transmission of each fibre, divided by the
transmission through the best fibre. Each ratio is fairly constant, showing that as a
means of calibrating the relative transmission between each fibre, this method is quite

useful.

5-5 Conclusions on calibration methods

The wavelength calibration using the fluorescent tube was successful, and easy to carry
out in a remote location. This calibration can be checked during the year using twilight

and airglow emission lines.

The incandescent bulb method can potentially be used for absolute flux calibration
at visible and near infrared wavelengths. Some care needs to be taken when using this
method, including careful measurement of the albedo of the Lambertian surface, en-
suring that all the fibres are exposed equally to the luminous surface, and eliminating
background light. This technique could be improved by using a hotter filament in con-
junction with a short-pass filter, although at very short wavelengths absorption of UV
by the glass bulb becomes a problem. If delicate calibration standards cannot be taken
into the field with the instrument, careful calibration could be carried out in a laboratory
and this method could be used to check the calibrations in the field. Coupled with the
wavelength calibration using a fluorescent bulb, this incandescent bulb method is a cheap

and easy way to test the calibration.
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Figure 5.7. (a) The measured counts on the CCD for each fibre as a function of
wavelength, for an exposure of the Lambertian screen, and (&) with a 515 nm long-pciss
filter in front of the fibres. Plots (¢) and {d) are the same with the intensity axis zoomed
in. Plots (e) and (/) show the measured sensitivity of the system, for the unfiltered and
filtered set-ups, respectively. Also shown {dashed) is the theoretical sensitivity. Plots {g)
and {h) show the measured sensitivity of each fibre relative to the "best" fibre. In all

cases the top three fibres are those optimised for receiving the longer wavelengths.
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5-6 Discussion and Nigel’s plans for the future

Spectra measured by Nigel will be useful for measuring the overall sky brightness, and
the contributions from individual airglow and aurora emission lines. Twilight spectra
from Nigel could potentially be used to probe the aerosol content of the atmosphere as a
function of the altitude of the Sun; these data could be compared to similar measurements
at ESO-Paranal (Patat et al. 2006). Periods of cloud cover may also be identified using
the spectra from Nigel because cloud will attenuate the light and change the spectrum,

particularly in the early parts of twilight.

The large field of view (25°) of Nigel will mean that at times when the Galactic plane
is passing through the field, the contribution from starlight will be comparatively large;
each measurement needs to be carefully analysed according to what part of the sky is
being observed. In this respect Nigel is an ideal companion instrument to the Gattini-Sky
Background (Gattini-SBC) and Gattini-All Sky cameras (Moore et al. 2006a), currently
in operation at Dome C. The Gattini-SBC is designed to measure the optical sky bright-
ness between the stars in a 6° by 4° field centred on the South Pole. Gattini-SBC will
also pick up auroral events; combination of these data with spectra from Nigel would

allow these auroral events to be identified.

Nigel was removed from Dome C during the summer 2005/2006 season and returned
to Sydney. The instrument will be upgraded and sent to either Dome C or Dome A
for the 2008 winter. Before redeployment the fibres and connectors will be upgraded,
and an in-line long-pass filter will be included on each of the red fibres to eliminate
second order contamination from the shorter wavelengths. If the instrument is deployed
to Dome A, it will need to be completely autonomous and may need to include a system
to test the calibration throughout the year. Dome C is now manned all year around
and the calibration could be regularly checked by the winter-over person in charge of the

site-testing experiments.



‘Turbulence is the most important un-

solved problem of classical physics.’

Richard Feynman (1918-1988)

Chapter 6

Atmospheric turbulence in

Antarctica

The light from a star, or other astronomical object, is distorted as it passes through
the turbulent atmosphere of the Earth. This distortion places limits on the resolution
and sensitivity of ground-based optical telescopes. Astronomical telescopes should be
located at sites where the atmosphere is calm and stable, and the turbulence is weak.

The measurement of turbulence is a key part of every site-testing campaign.

In Section 6-1, the concept of turbulent flow in a fluid is introduced. The theory
and statistical description of atmospheric turbulence are outlined in Section 6-2, and
various parameterisations (including seeing, isoplanatic angle, and coherence time) are
introduced. The first winter-time measurements of the strength of the turbulence as a
function of altitude above Dome C were conducted in 2004; this experiment is described
in Section 6-4. The data derived from this experiment are discussed in Section 6-5,
and are compared to data measured with similar instruments at Cerro Tololo and Cerro
Pachén in Chile. In Section 6-6, the turbulence measurements are interpreted in terms

of the seeing, isoplanatic angle and coherence time.



84 Chapter 6. Atmospheric turbulence in Antarctica

Laminar flow, viscous forces dominate Turbulent flow, inertial forces dominate

Figure 6.1. Schematic illustrating laminar and turbulent flow in a pipe. Laminar flow
(left) occurs when the viscous forces dominate; the flow is smooth and steady. Turbulent
flow {right) occurs when the inertial forces dominate; in a turbulent flow, eddies randomly

form and swirl around.

6-1 Turbulent flow in fluids

We are surrounded by fluids that are in turbulent flows; for example, water spurting from
a fire hose or smoke billowing from a chimney. A fluid is a liquid, gas or plasma that
has the ability to deform, or flow, under an applied shear stress. Fluids are composed of
discrete particles that interact with each other; however, the fluid as a whole is considered
to be continuous and properties such as velocity, pressure, temperature and density are
assumed to vary continuously. For example, water flowing from a tap is considered as a

continuous stream rather than a series of individual molecules.

Two forces are at work in a fluid: viscous forces and inertial forces. The viscous
force is related to the fluid viscosity the inertial force—the resistance of the fluid to
change of motion—is related to the fluid density (p). The smooth and steady flow that
occurs when the viscous forces dominate is called laminar flow. An example of this flow
occurs when you slowly turn on a tap, the flow is streamlined and smooth. As the tap
is turned on further the speed of the flow increases; although the average motion of the
flow continues in one direction, the flow pattern becomes unsteady and chaotic, never
repeating itself. In this type of flow the inertial forces dominate; this is called turbulent
flow. Figure 6.1 illustrates laminar and turbulent flow in a pipe. The Reynold's number,
Re, is used to characterise the flow conditions as laminar or turbulent; Re is simply the

ratio of the inertial to the viscous forces and is deflned geometrically as,

ovL vL
Renr-— = (6.1

1 o

where is the kinematic fluid viscosity {ly = fi/p), v is the magnitude of the average
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velocity of the flow, and L is the characteristic length of the flow. Turbulence occurs
when Re exceeds a certain critical value. In the laminar flow illustrated in Figure 6.1, L

is the diameter of the pipe.

In a turbulent flow, eddies of all different sizes form, these swirl around randomly with
an overall motion in the direction of the low. The largest scale of turbulent motion is
labelled the outer scale (Lg); these large eddies break down into smaller eddies and these
in turn break down into even smaller eddies. At a certain small scale (the inner scale,
lp) the viscous forces will dominate and the kinetic energy in these eddies dissipates into

heat. This processes was summed up in verse by Richardson (1922)

“Big whorls have little whorls,
Which feed on their velocity,
And little whorls have lesser whorls,

And so on to viscosity.”

In 1941, Andrei Kolmogorov translated this notion of cascades, for eddies in the scale
range lp < L < Ly, into a mathematical description. This paper was first published in
Russian (Kolmogorov 1941), an English translation was published in 1991 (Kolmogorov

1991).

6-2 Optical turbulence

In the context of astronomy, turbulence refers to optical turbulence created in the at-
mosphere. The theory of optical turbulence was developed by Kolmogorov (1941) and
Tatarski (1961). An excellent review of turbulence theory and its application to astron-
omy is presented by Roddier (1981). This next section draws largely on those three

papers.

Two ingredients are required for the formation of optical turbulence in the atmo-
sphere: a temperature gradient and wind shear. A simplified view of the formation of
optical turbulence is illustrated in Figure 6.2. In this view, we consider two horizon-
tal layers of the atmosphere that are at different temperature and have different water
vapour concentration. As wind blows through these layers, the warmer and cooler air

are mechanically mixed. If these layers are not completely mixed then cells of different
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temperature, humidity and refractive index form—the refractive index of air is a function
of the air temperature and water vapour concentration. These turbulent cells distort the
light from a star as it passes through the atmosphere; see Figure 6.3 for an illustration
of this process. The light from a star enters the atmosphere as a plane undistorted
wavefront. Turbulent cells introduce phase changes in the wavefront; as the wave prop-
agates towards the Earth these cells act as positive or negative “lenses” changing the
wavefront curvature and introducing intensity fluctuations in the wavefront as well—this
is sometimes described as a “speckle pattern”. The effect of these phase and intensity
fluctuations can be seen on an image taken through a telescope. With a small aperture

telescope the image is seen to randomly move around. With a larger aperture, the image

will be blurred.

In the simplified view of turbulence formation we considered two horizontal layers
of the atmosphere at different temperature; in the real atmosphere the temperature
change with altitude is continuous, and optical turbulence formation is associated with
rapid changes of temperature with altitude. A typical temperature profile is shown in
Figure 6.3b; a rapid change in temperature with altitude usually occurs in the region of
the tropopause. Strong optical turbulence is usually confined to several thin layers in the
atmosphere. In an astronomical context atmospheric turbulence is usually divided into

three regimes:

Telescope and dome turbulence: telescope and dome turbulence is usually related
to temperature gradients inside the dome itself, and temperature gradients between
the inside and outside of the dome. These gradients can usually be overcome by
equalising internal and external temperatures; for example, by opening side panels

on the dome to let air flow through.

Surface layer turbulence: surface layer turbulence is caused by the lower atmosphere
interacting with the surface of the Earth. Wind shear is caused as the wind inter-
acts with the local terrain (e.g., mountains and oceans) and man-made structures
(e.g., nearby buildings). Temperature gradients are formed in this layer by the diur-

nal cycle of solar heating of the ground.

Free atmosphere turbulence. The free atmosphere turbulence is associated with wind

shears (for example, caused by strong jet-stream winds), and convection in the
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Cold air

Temperature gradient Mechanical mixing Turbulent cells

Figure 6.2. The formation of optical turbulence (adapted from Figure 2 of Lloyd 2004).
Consider two horizontal layers in the atmosphere that are at different temperatures; as
wind blows through these layers the warmer and cooler air is mixed. If the layers are
not completely mixed then cells of varying temperature and humidity, and consequently
refractive index, form. These cells randomly move around but have an overall average

movement in the direction of the wind.

@ (b)

Plane waves from a
distant star

Layers of turbulence in
the atmosphere

ox

Distorted wavefront

Temperature

Figure 6.3. (a) A plane wave from a star is distorted by layers of turbulence in the
Earth's atmosphere, resulting in phase and intensity variations in the image, () A typical
temperature profile in the atmosphere; strong turbulence is usually generated in the
surface and tropopause layers. Note that in a profile plot the altitude is normally plotted
on the vertical eixis (even though it is the independent variable) to make visualisation

easier.



88 Chapter 6. Atmospheric turbulence in Antarctica

tropopause.

6-2.1 Statistical description of turbulence

As discussed in the previous section, the light from an astronomical object is distorted
by refractive index fluctuations in the atmosphere and these are related to temperature
fluctuations. In the following section, the various parameters used to describe turbulence
are defined, following Kolmogorov (1941); Tatarski (1961); Roddier (1981); Roddier et al.
(1982a,b). To describe statistically the fluctuations in some parameter f we use a struc-
ture function—the mean square difference in the value of f at two points separated in

space by distance r; this is expressed as

Dy(r) = ((f(@) - fl@+7))). (6.2)

In the Kolmogorov theory of turbulence this structure function can be expressed as a
power law,

Dy(r) = Br¥/3 (6.3)

where B quantifies the strength of the fluctuations. Temperature fluctuations in a tur-

bulent flow are characterised by the structure function
Dr(r) = ((8(z) - Oz +7))*) = C3r2/2 (6.4)

where © = T — (T) is the covariance of temperature fluctuations and C? is the temper-
ature structure constant. A similar expression can be derived for humidity fluctuations
¢ = C — (C) where C is the concentration of water vapour in the atmosphere. Fluc-
tuations in the refractive index N of air are related to the temperature and humidity
fluctuations by

ON ON

n=N-(N)="76+zc (6.5)

The variance of these fluctuations is given by

ON 6N

o) = () (04 + 20 N oo+ () (). 6)

The last two terms are negligible for most astronomical observations (Roddier 1981,
and references therein), so the refractive index fluctuations can be expressed as n =

(0N/6T)/© and the structure function of n then also follows a power law,

Dn(r) = C%r¥/? (6.7)
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where C% is the refractive index structure constant, quantifying the strength of the

optical turbulence. C% and 012\, , at height h, are related by

2 _ % 106 P(h) 2 2
CN(h)_(SO 10 T(h)2> Ct(h), (6.8)

where P and T are the pressure (mbar) and temperature of the atmosphere.

A wavefront in the atmosphere that is located at height h and horizontal position

vector x can be described by its complex amplitude (Roddier 1981),
Wy (x) = eXn(X)Hivn(x) (6.9)

where x, is the logarithm of the amplitude and v, is the phase of the wave. The wave

structure function has the form (Fried 1966)

D(r) = Dy(r) + Dy(r)
= (Ix@) = x@+7)?) + ([v(@) = bl + 1)), (6.10)

where D, and D, describe the phase and intensity fluctuations in the wavefront. The

wave structure function can be expressed as (Fried 1966)

5/3
D(r) = Ar®3 = 6.88 (%) : (6.11)

where A quantifies fluctuations in the wavefront. Fried (1965) finds

2 2
A=291 (;) sec7/ C2 (h)dh, (6.12)
prop path

where 7 is the zenith angle. The Fried parameter ro(m) is defined as

3/5 2 —3/5
ro =~ (6'—28) = [0.423 (%) secy / C,Zv(h)dh] . (6.13)

The angular resolution, ¢, of a telescope is given by

1.22AD} D <
¢ = (6.14)
127 gt D>
where D is the diameter of the telescope. The light from a point source, such as a star, is

diffracted as it enters the aperture of a telescope. When D < rg, the resulting image will

be limited by diffraction and will appear as an Airy disk; see Figure 6.4a. When D > r,
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(a) (b)

max

max

Figure 6.4. If the diameter (D) of a telescope is less than the Fried parameter (ro) then
the resulting image will be diffraction limited and the point spread function (PSF) will
be an Airy disk; (a) shows the PSF and pixeled image for diffraction limited conditions.
In turbulence-limited conditions (D > ro) the PSF is broadened to a "seeing disk" as

shown in (b); the full width at half maximum of this disk is called the seeing (e).

phase perturbations in the atmosphere will broaden the image into a "seeing disk"; see
Figure 6.4b. The full-width at half maximum of the seeing disk is called the seeing (e);

seeing 1s related to ro by e = 0.98Ar"'* and can be calculated from the turbulence profile

by
3/5

C%{h)dh (6.15)

where 7 is the zenith distance.

The Fried parameter is also numerically equal to the largest size telescope aperture
that will give diffraction-limited images, ro is typically in the range 10 to 20 cm for
mid-latitude observatory sites. However, the diameter of modern optical telescopes is
around 4 to 8 m, clearly larger than the typical Fried parameter. With the advent of
extremely large telescopes the aperture sizes will be even larger, perhaps 20 to 100 m.

Adaptive optics (AO) systems are installed on many telescopes to correct for some of the
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effects of turbulence, thus increasing the resolution. AO systems operate by measuring
the atmospheric distortion in a wavefront and then using deformable mirrors to correct
the distortion. Most astronomical target objects are too faint for a fast and accurate
measurement of the wavefront distortion, so a bright natural star or artificial reference
star is used. Natural “guide” stars can be used if they are within the same coherent patch
in the sky as the target object; i.e., the target and reference beam both pass through
the same turbulence. The larger this “isoplanatic patch”, the more chance there is of
finding a suitable reference star nearby the target object. If there is no natural reference
beam close-by to the target, a strong laser beam can be used as an artificial reference;
however, this adds another complexity to the system. A natural guide star is still needed
for tip-tilt correction when using a laser guide star; however, this star can be fainter than
that needed for full correction. The angular size of the isoplanatic patch, the isoplanatic
angle (6p), for adaptive optics is related to the C? profile by (Roddier et al. 1982b)
x O\ 6/5 -3/5

o = (%> [2.918ec7 / h5/3C,2v(h)dh] . (6.16)
The atmospheric turbulence above a telescope continuously changes, remaining coherent
for only a few milli-seconds. The deformable mirror in the AO system has to keep up
with these fast changes; a fast coherence time means a more complex system is required.

The coherence time for adaptive optics, 79, is calculated using (Roddier et al. 1982a)
_(A\° 9 5/3 (7 2 3/

To = (%> { 91 sec'y/v (h)CN(h)dh] (6.17)
where v(h) is the wind speed profile. Formally 6y and 7 are the angle and time over which
the coherence area for wavefront perturbations decays by 1/e (Roddier et al. 1982a,b).
By measuring the turbulence C% profile in the atmosphere we can describe the optical

turbulence at a particular site using these parameters.

6-3 Turbulence measurements in Antarctica

The excellent optical conditions in Antarctica have been recognised for many years. For

example, following a ship voyage to the Antarctic waters, Diets (1948) comments:

“Even more impressive than the clarity of some of the Antarctic days, is

the atmospheric transparency of many of the Antarctic nights... Stars shine
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brilliantly and can be seen down almost as far as the horizon. Most surprising is
the fact that the stars shine with a bright steady light and do not twinkle. All of

this adds up to excellent “seeing”-—probably unsurpassed anyway in the world.”

Diets was observing the effect of weak atmospheric scintillation, i.e., the stars are seen not
to twinkle. He used the expression “seeing” to refer to the clear atmospheric conditions,

rather than the formal astronomical meaning related to phase fluctuations.

In the early 1990’s, Gillingham (1991, 1992) suggested that, above a thin boundary
layer, the atmospheric turbulence on the Antarctic plateau would generally be very weak.
This was confirmed by the first measurements at the South Pole by Marks et al. (1999).
These showed that most turbulence is found close to the surface, in this case confined
to a 220 m thick layer, with very weak turbulence at high altitudes. In comparison, at
most temperate sites the turbulence is strong, not only in the surface layer, but also in
the tropopause and above, caused by the interactions of the jet stream with temperature

gradients in the tropopause.

The atmospheric turbulence at Dome C has now been studied with five different
instruments: an acoustic radar or SODAR (SOund Detection And Ranging), a Multi-
Aperture Scintillation Sensor (MASS), a Differential Image-Motion Monitor (DIMM), a
Single Star Scidar (SSS), and microthermal sensors. SODAR emits sound pulses into the
air and derives the strength of the atmospheric turbulence as a function of height from
the intensity and delay time of the reflected sound. MASS uses the scintillation from
a single star to provide a low resolution profile of the atmosphere. DIMM observes the
relative motion of two images of the same star viewed through two sub-apertures of a
small telescope; from this, the integrated atmospheric seeing is derived. SSS monitors
the scintillation from a single star to measure the turbulence and wind profile in the
atmosphere. Microthermal sensors, carried aloft on a weather balloon, make in-situ
measurements of the temperature fluctuations of the air as a function of height, usually

up to about 20 km.

SODAR measurements in the early months of 2003 by Travouillon (2005) showed
that, as expected, the surface turbulent layer at Dome C was much thinner that at South
Pole. Summer-time measurements using a DIMM in 2003/2004 and 2004/2005 showed

a median seeing and isoplanatic angle of 0.54” and 6.8”, respectively; the lowest seeing
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recorded was 0.08” (Aristidi et al. 2005b). The upper atmosphere winter-time turbulence

profile was first monitored in 2004 with a MASS; this experiment is discussed below.

6-4 Measuring the night time turbulence profile at Dome C

The distribution of turbulence in the atmosphere, not just the integrated seeing, is very
important for assessing an astronomical site. A SODAR was used at Dome C from 2003
to 2005 to monitor the turbulence profile from 30 m to 900 m above the ground in 30 m
intervals. In 2004, a MASS was installed to simultaneously measure the turbulence from
0.5 km to 20 km above the surface. The MASS instrument operated from 23 March to
16 May for up to 17.5 hours a day, depending on the elevation of the Sun; the SODAR
was in operation from 1 February to 4 May of 2004. The data from this time period are
analysed in detail in the sections below and have been reported in Lawrence et al. (2004)

and Kenyon et al. (2006b) in terms of seeing and scintillation, respectively.

6-4.1 Dome C SODAR

The SODAR instrument used at Dome C is described in detail in Travouillon et al.
2003a,b and Travouillon 2004. In brief, the SODAR operates by emitting a pulsed acous-
tic signal into the atmosphere and listening for a return signal. The signal is partially
reflected from turbulent layers; the intensity of the returned signal 012“0’ for this in-
strument, is related to the temperature fluctuation constant C% of the atmosphere by
Cr = 1.43 x 106Crp + 5.4 x 105. When the echo strength is not strong enough (i.e.,
C% A 0) then we only obtain an upper limit on the strength of the turbulence. C% is
converted to the refractive index fluctuation constant C']QV using Equation 6.8. Profiles of
the wind speed and direction are also extracted from the SODAR signal. The turbulence

is averaged over 30 minute intervals.

6-4.2 MASS

MASS gives the vertical turbulence profile of the atmosphere above a site using the
scintillation information from a single star (Tokovinin & Kornilov 2002; Kornilov et al.

2003b). As light from a star propagates through the atmosphere it passes through cells
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8 10 12
Altitude (km)

Figure 6.5. lIdeal MASS response function for a single turbulence layer at each altitude

(0.5, 1, 2, 4, 8 and 16 km) with resolution A/i//i (Tokovinin et al. 2003b).

of turbulence. These cells introduce phase perturbations in the wavefront, resulting in
phase (seeing) and intensity (scintillation) modulations at the telescope. The spatial
distribution of the scintillation pattern is related to the altitude of the turbulent layers
by rp = (A/)M?; hence it is possible to restore the turbulence profile as a function of

height above the ground from the scintillation pattern.

MASS measures the light flux from a star through four concentric apertures (diameters
2, 3.7, 7.0 and 13 cm). The smallest aperture collects data on turbulence lower in the
atmosphere and the largest on turbulence in the higher layers (Tokovinin et al. 2003b).
The flux from each aperture is directed onto a photomultiplier tube in photon-counting
mode. The algorithm to restore the turbulence profile from the photon counts is described
in Tokovinin et al. (2003b). Briefly, the raw photon counts are used to calculate four
normal and six differential scintillation indices. There is a linear relation between the
scintillation indices and the height and strength of the turbulence layers; this relationship

is derived in two ways:

1. A linear matrix is solved to flnd the intensity J/ (see Equation 6.18) of six turbulent
layers at fixed altitudes of 0.5, 1, 2, 4, 8, and 16 km above ground level, with resolution

of Ah/h = 0.5 (Figure 6.5 shows the ideal MASS response function).

2. The matrix is solved to find the strength, J/, and height of three floating turbulent
layers on a higher resolution altitude grid; this method is useful to locate dominant

turbulent layers.
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The intensity of a layer, J; (m!/ 3), is the integral of the refractive index structure

constant C%(h) over the layer width (Tokovinin et al. 2003b),

in/ C% (h)W (h)dh, (6.18)
layer

where W (h) is the response function of the MASS. Atmospheric seeing (in arcseconds)

at 500 nm is related to the turbulence intensity at each altitude [ by (Tokovinin et al.

2003a)
Jl 3/5

The spectral filter in MASS passes wavelengths from 400 to 550 nm with a full-width at
half maximum bandwidth of 100 nm (Tokovinin et al. 2003b).

The raw MASS data for each night are saved into a time-stamped file. Each line in
the file starts with a letter identifying the data it contains, for more details see the MASS
user Guide (Kornilov et al. 2003a).

6-4.3 Dome C MASS

The MASS unit that was used in the AASTINO at Dome C is described in detail in
Lawrence et al. (2004). The installation of the Dome C MASS unit was modified from
the typical set-up that is used at temperate sites because of the unusual conditions of
the site; in particular, the extremely cold temperature and the remote location—Dome C
was unmanned during winter until 2005. The installation of the MASS instrument in
the AASTINO is shown in Figure 6.6. Starlight comes through a window on the top
of the AASTINO and is reflected from a gimbal-mounted siderostat mirror to a fold
mirror, and then into the 85 mm refracting telescope. The telescope is fixed pointing
towards the zenith. From the telescope, 5% of the light is directed via a beamsplitter to
a CCD camera, used for star tracking. The remaining 95% is reflected into the MASS

instrument. A second CCD camera points towards the window to monitor icing.
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MASS window
Fold mirror’ Gimbal
Telescope
CCD2
MASS

Beamsplitter

CCDI

Figure 6.6. MASS installation in the AASTINO showing the hght path (white) through
the window, reflected from the gimbal and fold mirror to the telescope. The majority of
the light from the telescope is reflected from a beamsplitter into the MASS instrument;
the remainder is transmitted to a camera (CCDI) used to check the star position in the
telescope. A second camera (CCDZ2) is used to monitor the window for icing. (Figure

from Lawrence et al. 2005).
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6-4.4 MASS data filtering

Over the eight weeks that the MASS operated at Dome C, 11532 turbulence profiles
were extracted spread over 51 nights (“night” is used to mean the period within 24 hr
when the Sun is farther than 10° below the horizon). These data were filtered according
to a number of criteria (listed below); histograms of each of these parameters are shown
in Figures 6.7 and 6.8. After filtering, 1850 profiles over 26 nights remained for further

analysis.

Filtering criteria:

1. The flux in channel D (the largest aperture) must be above a certain value. This
helps to eliminate data where the star is not properly centred and when the flux is
attenuated by cloud, diamond dust, or ice on the window. Three stars were used
for scintillation measurements at Dome C. Figure 6.7 shows the flux measurements
for each star and the corresponding flux limits (100 counts/ms for a Trianguli, and
200 counts/ms for 3 Crucis and 3 Carinae). A large amount of data did not meet
this criterion because either the window was covered by ice, or there were ice crystals
in the atmosphere. Figure 6.9 shows the flux measurement in channel D on three

days with different weather conditions.

2. The uncertainty in the flux measurement in channel D must be less than 0.003 (i.e.,
8Fp < 0.003). The parameter 6 Fp shows slow flux variations and is used to eliminate

data affected by guiding errors; see Figure 6.8a.

3. The ratio between the background and star flux in channel D must be less than 0.03
(i.e., Bp/Fp < 0.03). This criterion eliminates data where the background flux is

too high, or when the flux is diminished by cloud or ice or because the star is not

centred; see Figure 6.8b.

4. The ratio between the flux in channels C and D must be in the range 0.7 < Fo/Fp <
0.9. The flux ratio, Fc/Fp, serves to control the aperture vignetting by the entrance

window, which was sometimes covered by snow or frost; see Figure 6.8c.

5. The final criterion is x2 < 100, where x? is a measure of the fit quality.
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Figure 6.7. Histograms of the flux recorded in channel D for alpha Trianguh, beta Cari-
nae and beta Crucis; the dashed hne in each plot shows the flux cut-off limit for each star

and the arrows show the direction of "good" data.
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(a) SFA (b) B{¥FD (c) Fc/FQ

Figure 6.8. Histograms of (a) the uncertainty {5Fo0) in the channel D flux measurement,
(6) the ratio of the background {BD) to star flux {FD) in channel D" and {d) the ratio
of flux in channel C to D. The dashed line in each plot shows the cut-off limit for each

filtering criteria (see text) and the arrows show the direction of "good" data.
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Figure 6.9. The stellar flux received by the MASS is attenuated if the star is not centred
in the telescope, or by weather conditions such as ice on the window, diamond dust in
the atmosphere and clouds. The flux that was recorded through the largest aperture of
MASS, on three nights, is shown on the left; the images on the right show the weather
conditions on each day. The large step in the flux at about 17:00 corresponds to a
change in the star being observed. The weather was very clear on 25 March, resulting in

steady flux measurements; on the other two days the flux was attenuated by the weather

conditions.
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6-4.5 Combining SODAR and MASS data

To cover the whole atmosphere (from 30 m to 20 km) the SODAR and MASS data were
combined; the SODAR data were limited to the measurements below 500 m. The MASS
measurements are recorded every few minutes whereas the SODAR data are recorded
in 30 minutes blocks; each MASS measurement was matched to the nearest 30 minute

SODAR measurement. The total seeing and isoplanatic angle were summed using

3/5
5/3 4 (/3 ] (6.20)

€total — [Gmass + sodar

and

~ sa1-3/5
Ototal = [9 5/3 +6 5/3] .

mass sodar

(6.21)

6-5 Turbulence profiles

6-5.1 Lower atmosphere turbulence profiles

Low-altitude turbulence profiles are used to detect the strength and height of the surface
layer turbulence; a telescope can be built above the surface layer if the turbulence is
confined close to the ground. Temperature gradients form in the surface layer when the
Sun heats the surface of the Earth. Low-altitude turbulence profiles, measured with
SODAR in 2004, are displayed in Figure 6.10; the data are expressed in terms of C’% in
height intervals of 30 m. The SODAR was run almost continuously between 1 February
and 4 May, and was restarted again on 22 November. Also shown in Figure 6.10 is the

altitude range of the Sun over the same time periods as the SODAR measurements.

Dome C experiences surface heating during the summer months because the Sun is
always above the horizon. A boundary turbulence layer is formed during these months,
rising to about 200 m above the surface (see February and December in Figure 6.10). As
the Sun steadily drops toward and below the horizon, the boundary layer becomes lower
in height and weaker in strength until it completely disappears below the detection height
(30 m) of the SODAR. In April and May random patches of turbulence were measured,
but on the whole the turbulence is below the sensitivity limit of the SODAR and we can
only get an upper limit on the strength of the turbulence. This effect is discussed in more

detail in Travouillon (2004).
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Figure 6.10. 7Top: the grey shading shows the altitude range of the Sun during 2004.
Bottom: colour-intensity diagram of the turbulence in the lower atmosphere at Dome C in
2004, measured using a SODAR. The colour level indicates the intensity of C* according
to the scale on the right, the darkest colour corresponds to the detection hmit of the
SODAR; the vertical axis indicates the height of each level above the ground. The
horizontal axis shows the date of each measurement; note there i1s a break in the scale at

the beginning of May.
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6-5.2 Upper atmosphere turbulence profiles

The MASS profiles measured at Dome C in 2004 are displayed in Figure 6.11; Figures B.1
to B.13 in Appendix B show daily plots of the turbulence profiles. At Dome C the
strongest turbulence occurs in the lowest MASS layer (centred at 0.5 km); the turbulence
in the layers at 1 km and 16 km is very weak compared to the other layers. Strong
turbulence tends to occur in short “bursts” of a few minutes to about an hour; for
example, see the profiles for 24 and 25 March (Figure B.1 on page 142). On a number of
days the turbulence over the entire atmosphere was very weak (e.g., 1 April on page 145).
The only day that had very strong turbulence, in comparison to the average, was 14 May
(page 153); the turbulence was very strong in the layers centred at 0.5, 4 and 8 km, with

very little turbulence in the other layers.

The floating restoration method of the MASS instrument gives the altitudes (selected
from a higher resolution grid) of the three most intense levels of turbulence in the at-
mosphere for each measurement (rather than for six fixed layers; see Section 6-4.2 for
further details). Figure 6.12 shows a histogram of the number of times a profile at a
particular altitude was extracted, as a fraction of the total number of profiles. This plot
gives an indication of the heights in the atmosphere of the dominant turbulence layers;
in this case broad peaks occur at 1.6 km, 2.5 km, and 9.9 km, and sharp spikes occur at
0.5 km in the lowest level and 20.0 km in the highest level. The sharp spike at 0.5 km is

expected because strong turbulence is usually found close to the Earth’s surface.

MASS instruments are operated at a number of other sites around the world. To
provide a comparison to the Dome C results, the publicly available MASS data! from the
Cerro Tololo and Cerro Pachén observatories in Chile are also included (see Table 6.1 for

information on each data set). The profiles for Cerro Pachén have been discussed and

modelled by Tokovinin & Travouillon (2006).

Figure 6.13 shows the cumulative probability that the integrated turbulence for each
height is less than the given Jj, for the three sites. Cerro Tololo has the lowest turbulence
in the 0.5 km layer. At 1 km the turbulence at Dome C is so low that, for most of the time,

it cannot be reliably measured with MASS. Dome C has a slightly higher probability of

!Obtained from the National Optical Astronomy Observatory web page “Sites Data Access,” at
http://139.229.11.21/
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Figure 6.12. In the floating layer reduction method of MASS, the height of the three
layers with the strongest turbulence are extracted from a grid of altitudes. This plot
shows the number of times a layer was extracted at each altitude as a fraction of the

total number of layers.

Table 6.1. Data sets for each site. The last two columns show the total number of
nights for which useful data were extracted, and the number of useful profiles that were
extracted. In the case of Dome C "night" is used to mean the period within 24 hours

when the Sun is further than 10° below the horizon.

Site Location Altitude Date range Number of
(m) Nights Profiles
Dome C 123°2r E 75°06' S 3260 23 Mar 04-16 May 04 26 1850

Cerro Tololo 70°48 W 30°09' S 2215 19 Mar 03-26 Aug 06 613 110394
Cerro Pachén 70°44' W 30°14' S 2215 9 Jan 03-30 Jan 06 293 39819
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Figure 6.13. Cumulative probabilities that the integrated turbulence for each height
(above the surface) is less than the given J/ for Dome C (solid), Cerro Tololo (dashed)
and Cerro Pachén (dotted). The large fraction of very low J/ values for the 0.5 km and
1 km layers is an artifact of the MASS profile restoration method in situations when

these layers do not dominate.

weaker turbulence in the 4 and 8 km layers. However, the most significant difference
between the sites is in the 16 km layer; at Dome C the integrated turbulence in this high-

altitude layer is always less than the median values at Cerro Tololo and Cerro Pachén.

The Cerro Tololo and Cerro Pachén sites are only 10 km apart and have a 400 m
altitude difference. Hence, we expect identical high-altitude turbulence for those sites.
The differences seen in Figure 6.13 reflect mostly different seasonal coverage of the data
sets (more winter-spring data for Cerro Tololo) coupled to the systematic seasonal trends
in high-altitude turbulence. Similar caution is warranted for the Dome C data that cover

only 25 nights.
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Table 6.2. Isoplanatic angle and coherence time (above 500 m) at Dome C, Cerro Tololo

and Cerro Pachén taken from the MASS data files.

Median Average
fo o bo o
Site (arcsec) (ms) (arcsec) (ms)
Dome C 5.4 7.1 5.8 8.9
Cerro Tololo 1.8 2.0 1.9 2.8
Cerro Pachén 2.0 2.6 2.1 3.3

6-6 Seeing, isoplanatic angle and coherence time

After applying the filters (Section 6-4.4) on the Dome C MASS data, an average seeing
above 500 m of €599 = 0.3240.16"” was derived; the median seeing is 0.28”. Histograms of
the seeing, isoplanatic angle and atmospheric time constant are shown in Figure 6.14. The
average isoplanatic angle and atmospheric time constant (above 500 m) are 5.8+2.6" and
8.8 + 7.7 ms, respectively. Table 6.2 compares these atmospheric parameters at Dome C

with those at the Chilean sites.

Combining the MASS and SODAR data gave an average and median seeing above
30 m of egg = 0.30 & 12” and 0.28”, respectively. The seeing above 30 m (e3p) was
measured to be less than the seeing above 500 m (e509) because €3 covers a smaller time
period; the SODAR and MASS were only operated simultaneously between 23 March and
4 May, whereas the MASS measurements were taken up until the 16 May. Some of the
strongest upper atmosphere turbulence was recorded in this excluded period (5-16 May).
Balloon microthermal measurements in winter 2005 (Agabi et al. 2006) confirmed these
results showing a median seeing of 0.36” 3 0.19” at a height of 30 m. They also showed
the existence of an intense turbulent boundary layer, finding a median seeing of 1.9” from
ground level, with 87% of the total atmospheric turbulence confined to the first 36 m of
atmosphere. The seeing, isoplanatic angle and coherence time at Dome C are compared

to other sites around the world in Table 6.3.
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Figure 6.14. Histograms of the atmospheric time constant {top left), seeing {top right)
and isoplanatic angle {bottom left) from the MASS measurements at Dome C. Also shown

{bottom right) is the average, median and standard deviation of each parameter.

Table 6.3. Comparison of seeing, isoplanatic angle and coherence time at various sites.
The values for Dome C show eo above 30 m and the 9q and tq above 500 m. Values for

the other sites are from Lawrence et al. (2004, and references therein).

Site Site Elev. €0

(m) (arcsec) (arcsec) (ms)
Dome C, Antarctica 3260 0.30 5.0 8.8
Mauna Kea, USA 4208 0.5-0.7 1.9 2.7
San Pedro Martir, Mexico 2830 0.71 1.6 6.5
La Palma, Canary Islands 2327 0.76 1.3 6.6
Cerro Paranal, Chile 2635 0.80 2.6 3.3

South Pole, Antarctica 2835 1.8 3.2 1.6
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6-7 Discussion

Atmospheric turbulence distorts the light from astronomical objects. We are in a new era
of extremely large telescope design, and the search is on to find sites on the Earth with
the weakest atmospheric turbulence. Antarctica offers unique atmospheric conditions,
with a very thin boundary layer and almost non-existent upper atmosphere turbulence
compared to temperate sites. Dome C offers an improvement in seeing of 1.6-4 compared
to current astronomical sites and the isoplanatic angle and coherence time are far larger

than any other current astronomical site in the world.

We note that the data presented here cover only very limited time periods. The MASS
data cover 26 days from 23 March to 16 May, 2004, and the results reported by Agabi
et al. (2006) used only 16 balloon launches between 1 March and 23 August. Some
additional data have been taken at Dome C using balloons and a Single Star Scidar
(Vernin et al. 2006), but have not yet been published. Further measurements, extending

over several years, are needed to fully characterise the site.



“Twinkle, twinkle, little star,
How I wonder what you are!
Up above the world so high,

Like a diamond in the sky.”

Jane Taylor (1783-1824)
The Star (1806)

Chapter 7

Atmospheric scintillation

In the previous chapter, the atmospheric turbulence at Dome C was evaluated in terms
of the effects of phase fluctuations on image quality. Turbulence also introduces intensity
fluctuations in the star light. This effect can be seen with the naked eye as the twinkling,
or scintillation, of stars. Scintillation is an important factor in measurements requiring
high-precision photometry (e.g., extrasolar planet detection) and astrometry, and of ob-
jects with very fast intensity changes (e.g., asteroseismology; Heasley et al. 1996; Fossat
2005). Dome C is a favourable site for high precision astrometry and photometry because
the upper atmosphere turbulence, and hence the atmospheric scintillation, is very weak.
Prior to the MASS measurements the winter time scintillation at Dome C had only been

estimated from atmospheric models (e.g., Swain et al. 2003).

In Section 7-1, the theory of atmospheric scintillation is outlined and the scintilla-
tion index is introduced. In Sections 7-2 and 7-3, the scintillation noise contribution
to photometry and the atmospheric noise contribution to narrow-angle astrometry are
introduced. The photometric and astrometric noise at Dome C, Cerro Tololo and Cerro
Pachén are calculated in Sections 7-6 and 7-5. Calculations of this type ideally require

simultaneous turbulence and wind profiles; since the wind speed profile at each site was
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not measured at the same time as the turbulence profiles, two alternative approaches
were taken to estimate the wind speed profiles. Initially, fixed wind profiles were used for
each site; these results have been published in Kenyon et al. 2006b (see Appendix C-2).
As an extension, wind profiles were extracted from a global meteorological database and
the results were reanalysed. In Section 7-7, the correlation between the turbulence and

wind shear at each MASS altitude is examined.

7-1 Scintillation

As illustrated in Figure 7.1, light from a star, or other astronomical object, enters the
Earth’s atmosphere as a plane wave. Turbulent cells in the atmosphere introduce pure
phase distortions in the wavefront. In the geometric optics approximation these phase
perturbations act as positive or negative lenses as the wave propagates through the
atmosphere, changing the wavefront curvature and producing amplitude modulations—
sometime described as a “speckle pattern” on an image. The size of the most effective

atmospheric “lenses” is governed by diffraction to be of the order of the Fresnel radius,
rp &~ (Ah)Y/2, (7.1)

where X is the wavelength of light and h is the height of the dominant turbulence layer.

For example, for h = 10 km and A = 500 nm, rp = 7 cm.

Scintillation describes the intensity modulation of light by the atmosphere. The scin-
tillation index (a%) is used as a measure of the amount of intensity modulation caused by
the atmosphere. It is defined (for small intensity fluctuations) as the variance of AI/ (I)
where I is the intensity of light from a star. Dravins et al. (1997a,b, 1998) present detailed
discussions of stellar scintillation, including statistical distributions, temporal properties,

dependence on wavelength and effects for different telescope apertures.

In the weak-scintillation regime, a% < 1, the effects of all turbulence layers are additive
and the scintillation index is related to the refractive index structure constant (C%(h))

by (Roddier 1981; Krause-Polstorff et al. 1993)

of

/ ” C% (h)W (h)dh. (7.2)
0
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Figure 7.1. A schematic illustrating the formation of atmospheric scintillation. A plane
wave from a star enters the atmosphere and passes through a turbulent layer, distorting
the phase of the wavefront. These phase distortions propagate through the atmosphere

and give rise to intensity distortions that result in a speckle pattern on the receiver.

v“here the weighting function W{h) is given by

X 2\
Wi{h) = 16777°0.033 T d/. (7.3)

47r
Here, his the height above the observatory, A isthe wavelength, / is the spatial frequency,
D is the diameter of the aperture, and is an aperture filter function. The
weighing function given above is valid for monochromatic light and has to be modified

for wide-band radiation. The aperture function for a circular aperture is defined as

_ 2Ji{fD/2)

7.4
fD/2 (7-4)

A{fD)

where Ji is the Bessel function of the first kind of the order of one.

The scintillation index calculation can be simplified by looking at particular cases of
telescope size and integration times; three cases are shown below. The first two cases

hold for short integration times and the last for long integration times.
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7-1.1 Scintillation index for a very small aperture

This case holds when the diameter of the telescope is very much smaller than the Fresnel
size (i.e., D < rp); for this reason the aperture function A is set to unity. To simplify

Equation 7.3, a new variable [w = (Ahf?)/(4m)] is introduced such that

W (h) = 16720.033h%/6 (7”) 9~11/6 / w16 sin? wdw (7.5)
0

and
o0 o0
0% = 12.5)\_7/6/ C’ZZ\,(h)h5/6dh/ w16 sin? w dw. (7.6)
0 0

The last integral is solved numerically to give

o0
o? =19.12277/6 /0 C%(h)h5/8dh. (7.7)

7-1.2 Scintillation index for a large aperture

For a large aperture telescope, D > rp, the aperture cut-off is small enough that the

o (AR [ ARf2)?
e (4) » (42

can be used in Equation 7.3, such that

approximation

W (h) = 4720.033h? / ” |A(fD)|? F4/3dy. (7.8)
0

Substituting in the expression for a circular aperture (Equation 7.4) and introducing a

new variable (a = fD/2), gives

D
~ 17.302D77/3 (7.9)

9\ 7/3 oo
W (h) = 16 x 0.03372h? (--) /0 [J1(a)]? a=¥3da

with the integral over a solved numerically. Finally the scintillation index is
0o
o2 =17.3D7"/3 /0 C% (h)h%dh. (7.10)
Large apertures effectively average small-scale intensity fluctuations, so that only atmo-
spheric lenses of the order of the aperture diameter contribute to the flux modulation.
In this case, geometric optics applies and the scintillation becomes independent of both

the wavelength and the spectral bandwidth.
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7-1.3 Scintillation index for a long integration time and large aperture

The above two expressions for 0% are for very short exposure times. For exposure times
that are longer than the time taken for a scintillation pattern to cross the telescope
aperture (i.e., t > (wD)/V,, where D is the telescope diameter and V| is the speed of
the turbulence layer normal to the plane of the telescope), the scintillation index can be

calculated from (Dravins et al. 1998)
o0
oi(t) = / P(v)sinc?(nvt)dv. (7.11)
0

Here, v (s71) is the temporal frequency and P(v) is the temporal power spectrum. Fol-

lowing Tatarski (1961) and Yura & McKinley (1983), P(v) is given by

P(v) ~ 8.27kY/3 / ® CRWA b, (7.12)

o  Vi(h)
at zenith, where k is the wavenumber (k = 27/)) and the weighting function (@) for a

circular aperture is expressed as

2
o [2J1 (R(k/D)Y? [ + 2 2 1-11/6 2
Q(h)=/ ( g(h)) [m2+ v ] sin? [:1:2+ v }dx.
0

(7.13)
Here, R is the radius of the telescope, x = f (h/k) Y2 and vy = VL hY/2(21k)~1/2. For a

long integration time Equation 7.11 can be simplified to (Dravins et al. 1998)

o (t) = %. (7.14)

Using this simplification and setting v = 0, Equation 7.13 is now

am = [

In the large aperture case, D > rp, the sine in the equation above can be replaced by

2J; (R(k/h) 2z
R(k/h)/2x

2
)} z ™13 sin? [a:2] dz. (7.15)

its argument giving

 [27, (R(k/h)22) ] _
Q(h)z/o lR(k/h)l/%c } @ et (7.16)
= o [ o (Rl ) (.17)

Introducing a new variable, y = R(k/L)'/?x, then gives
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2/3  poo
an=1(mr) [ v wrY

By the solving the integration numerically we calculate,

no\2/3
h)~ 258 | —
Q) ~ 258 (153 )
in terms of the telescope diameter. Substituting this into Equation 7.12 gives,

00 C2 (h)h2
P(0 z21.3D_4/3/ NV dh.
©) V()

Finally the scintillation index is

00 2 h h2
0% =10.7¢"1 D743 / Cn(Wh ),

o Vi(h)

7-2 Photometric noise

(7.18)

(7.19)

(7.20)

(7.21)

For a particular set of turbulence measurements the photometric noise caused by atmo-

spheric scintillation can be expressed as

’

S D<«rp,t< (nD)/V,

of = S,D"7/6 D> rp,t < (mD)/Vy

SsD~23t12 Dsrp t> (mD)/V.
\

where
- 0o 1/2
S1 = [19.12A77/6 / C?V(h)hf’/ﬁdh]
L 0
[ o0 1/2
Sy, = [17.3 / C?\,(h)hzdh}
L 0
r [o%e} 02 (h)h2 ] 1/2
S3 = [10.7 / NV dh
’ i o Vi(h)

(7.22)

(7.23)
(7.24)

(7.25)

The above expressions are for observations at the zenith; for other zenith angles (7)

replace h by h/cos7, i.e.,
00 1/2
S, = (cosy)™13 [19.12/\‘7/6 /0 C’?V(h)vh‘r’/ﬁdh]
0 1/2
Sy = (cosy) /2 [17.3 /O c?\,(h)fﬂdh]

fo’e} 02 h)h2 1/2
Sy = (cosy)™3/? [10.7/0 %dh]

(7.26)
(7.27)

(7.28)
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‘The photometric noise can be expressed in magnitudes using o7 mag = 2.5log(or + 1).
In these three cases the photometric noise is dominated by the high-altitude turbulence,
more so in the case of large apertures because of the h? weighting. It is the large-aperture

case that is generally of more relevance to astronomical photometry.

7-3 Astrometric precision

Differential astrometric measurements require simultaneous observations of the target
and reference object; this can be achieved using a single dish telescope or an interferom-
eter. In the latter case, each telescope in the interferometer has a dual feed to direct the
beam from each star to the beam combiner (Shao & Colavita 1992). On combination of
the beams, a fringe pattern is produced if the difference between the optical path lengths
from each arm of the interferometer to the beam combiner is within A?/A), where AX is
the optical bandwidth of the interferometer (Lane & Muterspaugh 2004). The difference
between the fringe positions of the two stars is measured. Phase referencing can be used
to improve the limiting magnitude of the interferometer if the target star and reference

object are within the isoplanatic patch (Shao & Colavita 1992).

Uncertainties in astrometric position measurements arise from instrumental effects
(photon noise, systematics) and atmospheric effects associated with temporal incoher-
ence and anisoplanatism. See Shao & Colavita (1992); Sozzetti (2005) and Lane &
Muterspaugh (2004) for further details of instrumental effects; here we focus on the

atmospheric effects.

The variance in an astrometric position measurement caused by anisoplanatism (as-

suming a Kolmogorov turbulence spectrum) is described by Shao & Colavita (1992) as

oo 2 2
g2B—4/3 / Mdh Case 1

_ V(h
ol ~ 525t s [ OJQV (h)h§/3) (7.29)
0 / —————dh Case 2,
0 V(h)

where t is the integration time, € is the angular separation between two stars, CJQV(h) and
V (h) are the vertical turbulence and wind profiles, h is the height above the site, and B
is the baseline or diameter of the entrance pupil. These formulae are only approximate,
but the exact coefficient is not needed for the purpose of site inter-comparison. Case 1

applies to interferometry when the integration time ¢t > B/ V and #h < B; where h and
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V are the turbulence-weighted effective atmospheric height and wind speed. Because of
the h? weighting, o,¢m in this regime is very sensitive to high-altitude turbulence. Case 2
is applicable to single dish astrometry and is independent of the size of the telescope

when 6h > B and t > 6h/V.

For a particular set of turbulence and wind profiles, the error o,y (arcseconds) can
be expressed as

Cit™1/20B~2/3 Case 1
Catm = (7.30)

Cot~1/291/3 Case 2,

where
N War 2 1/2
C, = 472000 [ /0 %dh} (7.31)
and
1/2
N War 2/3
Cy = 472000 /0 %dh} : (7.32)

Note that the expression for C| contains the same combination of atmospheric parame-
ters as the expression for the photometric error S3. This is not a coincidence, as both
narrow-angle astrometry and large-aperture photometry are affected by the same physi-
cal phenomenon—Ilarge-scale curvature fluctuations of wavefronts. Hence, scintillation in
large apertures contains information on the potential accuracy of narrow-angle astrome-

try at a given site.

Using long baseline techniques, Lane & Muterspaugh (2004) have achieved an astro-
metric measurement precision of &~ 9 parcsec for a 70 minute integration using a 110 m

baseline on a 0.25” binary system.

7-4 Wind profiles

The photometric error for long integration times (Equation 7.25) and the astrometric
errors (Equations 7.31 and 7.32) depend not only on the turbulence profile but also on the
wind speed profile. As these quantities are likely correlated, the correct way to estimate
the errors requires simultaneous data on wind and turbulence. Two approaches were
taken to estimate the wind speed profiles. Initially, a simplified approach was adopted

using fixed wind profiles (Section 7-5). As an extension, wind profiles were retrieved
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from the NCEP/NCAR' Reanalysis Project (Kalnay et al. 1996) global meteorological

database, and the data were reanalysed (Section 7-6).

Owing to the strong h? weighting, the astrometric and photometric errors are almost
entirely determined by the highest MASS layer at 16 km. Hence, the adopted wind speed

in this layer critically influences the results.

7-5 Results using fixed wind profiles

The wind speed profiles for Cerro Pachén and Cerro Tololo were modelled using a constant

ground layer speed, V,, plus a Gaussian function to represent the jet stream contribution
(Greenwood 1977)
h—H\?
T
1

where h is the altitude above the observatory. The parameters were set to V, =8 ms™,

V(h) =V, + Viexp (7.33)

V; =30ms !, H=8km and T = 4 km by comparing the model to the Cerro Pachén
wind profiles in Avila et al. (2000, 2001).

The summer wind speed profile at Dome C also shows a Gaussian peak at the some-
what lower tropopause layer (~ 5 km), and fairly constant wind speed at other elevations
(see Figure 4 of Aristidi et al. 2005¢). The winter wind speed profile is different, showing
an increase in stratospheric wind speeds and no peak at the tropopause. So far only three
profiles of the winter wind speed have been published (Agabi et al. 2006). Figure 7.2
shows the average winter (Agabi et al. 2006) and summer (Aristidi et al. 2005c) time

wind profiles at Dome C, the winter-time wind profile was used in this work.

!This is a joint project between the National Centres for Environmental Prediction (NCEP) and the

National Center of Atmospheric Research (NCAR).
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10 20 30
Wind Speed (m/s)

Figure 7.2. Average wind speeds profiles at Dome C in the winter {triangles; Agabi
et al. 2006) and summer {diamonds; Aristidi et al. 2005c), and a model of the wind profile

at Cerro Tololo and Cerro Pachon ({line).

7-5.1 Photometry

The scintillation noise was calculated for the three regimes discussed in Section 7-2, using
the turbulence profiles from the three sites. Figure 7.3 shows the cumulative probabilities
for Si, S2 and S3. The scintillation noise is calculated at wavelength 500 nm using profiles

from 500 m above the surface.

For short time scales, the median scintillation noise at Dome C is a factor of ~ 2
less than at Cerro Tololo and Cerro Pachdn, in the small aperture regime. For larger
apertures the gain is slightly higher, ~ 2.4, because of the weaker high altitude turbulence
at Dome C. As an example, for a 4 m diameter telescope, the median values of the
scintillation noise at each site are: 1.2 mmag (Dome C), 3.2 mmag (Cerro Tololo) and

2.8 mmag (Cerro Pachon).

The more relevant figure is the scintillation noise for long exposure times. Based
on the results using fixed wind profiles, Dome C offers a potential gain of about 3.6 in
photometric precision compared to Cerro Tololo and Cerro Pachon. From these results
the median photometric error expected on a 4 m telescope for a 60 s integration is:
~ 53 "mag at Dome C; ~ 200 /imag at Cerro Tololo, and ~ 180 "Ltmag at Cerro Pachon.
For a 300 s integration on a 2 m telescope Chadid et al. (2005) estimate the scintillation

noise at Dome C to be 12-20 ppm (i.e., 13-22 /;mag).
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Figure 7.3. Cumulative probabilities of the constants (a) ~i, (b) S2 (/®) and (c)
S3 (MmN for Dome C (solid), Cerro Tololo (dashed) and Cerro Pachén (dotted).
The scintillation noise aj is the standard deviation of Al/l where | is the stellar flux,
and is equal to: Si for D < r”; for D > rp, and 537-2/3"-1/2 n p
and t where D is the telescope diameter, ri? is radius of the Fresnel zone
and t is the integration time. Plot (d) shows the median photometric error at each site

for a 60 s integration time as a function of telescope diameter.
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As a comparison, Dravins et al. (1998) measured P(v) at La Palma using various small
apertures. From their results they extrapolate P(0) = 5 x 107% s for a 4 m aperture at
zenith, which gives o7 = 220 umag for a 60 s integration, similar to the typical values
for Cerro Tololo and Cerro Pachén. Our results are also consistent with those measured
at Kitt Peak and Mauna Kea by Gilliland et al. (1993). Figure 7.3d shows the median
photometric error at each site for a 60 s exposure time as function of telescope diameter,

illustrating the benefits of even a small telescope at the Antarctic site.

7-5.2 Astrometry

The constants Cq and Cy (Equations 7.31 and 7.32) were calculated for each site; cumu-
lative probabilities are shown in Figures 7.4a and 7.4b. The median astrometric error
-Oatm at Dome C is ~ 3.5 times less than the median values at Cerro Tololo and Cerro
Pachén. The median oy, for each site is plotted in Figure 7.4c as a function of angular
separation for a 10 m baseline and 1 h integration time. In Figure 7.4d, o,y at Dome C
is plotted for several baselines, as a function of separation angle 6 for an integration
time of 1 h. This last figure illustrates the extreme advantage in placing a long-baseline

interferometer at Dome C, implying an achievable accuracy of a few microarcseconds.

The advantage of Dome C for narrow-angle astrometry over mid-latitude sites is even
larger than its advantage in the fast scintillation. This difference is related to the adopted
wind speed at 16 km altitude (27 m s~! and 8.5 m s~! for Dome C and the Chilean sites,
respectively). Using the mean Dome C winter wind speed we calculated a median C;
value of 140 arcsec rad~'m?/3s1/2; decreasing the 16 km wind speed to 7 m s~! gave a

2/351/2 still well below the median values at Cerro

median C; value of 200 arcsec rad "'m
Tololo and Cerro Pachén. As an additional check (conducted by A.Tokovinin), C; was
computed from a set of six balloon profiles of C’f\, and wind speed measured at Cerro
Pachén in October 1998 (see Avila et al. 2000 and Avila et al. 2001 for the discussion

251/ 2 with a median

of these data). The C) values range from 380 to 660 arcsec rad~'m
of 480. This is close to the median value for Cerro Pachdn given in Figure 4. Shao
& Colavita (1992) calculate C; at Mauna Kea to be 300 arcsec rad "'m?s'/2, using the

results from two short observing campaigns.

The fringe phase of an interferometric measurement must be determined within the at-
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Table 7.1. Isoplanatic angle (€o) and coherence time (7¢) for adaptive optics at Dome C,

Cerro Tololo and Cerro Pachén from the MASS data files.

Op(median) @p(average) To(median) 7o(average)

Site (arcsec) (arcsec) (ms) (ms)
Dome C 5.4 5.8 7.1 8.9
Cerro Tololo 1.8 1.9 2.0 2.8
Cerro Pachén 2.0 2.1 2.6 3.3

mospheric coherence time. Table 7.1 shows the median coherence time 7¢ and isoplanatic
angle 6y at each site at 500 nm. The median coherence time at Dome C, measured with
MASS, is 7.1 ms at A = 500 nm. Using the measured turbulence profiles and assumed

wind profile at Dome C we calculated 79 = 9.4 ms at A = 500 nm.

Phase referencing during the measurement (Shao & Colavita 1992) increases the usable
integration time, with the condition that the target and reference objects are within the
same isoplanatic patch. The median isoplanatic angle at Dome C is ~ 3 times larger

than at the two Chilean site, allowing much wider fields to be used for phase referencing.
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Figure 7.4. Plots (a) and (b) show the cumulative probabilities that the constants Ci
and C2 are less than the value given, for Dome C (solid)" Cerro Tololo [dashed) and Cerro
Pachon {dotted). The astrometric error (Jatm (arcsecond) is equal to: Cit-~/'"eB-'/" for
t > B/V and Oh< B, and for t » QhlV and Oh > B. Here, t is the
integration time, B is the baseline length, h and V are the turbulence-weighted effective
atmospheric height and wind speed, and 0 is the stellar separation. Plot (c): The median
error ¢fam at each site as a function of angular separation with an integration time of
1 h and baseline of 10 m. Plot (d): the median error aatm for three baseline lengths at

Dome C, with an integration time of 1 h.



7-6. Results using dynamic wind profiles 123

7-6 Results using dynamic wind profiles

As an extension on the initial analysis that used fixed wind speed profiles, wind data were
taken from the NCEP/NCAR Reanalysis website? for Dome C and Cerro Tololo in the
time periods shown in Table 6.1 (on page 104 in the previous chapter). The reanalysis
project (Kalnay et al. 1996) uses historical data to model various parameters in the
atmosphere from 1948 to the present. The use of re-analysis databases for site evaluation
is becoming more common: for example, Geissler & Masciadri (2006) use data from the
European Center for Medium-Range Weather Forecasts (ECWMF) re-analysis database
to characterise the meteorological conditions above Dome C in terms of the wind speed

and direction, pressure, and absolute and potential temperature.

Data on the u-wind (zonal) and v-wind (meridional) speeds as a function of 17 pressure
levels were extracted from the database at the grid points (30° S, 70° W) for Cerro Tololo
and (72°.5 S,123° E) for Dome C. The u-wind is the wind component parallel to the
direction of the local latitude, positive values indicate the wind is blowing from the west.
The v-wind is the component along the local meridian and is positive for southerlies.
The u-wind and v-wind data were combined to give the magnitude and direction of the
wind at each pressure level. The pressure levels were converted to geopotential height
using a separate file. The time is given in 6 hour intervals as the number of hours since
1 January 0001 00:00:0.0. This was converted to universal time for matching with the
MASS data.

Figure 7.5 shows the wind speed and direction as a function of altitude, extracted
from the database for Dome C (23 March-20 May 2004). For the first half of the time
period the wind speed was fairly constant over the entire altitude range. Following this,
the wind speed started to increase in the higher altitude ranges, as expected during the
Antarctic winter. The wind direction is fairly consistently from the North (0°/360°) with
occasional bursts from the South.

For each MASS measurement the nearest wind measurement in time was matched,

then for each MASS altitude the wind speed and direction were extracted in two ways

(Figure 7.6 illustrates these two methods):

2The NCEP/NCAR Reanalysis Project at the NOAA/ESRL Physical Sciences Division website

http://www.cdc.noaa.gov/cdc/reanalysis/reanalysis.shtml
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Figure 7.5. Wind speed (top) and direction {bottom) as a function of height above for

Dome C from 23 March to 20 May 2004. Data from the NCEP/NCAR reanalysis project,

see the text for details.
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Figure 7.6. Schematic showing how the wind speeds were chosen for each MASS alti-
tude. The triangular lines show the ideal MASS response function at each MASS altitude;
the crosses show the altitudes of the wind speeds from the NCAR database. The wind
speed at each MASS level was extracted by: (1) averaging the wind speeds at altitudes
encompassed by the top-half of the MASS response function {grey shading) (Vave); (2)

interpolating between the two wind altitudes closest to the MASS altitude (Vint)-

1. The wind speed and direction at the MASS altitude (e.g., 8 km) was interpolated

{Vi~t{h)), from the two closest wind altitudes.

2. The wind speeds and directions from all altitudes encompassed by the top-half (0.5-
1.0) of the MASS response function at a particular level were averaged (Vave(*))- For
example, for the 8 km MASS layer the wind speeds at altitudes between 6 km and

12 km were averaged.

The V\ntfh) and Vave(®) wind speeds derived from the database are compared in Fig-

ure 7.7; for some MASS levels Vint returns a smaller wind speed than Vave-
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(a) Cerro Tololo

(ms-") ) (ms-*)

(b) Dome C

Vave 7) Vive 7 VA (msA’)
Figure 7.7. Comparison of the two wind speed extraction methods for each MASS
layer at Cerro Tololo (a) and Dome C (6). The line in each plot shows the one-to-one

relationship.
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Figure 7.8. Ci, C2 and 82, calculated using the MASS turbulence data and the
NCEP/NCAR wind speeds for Dome C (solid) and Cerro Tololo (dashed). Calcula-
tions using the average wind speed are shown in black and those using the interpolated

wind speeds are showing in grey (see the text for further details).

7-6.1 Photometry and astrometry reanalysed

The wind speed dependent photometric and astrometric uncertainties (i.e., Ci, C2 and
53) at Dome C and Cerro Tololo were recalculated using the averaged and interpolated
wind speeds from the NCEP/NCAR database. The results are shown in Figure 7.8. The
two methods produced similar results at Dome C. However, for Cerro Tololo using the

interpolated wind speeds resulted in slightly higher values.

Tables 7.2 and 7.3 show the average astrometric and photometric results using the
three types of wind profile. At Dome C the average and interpolated results for Ci were
both larger than those using the fixed profile; the opposite case occurred for Cerro Tololo.

The results for C2 and Ss were very close for all three methods.
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Table 7.2. Average results for astrometric errors using three types of wind profiles:

fixed wind profiles, and averaged and interpolated wind data from the NCEP database.

G Cs
Site Wind profile (as rad~'m~%/3s1/2)  (as rad~1/3s/2)
Dome C Fixed 150 + 60 0.50 + 0.25
Average 180 + 67 0.53 +0.25
Interpolated 185 £+ 68 0.54 £0.26
Cerro Tololo  Fixed 560 + 180 1.2 £0.5
Average 450 + 140 1.2 £0.5
Interpolated 475 + 150 1.2 +£0.5
Cerro Pachén  Fixed 480 + 120 0.98 +0.33

Table 7.3. Average results for photometric errors using three types of wind profiles:

fixed wind profiles, and averaged and interpolated wind data from the NCEP database.

Sh So Ss3
Site Wind profile (x1072m"/6)  (x10~3m?/3s1/2)
Dome C Fixed 0.17+0.08 0.62+0.21 1.0+0.4
Average e . 1.2+0.5
Interpolated . . 1.3+ 0.5
Cerro Tololo  Fixed 038+£0.16 16 +0.6 3.9+0.1
Average e . 3.1+1.0
Interpolated . . 3.3+1.0

Cerro Pachén  Fixed 031+0.11 14 +04 3.3+0.8
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7-7 Correlation between wind shear and turbulence

Turbulence and wind shear are known to be related. This relationship is examined for
Dome C using the wind speeds extracted from the NCEP/NCAR database. The sample
size at Dome C is small and unlikely to show any statistically significant correlation so

we also examine the larger sample from Cerro Tololo.
Wind shear is the change in wind speed over height, expressed as

_ AV _ V(h) - V()

%% =
Ah ho — hy

(7.34)

where V(h1) and V (hy) are the wind speeds at altitudes h; and hy. As Figure 7.6 shows,
the NCEP/NCAR database supplies the wind speeds at certain altitudes. For each MASS
layer the wind shear was calculated between each wind speed encompassed by the whole
ideal MASS response function; for example, for 4 km MASS layer at Dome C the wind
is recorded at 3.2, 5.1, 6.3 and 7.6 km, so three wind shears were calculated. For each
MASS profile at Dome C the closest set of wind data was matched in time, and then the

altitudes were matched as just outlined.

Figures 7.9 and 7.10 show the seeing contribution (derived from the Dome C MASS
data) at each MASS level as a function of the wind shear (derived from the NCEP/NCAR
database). The seeing contribution at each MASS layer was calculated using Equa-
tion 6.19. To examine correlations between the seeing contribution and the wind shear,
the seeing corresponding to the wind shears within a series of bins were averaged. These
averages are also shown on the figures. The formation of optical turbulence requires a
vertical temperature gradient as well as wind shear. We have not taken temperature
gradients into account in this study, therefore we expect to see a correlation but not a
perfect one. Figures 7.11 and 7.12 show the average data for Cerro Tololo; individual

points are not shown because they are too dense.

At Dome C there is a possible correlation between the turbulence and wind shear
in the following MASS layers: 8.0 km layer [V (5.1)and V/(6.2)], 16.0 km [V(19.7) and
V(22.2)]. The bracketed values after each MASS height show the altitudes between which
the wind shear was calculated. Strong correlations are seen for all MASS layers at Cerro

Tololo, as expected for the larger sample.
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Figure 7.9. The seeing (e) contribution (derived from the MASS data) in the (a) 0.5 km,
(6) 1km, (¢) 2km and (d) 4 km MASS layers at Dome C as a function of the wind shear
(derived from the NCEP/NCAR database). For each MASS measurement the wind shear
(AV/Ah) was calculated using wind speeds extracted from the NCEP/NCAR database,
matched closest in time and altitude range. The altitudes of the wind speeds used for
each wind shear calculation are shown in each plot. The wind shears were divided into a
series of bins and the seeing contribution corresponding to the wind shear points within
each bin were averaged, these points are shown as crosses on the plots. The horizontal

bars shown the width of each wind shear bin and the vertical bars shown the standard

deviation on the average seeing contribution.
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Figure 7.10. The seeing contribution (derived from the MASS data) in the (a) 8 km

and {4) 16 km MASS layers at Dome C as a function of the wind shear (derived from

the NCEP/NCAR database). See the caption of Figure 7.9 for further details.



132 Chapter 7. Atmospheric scintillation

(a) 0.5 km layer (b) 1.0 km layer (c) 2.0 km layer
a
(6]
Wind shear (s ) Wind shear (s ) Wind shear (s )
(d) 4.0 km layer
CDYIIII‘II’III G YI’II’I"I’II”I

@T 2.2.t0 3.6 km 3.6 to 5.3 km 5.3 to 7.3 km

(6]

vS d

a

R M

VC 6

(0]

(0]

-5 0 5 10 -5 0 5 10 -5 0 5 10
Wind shear Wind shear Wind shear
(e) 8.0 km layer

£

0

(6]
i
C
0
(0]

Wind shear (s ) Wind shear (s ) Wind shear (s

Figure 7.11. The seeing (e) contribution (derived from the MASS data) in the

(a) 0.5 km, (b) 1km, (c) 2km, {d) 4 km and (d) 8 km MASS layers at Cerro Tololo as a

function of the wind shear (derived from the NCEP/NCAR database). See the caption
of Figure 7.9 for further details.
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7-8 Conclusions

The scintillation noise at Dome C for fast exposures is typically a factor 1.9-2.6 times
lower than at Cerro Tololo and Cerro Pachén, leading to a corresponding reduction in
this ultimate limit for high precision photometry. The “small aperture” scintillation
index becomes important for adaptive optics when the distance between the actuators
approaches the Fresnel zone size rr, and shadow patterns start becoming resolved (Mas-
ciadri et al. 2004). Adaptive optics will also benefit from the long coherence time and

large isoplanatic angle at Dome C.

For longer exposures, o; at Dome C is typically 3.4-3.8 times less than at Cerro
Tololo and Cerro Pach6n. For a 60 second integration on a 4 m telescope, the median
photometric error is ~ 53 pmag at Dome C. This parameter is important for exoplanet
transit measurements because the change in flux caused by a transiting planet is related
to the planet R, and star R, radii by AF/F = (Rp/Rg)?. For example, for a Jupiter
size planet transiting a Sun size star, AF/F = 0.01; for an Earth size planet this ratio
is 0.0001. The lower scintillation noise at Dome C will allow for the transits of smaller

planets to be detected than at the Chilean sites.

The atmospheric contribution to the positional error in a differential astrometric mea-
surement using a long baseline interferometer at Dome C is always less than the median
values at Cerro Tololo and Cerro Pachén. Very narrow angle differential astrometry using
long baseline interferometry at Dome C (Lloyd et al. 2002, 2003) would benefit a number
of science programs, including extra-solar planet searches and orbit determination and
the measurement of micro-lensing events (see, for example, Swain et al. 2003 and Sozzetti

2005).

Based on the expected low astrometric error at Dome C, a number of interferometric
projects have already been proposed. These include the Antarctic Planet Interferometer
(API; Swain et al. 2004), the Kiloparsec Explorer for Optical Planet Search (KEOPS;
Vakili et al. 2004) and the Antarctic L-band Astrophysics Discovery Demonstrator for
Interferometric Nulling (ALADDIN; Coudé du Foresto et al. 2006).



“For most programs, any loss in mental speed is amply com-

pensated by the superior observing conditions.”

Morrison et al. (1973)

Evaluation of Mauna Kea, Hawaii as an observatory site

Chapter 8

Conclusions

Dome C, Antarctica, is potentially one of the best locations on the Earth to locate a tele-
scope. The characteristics of an ideal astronomical site were outlined in the introduction;
Dome C possesses many of these. Dome C is a high altitude site (3260 m), the atmosphere
is dry, there is little precipitation, no lightning and few clouds. The surface wind speed
is very slow and there is very little seismic activity. Concordia station at Dome C can
be accessed during the summer months by small aircraft and large tractor traverses and
has had a year-round crew since the austral summer of 2004/2005. This thesis has con-
tributed to further understanding the atmospheric extinction, sky brightness and optical

turbulence at Dome C; the main conclusions are summarised below.

Dome C has a similar number of cloud-free, astronomically dark hours compared to
a more temperate site. The fraction of observable sky at Dome C is considerably lower
than at temperate sites; however, many southern objects can be observed for longer. The
overall atmospheric extinction at Dome C is expected to be close to the lowest anywhere
on Earth because of the high altitude, low water vapour concentration, infrequent clouds
and low aerosol concentration.

The contributions from moonlight and zodiacal light to sky brightness are less than
at lower latitude sites. Aurorae will rarely be more than 7° above the horizon and will

typically be more than about 1160 km away; they will generally be unobservable. Airglow
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will be essentially the same as at other sites, while the integrated starlight and diffuse
galactic light will be slightly brighter at Dome C. There is no artificial-light pollution
at Dome C, a condition that should continue indefinitely. However, at this stage few

measurements have been made of the brightness of the optical night sky.

An instrument, called Nigel, was designed to measure the twilight and night sky
brightness at Dome C from 250 nm to 900 nm. Nigel did not collect any twilight or
nighttime data at Dome C; however, the instrument will be upgraded and sent to either

Dome C or Dome A for the 2008 winter.

The first winter-time turbulence profiles of the atmosphere above Dome C are pre-
sented here. Using a MASS and SODAR, these measurements give a low resolution
altitude profile of the turbulence in the atmosphere from 30 m to 20 km above the sur-
face. The accumulated effect of turbulence was evaluated showing a median seeing of
0.28" above 30 m, and a median isoplanatic angle and coherence time of 5.4” and 7.1 ms,
respectively, above 500 m. Dome C was found to have significantly less turbulence, espe-
cially in the upper atmosphere, than two Chilean sites. The scintillation noise at Dome C
for fast exposures is typically a factor 1.9-2.6 times lower than at Cerro Tololo and Cerro
Pachén, leading to a corresponding reduction in this ultimate limit for high-precision
photometry. The “small aperture” scintillation index becomes important for adaptive
optics when the distance between the actuators approaches the Fresnel zone size and
shadow patterns start becoming resolved (Masciadri et al. 2004). Adaptive optics will

also benefit from the long coherence time and large isoplanatic angle at Dome C.

For longer exposures, the scintillation noise at Dome C is typically 3.4-3.8 times less
than at Cerro Tololo and Cerro Pachén. The atmospheric contribution to the positional
error in a differential astrometric measurement at Dome C is always less than the median
values at Cerro Tololo and Cerro Pachén. However, the conclusions obtained here using
the MASS data only cover a small sample and remain provisional until more measure-

ments are made.

Site-testing of an astronomical site needs to be carried out over a number of years.
The results described in this thesis are very encouraging for the future of astronomy at

Dome C, providing strong motivation for further measurements.

Turbulence monitoring will continue as part of the ConcordiAstro project, using a
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Differential Image Motion Monitor (DIMM), balloon-borne micro-thermals, and a Sin-
gle Star Scidar (Agabi et al. 2006; Vernin et al. 2006). Sonic anemometers, similar to
those described in Skidmore et al. (2006), have been installed on a 30 m high tower to
monitor the turbulence close to the ground (Tony Travouillon, private communication).
A Surface-layer NOn Doppler Acoustic Radar (SNODAR; Lawrence et al. 2006a) is due
to be deployed to Dome C in the 2007/8 austral summer to monitor the turbulence in
the first 10-50 m above the surface. The MASS and SUMMIT from the AASTINO
project may also be sent back to Dome C. The atmospheric aerosol optical depth and the
thin cloud variability will be monitored from 2009 using LIDAR (LIght Detection And
Ranging), Sun and Star Photometers and in-situ measurements, as part of the TAVERN
project (quantification of Tropospheric Aerosol and thin clouds Variability over the East
Antarctic Plateau, including RadiatioN budget; Herber et al. 2006). The precipitable
water vapour at 20 um will be monitored with IRMA (Infrared Radiometer for Millime-
ter Astronomy; Phillips et al. 2006) and the Gattini cameras will continue to monitor

the sky brightness (Moore et al. 2006a).

Based on the expected excellent conditions at Dome C a number of projects have
already been proposed. Nulling interferometry (Swain et al. 2003) and astrometric dif-
ferential interferometry (Lloyd et al. 2002, 2003) will benefit from the weaker high altitude
turbulence and long coherence time. Interferometry projects include the Antarctic Planet
Interferometer (API; Swain et al. 2004), the Kiloparsec Explorer for Optical Planet Search
(KEOPS; Vakili et al. 2004), and the Antarctic L-band Astrophysics Discovery Demon-
strator for Interferometric Nulling (ALADDIN; Coudé du Foresto et al. 2006). Many
science programs would benefit from such facilities, these include exoplanet detection

and orbit determination, and the measurement of micro-lensing events (e.g., Lloyd et al.

2002).

The high precision achievable in photometry will be an advantage for asteroseismology,
helioseismology and stellar pulsation projects at Dome C; for example, see Briguglio et al.
(2005); Chadid et al. (2005). The excellent photometric precision and long observing
times will also benefit the Permanent All Sky Survey (PASS; Deeg et al. 2005) proposed

for Dome C.

A 2 metre “path-finder” telescope is proposed for Dome C (PILOT—a Pathfinder for

an International Large Optical Telescope). Several science programs that could use this
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telescope are outlined in Burton et al. (2005). These include planetary studies, investi-
gations within the Milky Way, and larger-scale universe observations. Following PILOT,
more ambitious projects are proposed such as the 8.4 m Large Antarctic Plateau Clear-
Aperture Telescope (LAPCAT; Storey et al. 2006) and a second 21 m Giant Magellan
Telescope (Angel et al. 2004).

The future for astronomy at Dome C is bright, and represents an exciting new oppor-

tunity for the international community.
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Acronyms

AAD Australian Antarctic Division
AASTINO Automated Astrophysical Site Testing International Observatory
AASTO Automated Astrophysical Site Testing Observatory

ALADDIN Antarctic L-band Astrophysics Discovery Demonstrator for Interferometric

Nulling
AO Adaptive Optics
API Antarctic Planet Interferometer
CCD Charge Coupled Device
DIMM Differential Image Motion Monitor
IPEV Institut Polaire Francais Paul Emile Victor
IRMA Infrared Radiometer for Millimeter Astronomy
KEOPS Kiloparsec Explorer for Optical Planet Search
LAPCAT Large Antarctic Plateau Clear-Aperture Telescope
LIDAR LiIght Detection And Ranging

MASS Multi-Aperture Scintillation Sensor
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PASS Permanent All Sky Survey

PILOT Pathfinder for an International Large Optical Telescope
PNRA Programma Nazionale di Richerche in Antartide
SNODAR. Surface-layer NOn Doppler Acoustic Radar
SODAR SOund Detection And Ranging

SSS Single Star Scidar

TAVERN Quantification of Tropospheric Aerosol and thin clouds Variability over the
East Antarctic Plateau, including RadiatioN budget

UNSW University of New South Wales



Appendix B

Daily turbulence profiles at
Dome C

This appendix shows individual daily plots of the turbulence profile measured by MASS

at Dome C.
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Figure B.1. MASS integrated turbulence profiles as a function of time for 24 March

2004 and 25 March 2004.
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Figure B.2. MASS integrated turbulence profiles as a function of time for 26 March
2004 and 27 March 2004.
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Figure B.3. MASS integrated turbulence profiles as a function of time for 30 March
2004 and 31 March 2004.
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Figure B.5. MASS integrated turbulence profiles as a function of time for 5 April 2004
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Figure B.11. MASS integrated turbulence profiles as a function of time for 4 May 2004
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ABSTRACT.

The recent discovery of exceptional seeing conditions at Dome C, Antarctica, raises the possibility

of constructing an optical observatory there with unique capabilities. However, little is known from an astronomer’s
perspective about the optical sky brightness and extinction at Antarctic sites. We review the contributions to sky
brightness at high-latitude sites and calculate the amount of usable dark time at Dome C. We also explore the
implications of the limited sky coverage of high-latitude sites and review optical extinction data from the South
Pole. Finally, we examine the proposal of Baldry & Bland-Hawthom to extend the amount of usable dark time

through the use of polarizing filters.

1. INTRODUCTION

Dome C, Antarctica, is one of the most promising new sites
for optical, infrared, and submillimeter astronomy. Located at
75°6’ south, 123°21’ east, and an altitude of 3250 m, Dome C
is the third highest point on the Antarctic Plateau. The French
(Institut Paul Emile Victor) and Italian (Programma Nazionale
di Richerche in Antartide) Antarctic programs have operated
a summertime scientific base on Dome C since 1995 (Candidi
& Lori 2003). Construction of a wintertime station was com-
pleted at the beginning of 2005, leading to the first manned
winter season at Dome C. Preliminary site testing has been
carried out at Dome C since 1995 (Valenziano & dall’Oglio
1999; Candidi & Lori 2003), and systematic measurements of
the summertime (Aristidi et al. 2005b) and wintertime (Storey
et al. 2005) characteristics of the site began in 2001. The results,
summarized below, indicate very favorable conditions for
astronomy.

The local topography of Dome C is extremely flat, resulting
in a mean ground-level wind speed of 2.9 m s™' (Aristidi et
al. 2005a), less than half that at most other observatories. Win-
tertime measurements of the turbulence in the atmosphere
above Dome C (with MASS [multiaperture scintillation sen-
sors] and a SODAR [sound detection and ranging]) indicate
that above a thin surface layer, the atmosphere is extremely
stable. From above 30 m, a median seeing of 0727 is observed
during the winter, with seeing below 0”15 for 25% of the time
(Lawrence et al. 2004). In comparison, the median seeing at
the best midlatitude sites is between 075 and 170. Agabi et al.
(2006) measure the wintertime seeing from the ground level
to be 179 + 075 and attribute this to a thin but intense layer
of surface turbulence. From above this layer, which they es-
timate to be 36 m, the exceptionally good seeing observed by
Lawrence et al. (2004) is confirmed. In addition, summertime
site testing with a differential image motion monitor (DIMM)

489

(i.e., while the Sun is continuously above the horizon) shows
a remarkable median seeing of 0754 (Aristidi et al. 2005b).

The cloud cover is very low, with cloud-free skies observed
at least 74% of the time (Ashley et al. 2005). In addition, the
site is extremely cold, and the atmosphere has very low pre-
cipitable water vapor in comparison to other sites (Valenziano
& dall’Oglio 1999), leading to exceptionally low sky back-
grounds in the infrared (Walden et al. 2005) and the submil-
limeter (Calisse et al. 2004). Substantial improvements in atmo-
spheric transmission are predicted at these wavelengths, and a
number of new spectral windows are opened up that are in-
accessible at non-Antarctic sites (Lawrence 2004).

Despite these attractions, the high latitude of Dome C means
that the Sun spends a relatively small amount of time far below
the horizon. This implies longer periods of astronomical twi-
light and less optical dark time than other sites, especially those
close to the equator. Thus, although the advantages offered by
Antarctica at infrared wavelengths and beyond (where sky
brightness is unaffected by twilight, moonlight, and aurorae)
are well established (e.g., Storey et al. 2003), it remains to be
seen whether the amount of usable dark time at Dome C is
sufficient to allow observers to take effective advantage of the
seeing conditions in the optical.

In addition to the long twilight, high-latitude sites suffer from
reduced sky coverage. The fraction f of the total 4 sr of the
heavens that can be seen from a site of given latitude over a
24 hr period is

f = 3sinN —sin §), N

where N is the northernmost declination observable and S is
the southernmost. We consider two cases: a zenith limit of 45°
(1.4 air masses) and a zenith limit of 60° (2 air masses). As
seen in Table 1, Mauna Kea has access to 81% of the sky at
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TABLE 1
OBSERVABLE SKY

45° ZENITH LiMIT

60° ZENITH LiMIT

Percentage Percentage
SITE Decl. Range of Sky Decl. Range of Sky
Equator .................... 45° south-45° north 70 60° south-60° north 86
Mauna Kea ............... 26° south-64° north 66 41° south-79° north 81
DomeC ....ocovvvvnnnnnnn. 90° south-30° south 25 90° south-15° south 37
North or South Pole ...... 90° north/south—45° north/south 14 90° north/south-30° north/south 25

2 air masses or less, while at Dome C only 37% of the sky is
similarly available.

In the case of a high-latitude southern site such as Dome C,
this restricted sky coverage is mitigated somewhat by the ac-
cessibility of several key sources, such as the LMC (decl. =
69° south) and SMC (decl. = 73° south) and the Galactic center
(decl. = 28° south). Such southern sources are of course fa-
vorably observed from Dome C. For example, although the
Galactic center reaches comparable maximum elevations of 44°

. at Dome C and 41° at Mauna Kea, it is above 30° elevation
for 1300 dark hours per year at Dome C, but only 660 dark
hours per year at Mauna Kea. The advantages of a high-latitude
southern site for the continuous monitoring of southern objects
have already been discussed by a number of authors; for ex-
ample, Deeg et al. (2005).

In § 2, we assess the amount of usable dark time at Dome
C and examine the various contributions to optical sky bright-
ness. The causes of atmospheric extinction are discussed in
§ 3. Baldry & Bland-Hawthom (2001) have suggested using
a polarizing fi lter to reduce twilight contributions to sky back-
ground. In § 4 we examine the polarization of scattered sunlight
over the course of twilight to evaluate the feasibility of this
idea.

2. OPTICAL SKY BRIGHTNESS

The night sky is never completely dark at any site. The darkest
optical skies on Earth are on the order of 22.0-21.1 mag arcsec™*
in V at zenith (Leinert et al. 1998). See Leinert et al. (1998) for
a comprehensive discussion of diffuse night-sky brightness,
Patat (2003) for an in-depth survey of UBVRI night-sky bright-
ness at ESO-Paranal, and Benn & Ellison (1998) for a review
of sky brightness measurements at La Palma.

On a moonless night, long after the Sun has set, the sky is
brightened by aurorae, airglow, zodiacal light, integrated star-
light, diffuse Galactic light, extragalactic light, and artifi cial
sources (see Table 2). As first noted by Rayleigh (1928), the
sky brightness at a particular site varies with solar activity; for
example, Walker (1988) recorded a change of at least 1 mag
arcsec”? in sky brightness with solar activity. Atmospheric scat-
tering of the flux from each of these sources adds signifi cantly
to the sky brightness; for example, the contribution from zo-
diacal light can be increased by more than 15% by scattering,
and that from integrated starlight by 10%—-30% (Leinert et al.
1998). During twilight, the scattered sunlight usually makes

the dominant contribution to the overall sky brightness, while
the flux from direct and scattered moonlight adds a further
strong contribution when the Moon is above the horizon. The
best dark conditions occur at a site with minimal atmospheric
scattering.

In this section, we discuss each source of sky brightness at
Dome C and provide a comparison to Mauna Kea, Hawaii,
which we select because it is the closest major observatory to
the equator.

2.1. Scattered Sunlight and Usable Dark Time

Sunlight is the strongest contributor to the brightness of the
sky. During the day, the surface of the Earth is illuminated by
direct sunlight and by sunlight that is scattered by atmospheric
molecules and particles. After sunset, the surface of the Earth
is only illuminated by scattered sunlight; the direct component
illuminates the atmosphere above the level of the Earth’s
shadow. Over the course of twilight, the scattered sunlight con-
tribution to sky brightness decreases as higher and less dense
levels of the atmosphere are illuminated (Rozenberg 1966). In
the absence of moonlight and artifi cial sources, scattered sun-
light completely dominates the sky brightness until the Sun
reaches a zenith angle of about 98° (Pavlov et al. 1995). The
relative contribution of scattered sunlight to total sky brightness
then decreases sharply to a negligible level, and nighttime
starts. In the V band, this occurs when the Sun is depressed
17°~19° below the horizon; if there is a high amount of scat-
tering in the atmosphere, this can be extended to depressions
of 20°-23° (Rozenberg 1966). Astronomical nighttime is usu-
ally considered to begin when the Sun is more than 18° below
the horizon.

For solar zenith angles greater than about 98°, multiple scat-
tering accounts for essentially all of the sunlight contribution
to sky brightness; this contribution is affected by the aerosol
content in the atmosphere (Pavlov et al. 1995; Ugolnikov et
al. 2004). Dome C has an exceptionally clear atmosphere, with
no dust, haze, smog, or sand aerosols (see § 3 for a discussion
of scattering at Dome C), and therefore it is expected that the
intensity of multiply scattered light will be at the lowest pos-
sible level. Paradoxically, the lack of aerosols will, however,
decrease the attenuation of sunlight that grazes the Earth, with
the result that at midtwilight the intensity just above the Earth’s
shadow could be brighter at some wavelengths than at sites
with less clear skies. This has the effect of lowering the ef-
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TABLE 2

CONTRIBUTIONS TO THE LIGHT OF THE NIGHT SKY

Source Function of Dependence

Scattered sunlight Ecliptic coordinates, season, location, aerosols

Moonlight Lunar phase, position of the Moon, aerosols
Aurora Magnetic latitude, season, magnetic activity, solar activity
Airglow Zenith angle, local time, latitude, season, solar activity,

altitude, geomagnetic latitude
Zodiacal light
Integrated starlight
Diffuse Galactic light

Ecliptic coordinates
Galactic coordinates
Galactic coordinates

Integrated cosmic light Galactic coordinates, cosmological redshift

Light pollution Proximity to civilization

NOTE.-From Roach & Gordon 1973.

fective altitude of the so-called twilight layer (Ougolnikov
1999; Ougolnikov & Maslov 2003), creating an opportunity
for enhanced scattering by the denser gas at those lower alti-
tudes. A further effect that could brighten the Dome C sky is
the high albedo of the snow that covers the Antarctic plateau,
which will increase the sky brightness by a small amount at
sunset. However, this effect decreases with increasing solar
zenith angles and is negligible once the Sun has set (Anderson
& Lloyd 1990). During periods when the Moon is above the
horizon, the high albedo of the snow may also increase the sky
brightness beyond that normally experienced during gray time.

From the above discussion, it is clear that the twilight sky

Physical Origin

Sunlight scattering from molecules and particles in the upper
atmosphere

Sunlight refected from the lunar surface, then scattered in
the atmosphere

Excitation of upper atmosphere atoms and molecules by
energetic particles

Chemiluminescence of upper atmosphere atoms and
molecules

Sunlight scattered by interplanetary dust

Unresolved stars in the Milky Way

Scattering of starlight by interstellar dust

The universe

Artifi cial lighting

brightness at Dome C and the solar depression angle at which
nighttime commences cannot be calculated in a straightforward
manner. Both parameters can only be quantifi ed by direct mea-
sirement or by detailed modeling using accurate atmospheric
aerosol profi les.

Using the formal deft nition above. Dome C has less astro-
nomical nighttime than lower latitude sites, with long periods
of twilight. From a simple geometric calculation. Dome C has
about 50% of the astronomical nighttime of Mauna Kea, as
shown in Figure 1. The cloudiness of each site also needs to
be taken into consideration when looking at the amount of dark
time available for optical observations. On the basis of 2001

Astronomical nighttime Astronomical nighttime _
Sc moon set or
0 phase < 25 %
0
© 0
= o
0
X:
° 67%
0 o
0
o 96%
IzE 450A)
o 74% 67%-
: 0
. 96%
0
74% 45%.
Dome C Mauna Kea Dome C Mauna Kea

FIG. 1.—Comparison of the available dark time and cloud statistics (see text) at Dome C and Mauna Kea. Left: Number of hours of formal astronomical
nighttime (i.e., when the Sun is more than 18° below the horizon). Right: Number of hours of astronomical nightUme when the Moon is below the horizon or

less than \ phase. The percentage bars indicate the usable dark time once cloud cover is taken into account.
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data, Ashley et al. (2005) report the skies at Dome C to be
cloudless 74% of the time, with the remaining 26% having
more than j cloud cover. While this is a tentative conclusion
based on less than a full year of data from Dome C, new
independent measurements in 2005 (Aristidi et al. 2006) sug-
gest that the percentage of cloud-free skies at Dome C may be
as high as 96%. In comparison, Ortolani (2003 and references
therein) report 45% photometric nights (no clouds) and 67%
spectroscopic nights (7—" cloud cover) at Mauna Kea. These
percentages are also displayed in Figure 1.

If the more optimistic fi gure of Aristidi et al. (2006) is con-
fi rmed. Dome C will be seen to have a similar number of usable,
astronomically dark hours as compared to Mauna Kea.

2.2. Moonlight

The sky brightness contribution caused by the Moon depends
on its position and phase. Moonlight illuminates the surface of
the Earth both directly and by scattering, in a similar fashion
to sunlight. Figure 2 shows the elevation of the Sun (contours)
and Moon (gray scale), together with the phase of the Moon,
for Dome C and Mauna Kea over the course of 1 year (2005).
The darkest skies are when the Sun is far below the horizon
and either the Moon is below the horizon (dark shading) or
the phase of the Moon is close to new. The 18.6 yr lunar nodal
cycle changes the declination range of the Moon; this ranges
between +29° and + 18°. At Dome C, the Moon reaches a
maximum elevation between ~33° and ~43°, depending on this
cycle; at Mauna Kea, the Moon can pass through the zenith,
independent of nodal cycle.

To quantify the effect of the different range of Moon ele-
vation at Dome C and Mauna Kea, we calculated the moonlight
brightness using the model of Krisciunas & Schaefer (1991).
The lunar phase (from full Moon to new Moon and back) cycles
over | month; for each month in 2005, we calculated the sky
brightness when (1) the fiull Moon was at the highest elevation
for that month and (2) the Moon was at the highest altitude,
regardless of phase. A cross section of the sky, cutting through
the position of the Moon and the zenith at those times, is plotted
in Figure 3. In the calculation, we set the extinction coeffi cient
for both sites to the median value for Mauna Kea (0.12 mag
per air mass at 550 nm).

The full-Moon contribution at Dome C is less than that at
Mauna Kea by several magnitudes at zenith, with little differ-
ence at the horizon. For the second case, excluding the sky
close to the Moon, the contribution is once again less at Dome
C than at Mauna Kea. As at all sites, this contribution reaches
a minimum between 60° and 90° away from the Moon (Patat
2004). This advantage to Dome C is reduced to some extent
by the fact that the fullness of the Moon and its maximum
elevation are highly correlated at Dome C (as seen in Fig. 2)
but only weakly so at Mauna Kea. Skies that would otherwise
be dark are brightened at zenith by moonlight by a median
value of 1.7 ¥'mag arcsec"” at Dome C and 2.1 V' mag arcsec"”
at Mauna Kea, averaged over the epoch 2005-2015.
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FIG. 2.—(a) Lunar phase and ¢) solar and lunar elevation angles at Dome
C and Mauna Kea over the course of 1 year (2005). In (;?) and (c), the contours
show the solar elevation angles, and the gray scale shows the lunar elevation
angles according to the scale below.
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FIG. 3.—Top: Scattered moonlight brightness as a function of zenith angle
when thefull Moon reaches its highest altitude in each month (in 2005). Bottom:
Scattered moonlight contribution for the highest altitude of the Moon in each
month, regardless of phase. Each plot shows the moonlight contribution for a
cross section of the sky that passes through the Moon and the zenith, for Dome
C (black) and Mauna Kea (gray), and each curve represents a different month.

2.3. Aurorae

Aurorae are the spectacular lights seen dancing across the
skies in (mainly) polar regions. As highly energetic particles
from the Sun travel into the atmosphere, they collide with upper
atmosphere atoms and molecules, exciting them to higher en-
ergy levels. The excited atoms and molecules then decay ra-
diatively. Aurorae are generally (though not exclusively) con-
fined to an annular region 15"-25° from the geomagnetic poles
(see Fig. 4) and have a strong dependence on the 11 yr solar
sunspot cycle. The geomagnetic poles are the two positions
where the Earth's theoretical magnetic dipole intersects the
Earth's surface. The positions of the geomagnetic poles move
around, and in 2(X)5 January the geomagnetic south pole was
at a geographic position of 79°3 south, 108°5 east." The size
and position of the auroral oval changes with solar activity;

* Obtained from the National Geophysical Data Center Web page "Estimated
Values of Magnetic Field Properties,” at http://www.ngdc.noaa.gov/ngdc.html.
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see the OVATION Web site” for plots of the size and position
of the auroral oval from 1983 December to the present. Au-
rorae typically occur 100-250 km above the ground but can
occur at altitudes anywhere between 80 and 1000 km. In the
V band, the strongest auroral emission is from neutral oxygen
at 557.7 nm. Aurorae can vary rapidly in intensity and position
across the sky.

Dome C lies about 10° away from the inner edge of the
typical auroral oval, so little auroral activity is expected. In
comparison, the South Pole is located very close to the inner
edge of the auroral oval and experiences considerable auroral
activity. The position of Dome C relative to the auroral oval
means that most auroral activity will be close to the horizon,
and also low in intensity. Figure 4 shows the geographic po-
sitions of Dome C, the South Pole (geographic), the typical
auroral oval, and the geomagnetic south pole. Using simple
geometry, we calculated the sky position at Dome C for aurorae
occurring at altitudes of 100 and 250 km in the auroral oval
as a function of angular separation between Dome C and the
aurora. Aurorae at 1(X) km altitude will usually be below the
horizon at Dome C; at 250 km altitude, this occurs at 16°
separation. The dashed circle in Figure 4 shows this range. The
results of the calculations are shown in Table 3. The first column
gives the angular separation between the aurora and Dome C,
D is the distance in kilometers from Dome C to the aurora,
and E is the elevation angle of the aurora at Dome C. The
elevation angle of typical aurorae seen from Dome C will be
between the horizon and 7° elevation, and they will be between
1160 and 2000 km away. Sun-aligned quiet arcs will not de-
crease with increasing magnetic latitude in the same fashion
as normal aurorae; however, they are signifi cantly less intense
than the aurorae occurring within die auroral oval (G. Bums
2005, private communication).

Dempsey et al. (2005) used satellite measurements of the
electron flix above Dome C to calculate the expected intensity
of aurorae. They found that in the V band the intensity of the
auroral contribution to sky background was less than 22.7 mag
arcsec"” for 50% of the wintertime during a solar maximum
year, and below 23.5 mag arcsec"' during solar minimum.

Aurorae are therefore expected to have a minor impact on
optical astronomy at Dome C, even without the use of nar-
rowband fi lters to remove the brightest emission lines. The
contribution to sky brightness at Mauna Kea by aurorae is of
course negligible.

2.4. Zodiacal Light

Zodiacal light is caused by sunlight scattering from the dif-
fuse cloud of interplanetary dust that lies largely in the plane
of the solar system. Zodiacal light is strongest near the Sun

~OVATION ([Auroral] Oval Variation, Assessment, Tracking, Intensity, and
Online Nowcasting) is a project of the Auroral Particles and Imagery Group and
the John Hopkins University; see http://sd-www.jhuapl.edu/Aurora/index.html.
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FIG. 4.—Schematic of the typical southern auroral oval, showing the geographic South Pole (SP), Dome C (DC), and the geomagnetic south pole (GSP). The
auroral oval, shown in gray, is typically located 15°-25° from the GSP. Aurorae at 250 km altitude will be above the horizon at Dome C only if they lie within

the dashed line.

TABLE 3
ALTITUDES OF AURORAE AT DOME C

100 km 250 km

ANGULAR SEPARATION D E D E
(deg) (km)  (deg) (km)  (deg)

10 1125 0 1161 7
11 1236 -1 1271 6
12 1347 -2 1382 4
13 1459 -3 1493 3
14 1570 -3 1604 2
15 1681 -4 1716 1
16 1792 -5 1827 0
17 1903 -6 1938 -1

NOTE.—The first column is the angular separation be-
tween the aurora and Dome C. From this we derive the
distance D from Dome C to the aurora and the elevation
angle E of the aurora at Dome C.

and is generally seen as a cone of light with its base at the
horizon, decreasing in intensity toward the zenith, with another
maximum sometimes seen at the antisolar point. The intensity
is dependent on wavelength, observer position, and sky posi-
tion. Zodiacal light is polarized, reaching a maximum polari-
zation of about 20% (Leinert et al. 1998).

The zodiacal contribution to sky brightness at Dome C and
Mauna Kea was calculated over 1 year, using the method de-
scribed by Leinert et al. (1998). All correction factors in the
model were set to unity; thus, there is a possible variation in
flix of up to 30%. Calculations were limited to astronomical
nighttime. Two sky positions were looked at: the zenith and a
zenith distance of 60° at the same azimuthal position as the
Sun. The results are shown in Figure 5.

In the V band, the zenith brightness of zodiacal light at Dome
C is always darker than 23.1 mag arcsec"” because the zodiac
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Mauna Kea

100 200 300
Day of year

at Dome C (left) and Mauna Kea (right), over 1 year, for Sun elevations less than

-18°. The gray shading is for observations at zenith, and the black is for a zenith distance of 60° at the same azimuthal position as the Sun.

is always fairly low on the horizon. In contrast, at Mauna Kea
the zodiacal sky brightness at zenith is always brighter than
about 23.1 mag arcsec"”, reaching a maximum contribution of
about 22.1 mag arcsec"". At a zenith distance of 60° and in
the azimuthal direction of the Sun, the zodiacal light at Dome
C is always darker than about 22 mag arcsec'"; at Mauna Kea,
it can get as bright as about 20.8 mag arcsec"-. This reduced
contribution from zodiacal light is of course not a characteristic
of the site per se, but rather a refection of the fact that a
different part of the sky passes overhead at Dome C than at
Mauna Kea.

Airglow

Airglow, observed at night, is the chemiluminescence of
upper atmosphere molecules and atoms. This so-called night-
glow includes a quasi continuum from NO2 and a number of
discrete emission lines, the strongest by far being from the
hydroxyl radical. A number of visible nightglow emission lines
are listed in Table 4, along with the typical altitude of the
emitting atmospheric layer and typical intensities.

Nightglow is unpolarized and on a large scale increases from

2006 PASP, 118:489-502

zenith to the horizon, as described by the van Rhijn function.
On a small spatial scale, nightglow emissions are uneven and
blotchy across the sky. Nightglow emissions vary over short
and long timescales.

Nightglow emissions are mainly from the thin mesospheric
layer, centered at an altitude of 85-90 km. OH Meinel bands
are primarily excited by a reaction between ozone and atomic
hydrogen (Le Texier et al. 1987). The concentrations of O3 and
H depend on the atomic oxygen mixing ratio (Le Texier et al.
1987), which is largely controlled by the transport processes
in the mesosphere and lower thermosphere (Garcia & Soloman
1985). At low and middle latitudes, there is a semiannual var-
iation in atomic hydrogen and hence OH nightglow (Le Texier
et al. 1987).

Because of the effi cient mechanisms that transport reactants
from sunlit locations to the poles, there is no reason to expect
a diminution in the chemiluminescence of species such as OH
and O2 during the long polar night. Phillips et al. (1999) ob-
served a small reduction in OH emission at the South Pole in
1995 relative to temperate sites, but this is more likely ex-
plained by the known highly variable nature of OH emission.
Continuous monitoring of the Meinel bands of OH in the
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TABLE 4
AIRGLOW EMISSIONS AT ZENITH IN THE VISIBLE RANGE

Wavelength Height Typical Intensity
(nm} Source (km) (R) Comments
Nightglow from Chemical Association
260-380 .......... 0, 90 05 A" Herzberg bands
600-4500 ......... OH 85 45 x 10° Strongest bands in near-infrared
500-650 .......... NO, 90 250 Nightglow continuum
5577 O1 95 250
589.0, 589.6 ...... Na D ~92 50 Strong seasonal variation
7619 ... 0, ~80 1000 Atmospheric bands
8645 ............. o, ~80 1000 Atmospheric bands
Nightglow from Ionic Reactions
519.8, 520.1 ...... N1 1
5577 oiiiiiiint O1 250-300 20 High atmospheric, chiefly in tropics during
enhancement of O 1 AA630.0, 636.4
6300 ............. 01 250-300 100 Sporadic enhancements in tropics assocciated
with ionospheric disturbances
6364 ............. O1 250-300 20

NOTE.— IR = 1/(47) x 10" photons m™ s~* sr™".

REFERENCES. — Roach & Gordon 1973; Leinert et al. 1998 and references therein.

band with a Michelson interferometer has been carried out at
the pole since 1992 January, and the data are now publicly
available online.® As expected, these data show very large
hourly and nightly variations, with no diminution in average
intensity as the winter progresses.

Zaragoza et al. (2001) measured the OH nightglow emissions
in a narrow spectral band near 4.6 um for just under 1 year.
Using the Improved Stratospheric and Mesospheric Sounder
on the Upper Atmosphere Research Satellite (UARS), they have
almost full global coverage (80° north to 80° south). They fi nd
at high latitudes a springtime minimum in the OH emission
~30% below the global mean, although this is only for 1 year
of data. During the Northern Hemisphere winter solstice period,
their averaged measured intensities of OH nightglow at high
latitudes and midlatitudes are the same to within the errors.

Measurements of OH nightglow between 837.5 and 856.0 nm
at Davis, Antarctica (68°35' south, 77°58' east), over 7 years
(Burns et al. 2002) show a barely signifi cant seasonal variation
in emission intensity, although there are large day-to-day var-
iations (G. Burns & J. French 2005, private communication).
We therefore expect that the Dome C sky brightness in those
bands (650 nm—2.2 um) that are dominated by OH emission
will be essentially identical to that at all other observatory sites,
including Mauna Kea.

The strongest nightglow emission in the visible is the
557.7 nm line of O ('S). As discussed in Shepherd et al. (1997),

3 See the South Pole Michelson Interferometer Web page: http://cedarweb
.hao.ucar.edu.

the 557.7 nm emission is caused by the reactions

0,+hv = 0+0, )
O+0+M - O, 3)
0;+0 = 0,+0(9), (4)

0 (S) = O(CP) + hv (557.7 nm), )

where M is usually N,. O and O ('S) have very short lifetimes;
however, atomic oxygen above an altitude of 100 km has a
long lifetime and can be transported globally before
recombination.

Using a model of global tides in the thermosphere, iono-
sphere, and mesosphere, Yee et al. (1997) predict an increase
of some 50% in the O ('S) 557.7 nm emissions toward the
poles, although more data are needed to confirm this model.
Note, however, that this single strong line can be easily fi ltered
from astronomical measurements. In general, we expect that
there will be little difference in overall airglow emissions be-
tween Antarctic and temperate sites.

2.6. Integrated Starlight, Diffuse Galactic Light, and
Integrated Cosmic Light

Telescopes can only identify as individual objects those stars
that are brighter than a certain magnitude. The integrated flix
from all stars fainter than this magnitude contributes to the sky
background. The limiting magnitude of a telescope depends on
the seeing of the site, the atmospheric extinction, and the size
of the telescope. The expected excellent seeing and low atmo-
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spheric extinction at Dome C will ensure that the limiting mag-
nitude of even a small telescope will be sufficient to reduce
the integrated unresolved starlight to negligible levels.

Diffuse Galactic light is a result of the scattering of starlight
by interstellar dust and is brightest toward the center of the
Milky Way, where the concentrations of stars and dust are
highest. The typical zenith value of diffuse Galactic light in
the V band is about 23.6 mag arcsec "> (Roach & Gordon 1973).
At Dome C, the Galactic plane continuously circles close to
the zenith, leading to a relatively high contribution from in-
tegrated starlight and diffuse Galactic light, compared to other
sites. At Dome C, the Galactic latitude of the zenith ranges
between —10° and —40°, whereas at Mauna Kea the range is
much larger, —40° to +85°, with the Galactic plane being close
to the horizon for some of the time.

The integrated cosmic light contribution (redshifted starlight
from unresolved galaxies) is very small at all sites, compared
to all other sources of sky brightness. No fi rm measurement
exists for its value; however, upper and lower limits have been
measured and estimated from models, giving a range of about
25 to 30 mag arcsec™* at 550 nm (Leinert et al. 1998 and
references therein).

Dome C will receive a comparatively higher contribution of
light from the Galactic plane than lower latitude sites. However,
this contribution is small when compared to other sources of
sky brightness and, as with zodiacal light, depends on the sky
position being observed.

2.7. Light Pollution

Light pollution from towns and cities can cause a consid-
erable increase in the brightness of the night sky. Light pol-
lution is mostly caused by light from vapor lamps (Hg-Na
emission lines in the blue—visible spectrum) and incandescent
lamps (weak continuum) (Benn & Ellison 1998 and references
therein). Garstang (1989a) modeled the increase of the zenith
sky brightness caused by light pollution at various sites. Gar-
stang (1989b) further predicts the increase in light pollution at
various sites over time. For example, Garstang (1989b) predicts
that artifi cial sky brightness will increase the total sky bright-
ness by between 0.04 and 0.53 mag arcsec™* at Mauna Kea by
the year 2020. This estimate is based on projections of pop-
ulation increase and does not take into account changes in light
sources and systems or unforeseen circumstances, such as ma-
jor tourist or housing developments nearby the sites, as noted
in the paper. Light pollution can signifi cantly increase the
brightness of the night sky. For further discussions of night-
sky brightness modeling and world maps of the artifi cial sky
brightness, see Cinzano & Elvidge (2001, 2004) and references
within.

The closest station to Dome C (Vostok, at 78°27'51" south,
106°51'57" east) is 560 km away. The placement of external
lighting at the Dome C station itself will be carefully considered
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in relation to astronomical observations. With proper planning,
there should continue to be no artifi cial-light pollution at Dome
C, while the light pollution at other sites is likely to increase.

3. ATMOSPHERIC EXTINCTION

Atmospheric extinction is caused by the scattering and ab-
sorption of light as it travels through the atmosphere. Extinction
in the atmosphere decreases the amount of light received by
an observer and lowers the limiting magnitude of a telescope.

As radiation travels from the top of the atmosphere to the
surface of the Earth, it may be transmitted directly to the sur-
face, with no attenuation or scattering. Alternatively, it may
undergo one or more of the following processes: single or
multiple scattering, refection from the Earth’s surface, or ab-
sorption by an atmospheric particle or molecule. Scattering is
described by Rayleigh scattering (27rr < \) from gaseous mol-
ecules, Mie scattering (27r ~ A) from aerosol particles (where
r is the radius of the particle and A is the wavelength of the
light interacting with the particle), and a small amount of scat-
tering due to turbulent cells. Radiation is absorbed in the atmo-
sphere by molecules (especially water vapor and ozone), aero-
sol particles, and liquid or frozen water in clouds (Coulson
1988). All these processes of scattering and absorption are
strong functions of altitude and wavelength, and their effect,
with the exception of Rayleigh scattering, is highly variable
with location and time.

Scattering has two effects on astronomical observations: it
increases the overall sky brightness and decreases the flix re-
ceived from the object being observed. Atmospheric absorption
will also decrease the signal fhix. Beer’s law describes the
attenuation of light caused by the atmosphere:

Iy = Lyexp (-t - -1, (6)

where I, is the fux received by the observer, [, is the flx
outside the atmosphere, and 7 is the wavelength-dependent op-
tical thickness of the atmosphere; a sum of the Rayleigh R,
aerosol A, water vapor W, ozone O, and cloud C optical
thicknesses.

3.1. Rayleigh Optical Depth

Rayleigh optical depth is dependent on the molecular com-
position of the atmosphere and is proportional to X*. The mo-
lecular composition varies with the pressure, temperature, and
refractive index of the atmosphere above the Earth’s surface.
Rayleigh optical depth is essentially constant between sites of
similar elevation (see Bodhaine et al. [1999] and Tomasi et al.
[2005] for further details on Rayleigh optical depth calculations).

3.2. Aerosol Optical Depth

Aerosol optical depth is extremely variable with geography
and time and is dependent on the concentration, size, refractive
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index, and chemical composition of the aerosol particles. The
complex refractive index of a particle is m = n — ik, where n
is the real part (1.45-1.60) and & the imaginary part (0.001-0.1);
the bracketed ranges are typical values for most “dry” atmo-
spheric aerosols (Coulson 1988). High humidity in the air can
cause condensation to occur on aerosol particles, which changes
the index of refraction, size, and mean density of the particle.
The vertical profile of the aerosol content of the atmosphere
can be derived from intensity measurements during twilight as
different levels of the atmosphere are illuminated by sunlight.
For the best sites, the aerosol optical depth needs to be as small
as possible.

No aerosol measurements have been taken yet at Dome C;
however, aerosol measurements at the South Pole and Mauna
Loa, Hawaii, have been taken since 1974 (Bodhaine 1995 and
references therein). The wavelength-dependent aerosol scatter-
ing coeffi cient is defi ned ag3;, = N,o, , wheraV, is the number
concentration of aerosol particles and o, is the scattering cross
section. At the South Pole, 8, (550 nm) is very low, varying
between 1 x 1077 and 4 x 107”7 m~'. The maximum values
are seen in winter and are associated with long-range midtro-
pospheric transport of sea salt from the coast. Scattering from
polar stratospheric clouds may also contribute to the maximum
seen in winter (Collins et al. 1993). In comparison, at Mauna
Loa, 8, (550 nm) varies between6 x 1077 and 60 x 107" m™,
showing maximum values during winter and spring that are
associated with dust transport.

3.3. Absorption Optical Depths

The absorption of visible and infrared radiation in the atmo-
sphere is dependent on pressure, temperature, and concentra-
tions of the absorbing gas (largely water vapor and ozone) and
aerosol, all of which vary with location, height, and time (Zuev
1974). Atmospheric absorption is described by the imaginary
part & of the refractive index of the atmospheric particles such
that the absorption coeffi cient (i) is

47k

B, = ~ = a,N,, )

where o, is the absorption cross section (m?) and N, is the
concentration of absorbers (m~3). At most wavelengths, water
vapor is the primary absorber in the atmosphere, and its con-
centration is highly variable. The optical thicknesses for water
vapor and clouds show complicated and highly variable
changes in magnitude with wavelength and time. The aerosol
absorption coefficient for light at 550 nm at the South Pole
varies between 2 x 107'° and 5 x 10”7 m™', comparatively
lower than at Mauna Loa (from 1 x 107 t0 3 x 107" m™';
Bodhaine 1995 and references therein).

To minimize the total optical depth, a site with low water
vapor concentration, few clouds, and low aerosol concentration
is required. Dome C fits all these criteria and may have an

even lower atmospheric aerosol content than the South Pole,
because of its greater distance from the coast. We therefore
expect both the scattering and absorption by aerosols to be
typically an order of magnitude less at Dome C than at Mauna
Kea, and that the overall atmospheric extinction will be the
lowest possible.

At ultraviolet wavelengths, the reduced atmospheric aerosol
content should lead to improved transmission. However, the
infamous “ozone hole” is unlikely to be of signifi cant benefi t
to astronomers. From January until August, the column density
of ozone in the atmosphere above the South Pole is typically
the same as at other sites around the world. It is only during
the spring months that the ozone content falls to as low as 40%
of its normal value. Unfortunately, these low ozone values do
not occur in the dark winter months. Furthermore, because the
Hartley bands of ozone are heavily saturated, even a reduction
in ozone column density by a factor of 3 (i.e., somewhat greater
than is actually observed over the South Pole) would shift the
UV cutoff wavelength of the atmosphere by only about 5 nm.

4. USING A POLARIZER DURING TWILIGHT

Dome C experiences long periods of twilight, where the solar
depression angle is between 0° and —18°. Baldry & Bland-
Hawthorn (2001) have suggested using a polarizing filter to
reduce the scattered sunlight contribution to sky brightness
during twilight in order to achieve “dark time” observing. At
sites close to the equator, this probably would not be worth-
while, because twilight only lasts a few hours. However, the
use of a filter during twilight in Antarctica could be very ben-
eficial, as noted in that paper. For example, if dark-time con-
ditions at Dome C could be achieved at a solar depression
angle of 15° the available “dark” observing time would in-
crease by 18%.

In § 4.1 we discuss the intensity and polarization of twilight,
and in § 4.2 we review the fi lter proposal by Baldry & Bland-
Hawthorn (2001). In § 4.3 we look at measurements of the
polarization of daylight at the South Pole. In § 4.4 we look in
some detail at measurements of the total polarization of twilight
in the atmosphere as a function of solar zenith angle Z, and
wavelength N and explore the benefi t that might be gained by
using a polarizer on an Antarctic telescope.

4.1. Intensity and Polarization of Twilight

During twilight, the total background light I, reaching the
surface consists of singly scattered sunlight I, multiply scat-
tered sunlight /,,, and the night-sky illuminance I

I =I+1,+1, (8)
The night-sky illuminance includes all the sources of sky
brightness discussed in § 2, except for moonlight and sunlight.

Sunlight becomes polarized in the atmosphere through scat-
tering interactions with permanent atmospheric gases, variable
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gases, and solid and liquid particles suspended in the atmo-
sphere. The total degree of polarization of twilight is given by

~

P==R+-"p, Q)

I

ot

where F; and B, are the degrees of polarization of singly and
multiply scattered light, respectively. The polarized component
of the background night-sky flix is assumed to be negligible
with respect to that of the scattered sunlight.

Singly scattered sunlight is a combination of sunlight scat-
tered from molecules and aerosols. The polarization of sunlight
that is singly scattered from molecules can be modeled (see
Coulson 1988). In such a model, the atmosphere is considered
to contain only permanent gases, with no aerosols, clouds,
water vapor, or ionized particles, and it is assumed that the
scattering particles are spherical and that the refractive index
is very close to unity.

Figure 6 shows the results of a calculation using this model
for Z,, = 90° 96°, 102°, and 108° (i.e., from sunset to the end
of astronomical twilight). The light shading shows that a large
section of the singly scattered sunlight perpendicular to the Sun
is polarized to a high degree, whereas in the direction parallel
to the Sun, the polarization rapidly drops off with zenith angle.
The bottom panel of the fi gure shows the polarization at zenith
as a function of increasing solar zenith angle for B™* = 85%
and 100%. This indicates that singly scattered light (in an ideal
atmosphere) is highly polarized over a substantial fraction of
the sky during twilight.

The degree of polarization (although not the pattern) in the
real atmosphere differs from this model because of nonisotropic
molecular scattering, aerosol scattering, and refection from the
Earth’s surface.

Multiply scattered sunlight is polarized to a lesser degree
than singly scattered light. Multiple scattering is confined to a
thin atmospheric layer that is much closer to the Earth'’s surface
than the single-scattering layer (Ougolnikov 1999). The po-
larization of sunlight can be further reduced by refkction from
high-level clouds and cloud-forming particles (e.g., Pomozi et
al. 2001).

The highest polarization of light occurs when water vapor
and aerosol concentrations are very low and the Rayleigh op-
tical depth is as small as possible, suggesting that scattered
sunlight at Dome C should in general be more highly polarized
than at temperate or tropical sites.

4.2, Potential Improvements with a Polarizer

Use of an appropriately oriented polarizer will reduce the
sky background to

I, = 11,[1 = P(1 + 27)}, (10)

where 7 is the transmission of the polarizer with unpolarized
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light and v is the extinction of the polarizer (Baldry & Bland-
Hawthorn 2001).

Assuming photon-noise-limited observations, a perfect po-
larizer, and no change in instrument response with polarization,
a polarizer will be benefi cial whenever

lot 1

P=z-—1) (11

B

where I, is the magnitude of the object. Objects that are very
dark compared to the sky background require P > 52% for
7 = 0.48; for a sky background of 20.5 mag arcsec™?and object
of 22 mag arcsec™?, the polarization must be greater than 65%
for a polarizer to be benefi cial.

Baldry & Bland-Hawthorn (2001) assume the polarization
of twilight is always 85%, independent of solar elevation angle.
Although the polarization of singly scattered light is probably
always above 85% (for a clear atmosphere), the total polari-
zation depends on the relative intensity of the singly and mul-
tiply scattered light with respect to the total sky intensity, as
in equation (9).

4.3. Polarization at the South Pole and Effects of Ice
Precipitation

Currently, no measurements of the polarization of twilight
at Dome C have been taken. However, Fitch & Coulson (1983)
measured the polarization of the sky at the South Pole during
summer, under clear sky conditions, and when ice crystals were
evident. They found the degree of polarization to be very high
under clear sky conditions, and close to the results given by a
Rayleigh model. The presence of ice crystals reduced the de-
gree of polarization and had a greater effect at longer wave-
lengths. We expect that the atmosphere at Dome C will also
closely resemble a Rayleigh atmosphere, and therefore at small
solar depression angles the scattered light will be highly
polarized.

4.4. Spectral Characteristics of Polarization as a Function
of Solar Depression Angle

Over the course of twilight, the polarization and intensity of
skylight changes as different levels of the atmosphere are il-
luminated. In this section, we look at measurements of twilight
polarization and intensity at various high-altitude, clean sites.
The behavior of the total degree of polarization P as a function
of solar zenith angle Z, can be roughly divided into three
regimes; we assess the benefit of using a polarizer in each
regime. The polarization P also behaves somewhat differently
for red and blue wavelengths, with a division around A =
550 nm. Note that P(Z,) usually shows day-to-day variations
at each site, and there is some overlap in the three ranges of
solar zenith angle. This is probably caused by different weather
conditions and vertical aerosol concentrations.

The typical behavior of P as a function of Z; and \ is
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FIG. 6.—Top-. Full-sky plots of the degree of polarization using the Rayleigh model for Sun zenith angles of (a) 90°, ib) 96°, (C) 102°, and (d) 108° (i.e., from
sunset to the end of astronomical twilight). The circles indicate elevation angle and are spaced 20° apart. Bottom: Polarization at zenith as a function of solar

zenith angle for a Rayleigh atmosphere with assumed maximum polarization of 100% and 85%.
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TABLE 5
TYPICAL BEHAVIOR OF THE DEGREE OF POLARIZATION WITH SOLAR ZENITH ANGLE AND WAVELENGTH

Zg = 96°-102° Zq = 102°-108°

Steep decrease with increasing Z~,. then a  Steep decrease with increasing Zq, then
fbt or a minimum section between 98 °

starts to fetten at ZQ ~ 104°

and 102°

Parameter Zq = 90°-96°
P (blue X) Maximum: Zq - 92°-94°: decreases
with increasing Zq; X dependent
P (red X) Maximum: Z» - 90°; decreases with
increasing Z,j,; X independent
Processes /j dominates over /,,; negligible

Polarizer advantage Z~90°./0>5.3; Z~92°./0>5.7:

z~094°. j0>12\Z~06°. lo> 9.9°

Steady decrease; occasional second maxi-
mum associated with aerosols
dominates over /j;
ZQ < 98°; P <60% for both ranges

Z~98°. /o> 14.3; Z~ 100°. /,,> 18.3

Steep decrease

negligible for Is dominates over  for ZQ > 104°; /v
dominates over and /,,; P strongly
X dependent: aerosol scattering impor-
tant: P <50% for both ranges

No advantage in using a polarizer

' Maximum object brightness (mag arcsec ‘) for which a polarizer will yield an advantage at 690 nm. based on the results of Pavlov et al. (1995).

REFERENCES. —Bondarenko 1964; Coulson 1980. 1988: Pavlov et al. 1995.

summarized in Table 5, which is derived from the work of
Bondarenko (1964), Coulson (1980), Pavlov et al. (1995),
Ougolnikov & Maslov (2003), and Postylyakov et al. (2003).
Figure 7, from Pavlov et al. (1995), shows the typical variations
of single, multiple, and total polarization as a function of solar
zenith angle during twilight.

TheZg = 102°-108° regime is where one might have hoped
to turn twilight into dark time. However, as shown in Table 5,
measurements at other sites show the polarization in this range
to be less than about 50%, and hence, as discussed in § 4.2, the

94 98 102 106 -O' "eg

FIG. 7.—Polarization as a function of solar zenith angle. Curves 1 and 2 are
calculated for singly scattered Ught {Ps) in a clear atmosphere, curves 3 and 4
are averaged measurements of the total polarization {P}. and curves 5 and 6 are
the calculated polarization for multiply scattered light (?,,). The dashed lines are
for polarization at 480 nm, and the solid lines are for 690 nm. (Reproduced from
Pavlov et al. 1995, courtesy of the American Geophysical Union.)
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use of a polarizer would not be benefi cial. The total polarization
at Dome C at these solar zenith angles is likely to be similar to
the sites discussed, because all measurements were taken at clean,
high-altitude sites (therefore with small Rayleigh optical depths)
on visibly clear days. We therefore conclude that there is likely
to be no gain in using a polarizer in this regime.

For observations of bright stars (for example, direct imaging
of exoplanets around host stars with typical magnitudes of
V = 11), a high sky background can be tolerated. Using a
polarizer for this type of observation could be advantageous
during those times when the Sun is up to 6° below the horizon.

5. CONCLUSIONS

Dome C has a similar number of cloud-free, astronomically
dark hours compared to a more temperate site, such as Mauna
Kea. Nevertheless, the fraction of observable sky at Dome C
is considerably lower than at Mauna Kea. Atmospheric scat-
tering at Dome C should be close to the lowest anywhere on
Earth, reducing the sky brightness contributions from sunlight,
moonlight, and tropospheric scattering, and reducing the ex-
tinction throughout the optical. The moonlight contribution to
sky brightness over the year is less than at lower latitude sites.
Aurorae will rarely be more than T above the horizon and will
typically be more than about 1160 km away; they will generally
be unobservable. Zodiacal light is darker at both zenith and
60° from zenith than at equatorial sites and will always be
darker in V than 23.1 mag arcsec"” at zenith. Airglow is es-
sentially the same at all sites. The integrated starlight and dif-
fuse Galactic light will be slighdy brighter at Dome C than at
other sites, because the Galactic plane is always close to zenith.
There is no artifi cial-light pollution at Dome C, a condition
that should continue indefi nitely.

In early evening twilight and late morning twilight, some
advantage could be gained through the use of polarizing fi Iters.
However, as the sky becomes darker, such filters are of less
benefi t.

Dome C thus appears to be an attractive site for optical as
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well as infrared astronomy. Versatile facilities such as the pro-
posed 2 m telescope PILOT (Pathfinder for an International
Large Optical Telescope; Burton et al. 2005) should therefore
be able to achieve their scientifi ¢ potential at Dome C across
the full observable spectrum.

This research is supported by the Australian Research Coun-
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ABSTRACT. We present low-resolution turbulence profiles of the atmosphere above Dome C, Antarctica,
measured with the MASS instrument during 25 nights in 2004 March—May. Except for the lowest layer, Dome
C has signifi cantly less turbulence than Cerro Tololo and Cerro Pachm. In particular, the integrated turbulence
at 16 km is always less than the median values at the two Chilean sites. From these profi les we evaluate the
photometric noise produced by scintillation, and the atmospheric contribution to the error budget in narrow-angle
differential astrometry. In comparison with the two midlatitude sites in Chile, Dome C offers a potential gain of
about 3.6 in both photometric precision (for long integrations) and narrow-angle astrometry precision. These gain
estimates are preliminary, being computed with average wind-speed profi les, but the validity of our approach is
confirmed by independent data. Although the data from Dome C cover a fairly limited time frame, they lend
strong support to expectations that Dome C will offer signifi cant advantages for photometric and astrometric

studies.

1. INTRODUCTION

The potential of the Antarctic plateau for astronomy has been
recognized for many years. In the early 1990s Gillingham
(1991, 1993) suggested that the atmospheric turbulence above
a thin boundary layer would generally be very weak. This was
confi rmed by the fi rst measurements at the South Pole by Marks
et al. (1999). These showed that most turbulence is found close
to the surface, in this case confined to a 200 m thick layer,
with very weak turbulence at high altitudes. In comparison, at
most temperate sites the turbulence is strong in the tropopause
and above, caused by the interactions of the jet stream with
temperature gradients in the tropopause. A brief history of
astrophysics in Antarctica is presented by Indermuehle et al.
(2005).

Dome C, Antarctica is potentially one of the best astronom-
ical sites in the world. As a local maximum in elevation on
the plateau, Dome C enjoys very low surface wind speeds, on
average 2.9 m s~' (Aristidi et al. 2005).

The atmospheric turbulence at Dome C has now been studied
with four different techniques: acoustic radar, MASS (a scin-
tillation profi ling technique; see below), DIMM, and microth-
ermal sensors. An acoustic radar, or SODAR, emits sound
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pulses into the air and derives the strength of the atmospheric
turbulence as a function of height from the intensity and delay
time of the refected sound. A DIMM, or differential image
motion monitor, observes the relative motion of two images of
the same star viewed through two subapertures of a small tele-
scope. From this, the DIMM can derive the integrated atmo-
spheric seeing. Microthermal sensors, carried aloft on a weather
balloon, make an in situ measurement of the temperature flic-
tuations of the air as a function of height all the way to the
top of the atmosphere.

SODAR measurements in the early months of 2003 by Tra-
vouillon (2005) showed that, as expected, the surface turbulent
layer at Dome C was much thinner that at the South Pole.
Combined MASS and SODAR measurements of the turbulence
in winter 2004 gave an average seeing of 0727 above 30 m,
with the seeing below 0715 for 25% of the time (Lawrence et
al. 2004b). DIMM measurements in winter 2005 (Agabi et al.
2006) confirmed these results, showing an average seeing of
0”25 above the ground layer (Agabi et al. 2006, Fig. le), and
balloon microthermal measurements by the same authors imply
a median seeing of 0”36 + 0719 at a height of 30 m. They also
showed the existence of an intense turbulent boundary layer,
finding a median seeing of I'9 from ground level, with 87%
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of the total atmospheric turbulence confi ned to the first 36 m
of atmosphere.

As expected, at Dome C the sky background in the infrared
(Walden et al. 2005) is lower than at temperate sites because
of the extremely cold temperatures and lower precipitable water
vapor. For the same reason, the atmospheric transmission in
the submillimeter is higher than at temperate sites (Calisse et
al. 2004). An assessment of the optical sky brightness has been
recently published by Kenyon & Storey (2006).

To date, the winter time scintillation at Dome C has only
been estimated from atmospheric models (e.g., Swain et al.
2003). Scintillation is an important factor in measurements re-
quiring high-precision photometry (e.g., extrasolar planet de-
tection) and astrometry, and of objects with very fast intensity
changes (e.g., asteroseismology; Heasley et al. 1996; Fossat
2005).

Here we evaluate the scintillation noise contribution to pho-
tometry and the atmospheric noise contribution to narrow-angle
astrometry, using a set of low-resolution turbulence profi les
measured at Dome C in 2004. The instrument and data are

“described in § 2. In § 3 we outline the theory of atmospheric
turbulence, scintillation, and interferometry. In § 4 we present
our results and discussion.

2. MASS MEASUREMENTS

The turbulence profile of the atmosphere at Dome C was
monitored with a MASS (multiaperture scintillation sensor)
instrument during the first 2 months of the 2004 night time:
2004 March 23 to 2004 May 16. The analysis of these data in
terms of seeing has been reported by Lawrence et al. (2004b).

The MASS instrument and theory are described in detail in
Kornilov et al. (2003) and Tokovinin et al. (2003). In brief,
starlight is directed via a telescope onto four concentric annular
mirrors that split the entrance aperture into rings with projected
outer diameters of 19, 32, 56, and 80 mm. Each of the four
beams is directed to a miniature Hamamatsu photomultiplier
that samples the stellar intensity at a 1 kHz rate. Four normal
and six differential scintillation indices are calculated for each
1 s integration and further averaged during 1 minute. The set
of 10 indices is fi tted to a model of six fi xed layers at heights
0.5, 1, 2, 4, 8, and 16 km above the observatory. For each
layer i, the integrated turbulence J; (m'?) is calculated:

7 =f CX(h)dh, )
Layer i

where C*(h) (m™??) is the refractive index structure constant
and A is the height above the site. The spectral response of
MASS is from 400 to 550 nm with a FWHM bandwidth of
100 nm.

The profi le restoration from scintillation indices is a delicate
procedure, and errors may reach 10% of the total turbulence
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integral. The errors are larger for the lower layers, while the
two highest layers (8 and 16 km) are measured well. The second
moment of the turbulence profi le used in this paper is measured
by MASS with high reliability, as well as lower moments. This
has been demonstrated by intercomparing MASS and SCIDAR
instruments (Tokovinin et al. 2005).

The Dome C MASS (Lawrence et al. 2004a), operated in
the AASTINO (Automated Astrophysical Site Testing Inter-
national Observatory; Lawrence et al. 2005), uses a gimbal-
mounted siderostat mirror feeding a fixed 85 mm refracting
telescope.

MASS instruments also operate at a number of other sites.
To provide a comparison to the Dome C results, we have also
included the publicly available data' from the Cerro Tololo and
Cerro Paché n observatories in Chile. The profiles for Cerr
Paché n have been discussed and modeled by Tokovinin &
Travouillon (2006).

3. THEORY
3.1. Turbulence

Many astronomical measurements are limited by the Earth’s
atmosphere. A wave front located at height 4 and horizontal
position vector x in the atmosphere can be described by its
complex amplitude ¥,(x) (Roddier 1981),

\I’h (x) = ex;.(:)*ri%(x)’ 2)

where x,(x) is the logarithm of the amplitude and y,(x) is the
phase of the wave.

Atmospheric turbulence introduces pure phase distortions.
As the wave front propagates through the atmosphere, ampli-
tude modulations appear as well. In the geometric optics ap-
proximation, phase perturbations act as positive or negative
lenses, changing the wave front curvature and producing in-
tensity modulation at the ground. Diffraction is also important
and defi nes the size of the most effective atmospheric ‘lenses”
to be of the order of the Fresnel radius,

re = (AR, 3)

where M is the wavelength of light and 4 is the height of the
turbulent layer above the observatory site. For example, if the
dominant turbulence layer is at 10 km, then at 500 nm, r, =
7 cm.

Dravins et al. (1997a, 1997b, 1998) present detailed discus-
sions of stellar scintillation, including statistical distributions
and temporal properties, dependence on wavelength, and ef-
fects for different telescope apertures.

! Obtained from the National Optical Astronomy Observatory Web page
‘Sites Data Access” at http://139.229.11.21.
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3.2. Scintillation Noise

The scintillation index o is used as a measure of the amount
of scintillation and is defi ned (for small intensity flictuations)
as the variance of Al (I). In the weak-scintillation regime,
o/ < 1, the effects of all turbulence layers are additive. In this
case, the scintillation index is related to the refractive index
structure constant C/(h) by (Krause-Polstorff et al. 1993; Rod-
dier 1981)

of =J C(WW(h)dh, (4
[

where the weighting function W(h) is given by

f|Mﬂﬁr“mnCy7#

(5)

W(h) = 167°0. 033

Here h is the height above the observatory, A is the wave-
length, f is the spatial frequency, and |A(f)|> is an aperture
filtering function. This expression is valid for monochromatic
light and has to be modifi ed for wide-band radiation.

For telescope apertures with diameter D < r;, the mono-
chromatic scintillation index is (Roddier 1981)

=3

af = 19.2X7%(cos ‘y)'“"’j h**Cl(h)dh, (6)

[

where v is the zenith angle.
The scintillation index for a large circular aperture with di-
ameter D> ry is

= 17D"""(cos v)? r h>CX(h)dh. 7
]

Large apertures effectively average small-scale intensity flic-
tuations, so that only atmospheric lenses of the order of the
aperture diameter D contribute to the fux modulation. In this
case, geometric optics applies and the scintillation becomes
independent of both the wavelength and the spectral bandwidth.

The above expressions are for very short timescale expo-
sures. For exposure times that are longer than the time taken
for a scintillation pattern to cross the telescope aperture [i.e.,
t > (wD)/V,, where D the telescope diameter and V, the speed
of the turbulence layer], the scintillation index can be calculated
from (Dravins et al. 1998)

oi(1) = f P(v)sinc?(wvt)dv, (8)
0

where v (s ™'} is the temporal frequency and P(») is the temporal
power spectrum, given by Yura & McKinley (1983) and ref-
erences therein as

P(v) = 8.27k2’3j0 %‘fQ(h)dh &)
at the zenith, where k = 2#/\ and
2 q-1ue
mm=f|mnm4[ o I e
(10

Here f, = v/V/(h), f, = (2k/h)"*x, vo(h) = (2k/h)"*V,(h), and
A(f) = [2J,(fDIDJI(fD/2) for a circular aperture with di-
ameter D and f? = f7 + f2.

For large 1, Dravins et al. (1998) simplify equation (8) to

2y = PO
i) == an

In the limit of large apertures D < r, we can replace the
sine in equation (10) by its argument. By setting » = O and
introducing a new variable y = f, D, we can show that

oy apyas | Cath?
P(0) = 21.3D L M0 dh (12)

and is independent of the wavelength.
For a particular set of turbulence and wind profi les, the scin-
tillation noise o, at zenith can be expressed as

S“ D << r;:;
g, = SzD_WG, D> T (13)
S, D172, D> 1y, 13> (xD)Y,,

where

. 00 172

S, = 19.2)\'7"’J h5’°C,,2(h)dh] s (14)
- [}
- 0 /2

S, = 17.3f hZC,,z(h)dh] , (15)
- 0
- wCz(h)hz ]UZ

S, = {107 = dh| . (16)

P J; Vi(h)

The scintillation error can be expressed in magnitudes as
o,(mag) = 2.5log (o, + 1).

In all cases the scintillation noise is dominated by the high-
altitude turbulence, more so in the case of large apertures be-
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cause of the h* weighting. It is the large-aperture case that is
generally of more relevance to astronomical photometry.

3.3. Astrometric Interferometry

The Antarctic plateau has been recognized as a potentially
favorable site for interferometry because the high-altitude tur-
bulence is very weak (Lloyd et al. 2002). In particular, high
precision, very-narrow angle differential astrometry should be
attainable at Dome C using long-baseline interferometry tech-
niques. This would benefi t a number of science programs, in-
cluding extrasolar planet searches and the study of close binary
and multiple star systems (for other examples, see Swain et al.
2003; Lloyd et al. 2002; Sozzetti 2005).

Differential astrometric measurement requires simultaneous
observations of the target and reference object. To achieve this,
each telescope has a dual feed to direct the beam from each
star to the beam combiner (Shao & Colavita 1992). On com-
bination of the beams, a fringe pattern is produced if the dif-
ference between the optical path lengths from each arm of the
interferometer to the beam combiner is within AYA\ (Lane &
Muterspaugh 2004). The difference between the fringe posi-
tions of the two stars is measured. Phase referencing can be
used to improve the limiting magnitude of the interferometer
if the target star and reference object are within the isoplanatic
patch (Shao & Colavita 1992).

Uncertainties in astrometric position measurements arise
from instrumental effects (noise, systematic) and atmospheric
effects associated with temporal incoherence and anisoplana-
tism. See Shao & Colavita (1992), Sozzetti (2005), and Lane
& Muterspaugh (2004) for further details.

The variance in an astrometric position measurement caused
by anisoplanatism (assuming a Kolmogorov turbulence spec-
trum) is described by Shao & Colavita (1992) as

" C*(h)h?
02B™" "—(th (case 1),
2~ 525 o V) (17
GO L
o VB e

where ¢ is the integration time, @ is the angular separation
between two stars, C2(h) and V(h) are the vertical turbulence
and wind profi les, h is the height above the site, and B is the
baseline or diameter of the entrance pupil. These formulae are
only approximate, but the exact coeffi cient is not needed for
the purpose of site intercomparison.

Case 1 applies to interferometry when the integration time
1> B/V and 6h < B, where h and V are the turbulence-
weighted effective atmospheric height and wind speed. Because
of the h* weighting, g, in this regime is very sensitive to high-
altitude turbulence.

Case 2 is applicable to single-dish astrometry and is inde-
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pendent of the size of the telescope when 6h>> B and 1>
6h/V.

For a particular set of turbulence and wind profi les, the error
g, (arcseconds) can be expressed as

C,t7"20B ™ (case 1),

Gum =1 G120 (case 2), (18)
where
o[ S
and
- anom|[ GO )

Note that the expression for C, contains the same combination
of atmospheric parameters as the expression for the photometric
error S;. This is not a coincidence, as both narrow-angle as-
trometry and large-aperture photometry are affected by the
same physical phenomenon: large-scale curvature fiictuations
of wave fronts. Hence, scintillation in large apertures contains
information on the potential accuracy of narrow-angle astrom-
etry at a given site.

4. RESULTS

Using the eight weeks of MASS data from Dome C, we
extracted 11,532 turbulence profi les spread over 51 nights (we
use ‘hight” to mean the period within 24 hr when the Sun is
farther than 10° below the horizon). These data were filtered
according to the criteria B,/F, < 0.03, F,, > F;;..., 6F, < 0.003,
0.7 < F./F,< 09, and x* < 100, where F,, and B,, are the star
fux and background measurements in aperture D (largest ap-
erture). Here Fy,., is a cutoff flix limit set to 100 counts for
o Trianguli and 200 counts for 8 Crucis and 8 Carinae. The
parameter 6F , shows slow fhx variations, used here to elim-
inate data affected by the guiding errors. The fux ratio F./F),
serves to control the aperture vignetting by the entrance win-
dow, which was sometimes covered by snow or frost. The x*
is a measure of the fit quality. After filtering, 1853 profile
over 26 nights remained for further analysis.

Each profi le includes the integrated turbulenceJ, (see eq. [1])
in layers centered at elevations of 0.5, 1, 2, 4, 8, and 16 km
above the site with vertical resolution Ah/h ~ 0.5. Finally, we
calculated the scintillation noise and implied astrometric error
from each profile. In this section, we compare these results
with similar data for the Cerro Tololo and Cerro Paché n ob-
servatories in Chile (see Table 1 for information on each data
set).
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TABLE 1
DaTa SETS
Altitude
Site Location* (m) Date Range Number of Nights ~ Number of Profi les
Dome C ........... 12321 E, 7506 S 3260 2005 Mar 23-2004 May 16 26 1853
Cerro Tololo ....... 70 48 W. 30 09 S 2215 2002 Mar 19-2006 Feb 2 573 98887
Cerro Pach6 n ...... 7044 W, 30148 2738 2003 Jan 9-2006 Jan 30 293 39819

NOTE. — We use ‘hight” to mean the period within 24 hr when the Sun is farther than 10 ° below the horizon.

* Location is given in degrees and arcminutes.

4.1. Turbulence Profiles

Figure 1 shows the cumulative probability that the integrated
turbulence for each height is less than the given J,.

Cerro Tololo has the lowest turbulence in the 0.5 km layer.
At 1 km the turbulence at Dome C is so low that, for most of
the time, it cannot be reliably measured with MASS. Dome C
has a slightly higher probability of smaller turbulence in the 4
and 8 km layers. However, the most signifi cant difference be-
tween the sites is in the 16 km layer; at Dome C the integrated
turbulence in this high-altitude layer is always less than the
median values at Cerro Tololo and Cerro Paché n.

The Cerro Tololo and Cerro Pachd n sites are only 10 km
apart and have a 400 m altitude difference. Hence, we expect
identical high-altitude turbulence for those sites. The differ-
ences seen in Figure 1 refect mostly different seasonal cov-
erage of the data sets (more winter-spring data for Cerro Tololo)
coupled to the systematic seasonal trends in high-altitude tur-
bulence. Similar caution is warranted for the Dome C data that
cover only 25 nights.

4.2. Wind Profiles

The photometric error for long integration times (eqs. [13]
and [16]) and the astrometric errors (eqs. [19] and [20]) depend
not only on the turbulence but also on the wind speed profi le.
As these quantities are likely correlated, the correct way to
estimate the errors requires simultaneous data on wind and
turbulence. The wind profiles can, in principle, be retrieved
from the global meteorological databases like NCEP (National
Centers for Environmental Prediction). However, here we adopt

a simplifi ed approach and use fi xed wind profi le models instead.

Hence, the distributions derived here may be not realistic.

Owing to the strong h* weighting, the astrometric and pho-
tometric errors are almost entirely determined by the highest
MASS layer at 16 km. Hence, the adopted wind speed in this
layer critically infliences our results.

The wind speed profi les for Cerro Pachon and Cerro Tololo
were modeled using a constant ground layer speed V, plus a
Gaussian function to represent the jet stream contribution
(Greenwood 1977):

V(h) = V, + Vexp [- (h—:T—i—i)z] , 2D

where 4 is the altitude above the observatory. We set V, = 8
ms ',V =30ms™',H = 8km, and T = 4 km by comparing
the model to the Cerro Paché n wind profiles in Avila et al
(2000, 2001).

The summer wind speed profile at Dome C also shows a
Gaussian peak at the (somewhat lower) tropopause layer (~5 km)
and fairly constant wind speed at other elevations (see Fig. 4
of Anstidi et al. 2005). In the winter, the wind speed profi le
is different, showing an increase in stratospheric wind speeds
and no peak at the tropopause. So far only three profi les of the
winter wind speed have been published (Agabi et al. 2006).
Figure 2 shows the average wintertime and summertime wind
profi les; we used the wintertime wind profi le in this work.

4.3. Scintillation Noise

The scintillation noise was calculated for the three regimes
discussed in § 3.2, using the results from each site. Figure 3
shows the cumulative probabilities for S, S,, and S,.

For short timescales, the median scintillation noise at Dome
C is a factor of ~2 less than at Cerro Tololo and Cerro Paché n,
in the small-aperture regime. For larger apertures the gain is
slightly higher, ~2.4, because of the weaker high-altitude tur-
bulence at Dome C. As an example, for a 4 m diameter tele-
scope, the median values of the scintillation noise at each site
are 1.2 mmag (Dome C), 3.2 mmag (Cerro Tololo), and 2.8 mmag
(Cerro Paché n).

The more relevant fi gure is the scintillation noise for long
exposure times. We used the wind speed models discussed
above to calculate this parameter. Dome C offers a potential
gain of about 3.6 in photometric precision compared to Cerro
Tololo and Cerro Paché n. From the results we calculate the
median photometric error expected on a 4 m telescope for

= 60 s to be ~53 pmag at Dome C, ~200 pumag at Cerro
Tololo, and ~180 pmag at Cerro Pach6 n.

As a comparison, Dravins et al. (1998) measured P(v) at La
Palma using various small apertures. From their results they
extrapolate P(0) = 5 x 107° s for a 4 m aperture at zenith,
which gives g, = 220 pmag for a 60 s integration, similar to
the typical values for Cerro Tololo and Cerro Pachd n. Our
results are also consistent with those measured at Kitt Peak and
Mauna Kea by Gilliland et al. (1993).
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Dome C  Tololo Pachon

FIG. 1.—Cumulative probabilities that the integrated turbulence for each
height (above the surface) is less than the given 7, for Dome C (solid curve),
Cerro Tololo (dashed curve), and Cerro Pachd n jotted curve). The large
fraction of very low 7, values for the 0.5 and 1 km layers is an artifact of the
MASS profile restoration method in situations when these layers do not
dominate.

4.4. Astrometry

The constants Cj and Cj (§ 3.3) were calculated for each site;
cumulative probabilities are shown in Figure 4. The median
astrometric error a™ at Dome C is ~3.5 times less than the
median values at Cerro Tololo and Cerro Pacho n. In Figure 5,
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FIG. 2.—Average wind speed profiles at Dome C in the winter (Agabi et
al. 2006) and summer (Aristidi et al. 2005), and a model of the wind profi le
at Cerro Tololo and Cerro Pach6 n.

at Dome C is plotted for several baselines as a function
of separation angle 6 for an integration time of 1 hr.

We note that the advantage of Dome C for narrow-angle
astrometry over midlatitude sites is even larger than its ad-
vantage in the fast scintillation. This difference is related to
the adopted wind speed at 16 km altitude (27 and 8.5 m
for Dome C and Cerro Pacho n, respectively). Turbulence ai
Dome C is known to be slow (large time constant; see below),
but the h™ weighting in the expressions for the photometric and
astrometric errors reverses this conclusion because the high-
altitude turbulence dominates the calculation.

Our conclusions are conditional on the adopted wind-speed
models. Using the mean Dome C winter wind speed we cal-
culated a median Cj value of 140 arcsec rad"' m” s"*; de-
creasing the 16 km wind speed to 7 m s"' gave a median C,
value of 200 arcsec rad~' m™ s"*, still well below the median
values at Cerro Tololo and Cerro Pach6 n. As an additiona
check, we computed C, from a set of six balloon profi les of
C” and wind measured at Cerro Pacho n in 1998 October (set
Avila et al. 2000, 2001 for the discussion of these data). The
Ci values range from 380 to 660 arcsec rad" m”" s"*, with a
median of 480. This is close to the median value for Cerro
Pacho n given in Figure 4. Shao & Colavita (1992) calculati
C, at Mauna Kea to be 300 arcsec rad" m" s"*, using the
results from two short observing campaigns.

The fringe phase of an interferometric measurement must
be determined within the atmospheric coherence time. Table 2
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Flg 3.—Cumulative probabilities of the constants ( a) SA, (h) (m™), and

(¢) S (m” s'"") for Dome C, Cerro Tololo, and Cerro Pach6 n. The scintillation
noise <j is the standard deviation of A///, where [is the stellar fiix, and is
equal to 5, for Dcrp, SAD"'" for D»rp, and S*D'*r*'* for D»rF and
t»{irDyVj”~, where D is the telescope diameter, r* is radius of the Fresnel
zone, and tis the integration time.

shows the median coherence times 'q (Roddier et al. 1982a)
and isoplanatic angles do (Roddier et al. 1982b) at each site for
wavelengths 500 nm and 2.2 fim. The median coherence time
at Dome C, measured with MASS, is 7.2 ms at X = 500 nm
and 42 ms at X = 2.2 fim. Using the measured turbulence
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Flg. 4.—Cumulative probabilities that the constants C, and Q are less than
the value given, for Dome C, Cerro Tololo, and Cerro Pach6 n. The astrometric
error a,” (arcseconds) is equal to C*r*~dB"” for t» B/V and dh'*B, and

for :s>d/V and dhis>B. Here t is the integration time, B is the
baseline length, » and V are the turbulence-weighted effective atmospheric
height and wind speed, and 6 is the stellar separation.

profi les and assumed wind profile at Dome C, we calculated
To= 9.4 ms at X = 500 nm.

Phase referencing during the measurement (Shao & Colavita
1992) effectively increases the coherence time, with the con-
dition that the target and reference objects are within the same
isoplanatic patch. The median isoplanatic angle at Dome C is
~3 times larger than at Cerro Tololo and Cerro Pacho n, allow-
ing wider fields to be used for phase referencing.

5. CONCLUSIONS

The scintillation noise at Dome C for fast exposures is typ-
ically a factor 1.9-2.6 times lower than at Cerro Tololo and
Cerro Pacho n, leading to a corresponding reduction in this
ultimate limit for high-precision photometry. The '“mall ap-
erture" scintillation index becomes important for adaptive op-
tics when the distance between the actuators approaches the
Fresnel zone size r* and shadow patterns start becoming re-
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FIG. 5.—Median error ff,A for three baseline lengths at Dome C, with an

integration time of 1 hr.

solved (Masciadri et al. 2004). Adaptive optics will also benefit
from the long coherence time and large isoplanatic angle at
Dome C, particularly in the infrared.

For longer exposures, a, at Dome C is typically 3.4-3.8 times
less than at Cerro Tololo and Cerro Pacho n. For a 60 s inte-
gration on a 4 m telescope, the median photometric error is
~53 ixmag at Dome C. This parameter is important for exo-
planet transit measurements because the change in fljx, caused
by a transiting planet, is related to the planet Rp and star R
radii by AF/F = (Rp/RJ". For example, for a Jupiter-size
planet transiting a Sun-size star AF/F = 0.01; for an Earth-
size planet this ratio is 0.0001. The lower scintillation noise at
Dome C will allow for the transits of smaller planets to be
detected than at the Chilean sites.

The atmospheric contribution to the positional error in a
differential astrometric measurement using a long-baseline in-
terferometer at Dome C is always less than the median values
at Cerro Tololo and Cerro Pacho n. This conclusion is obtained

2006 PASP, 118:924-932
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TABLE 2
ISOPLANATIC ANGLES AND COHERENCE TIMES FOR ADAPTIVE OPTICS

00600 nm) TOSOnm) doR2jim) TOR2 /xm)

Site (arcsec) (ms) (arcsec) (ms)
Median Values

DomeC 5.4 7.2 32 42

Cerro Tololo 1.8 2.0 11 12

Cerro Pach6 n 2.0 2.6 12 16
Average Values

DomeC 5.9 8.8 35 52

Cerro Tololo 1.9 2.8 11 17

Cerro Pach6 n 2.1 3.3 13 20

NOTE.—The values of tq and doat 500 nm are taken from the MASS data

fi les, and the values at 2.2 /xm are scaled by

using average wind profiles and remains provisional until a
more complete analysis is done.

Based on the expected low astrometric error at Dome C, a
number of interferometric projects have already been proposed.
These include the Antarctic Planet Interferometer (API; Swain
et al. 2004), the Kiloparsec Explorer for Optical Planet Search
(KEOPS; Vakili et al. 2004), and the Antarctic L-band Astro-
physics Discovery Demonstrator for Interferometric Nulling
(ALADDIN; Coudé du Foresto et al. 2006). Many scienct
programs would benefi t from an Antarctic interferometer, in-
cluding exoplanet detection and orbit determination and mea-
surement of microlensing events (Lloyd et al. 2002).
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tica
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John W. V. Storey
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ABSTRACT

The brightness of the night sky at an astronomical site is one of the principal factors that determine the quality
of available optical observing time. At any site the optical night sky is always brightened with airglow, zodiacal
light, integrated starlight, diffuse Galactic light and extra-galactic light. Further brightening can be caused
by scattered sunlight, aurorae, moonlight and artificial sources. Dome C exhibits many characteristics that
are extremely favourable to optical and IR astronomy; however, at this stage few measurements have been
made of the brightness of the optical night sky. Nigel is a fibre-fed UV /visible grating spectrograph with a
thermoelectrically cooled 256 x 1024 pixel CCD camera, and is designed to measure the twilight and night sky
brightness at Dome C from 250 nm to 900 nm. We present details of the design, calibration and installation of
Nigel in the AASTINO laboratory at Dome C, together with a summary of the known properties of the Dome C
sky.

Keywords: Site testing, Antarctica, sky brightness

1. INTRODUCTION

Dome C, Antarctica (75°6’ south, 123°21 east, 3250 m) has been recognised as a promising optical and infrared
astronomical site for a number of years.! Above a thin boundary layer the atmospheric turbulence is very weak,
leading to exceptionally good seeing. Measurements of the turbulence using a MASS and a SODAR in winter
2004 showed an average seeing above 30 m of 0.27”, with the seeing better than 0.15” for 25% of the time.? These
results were independently confirmed in winter 2005; DIMM measurements showed an average seeing of 0.25"”
above the ground layer with 87% of the turbulence confined to the first 36 m of the atmosphere.? The extremely
cold temperatures and low precipitable water vapour at Dome C also result in an infrared sky background that
is very much lower than at temperate sites.?

To date the optical sky brightness of Dome C has not been monitored during the winter. Because of the
high latitude of Dome C, the Sun spends a relatively small amount of time a long way below the horizon,
resulting in long periods of twilight. There is thus a need to evaluate both the quality and quantity of dark
time at Dome C. Nigel is a spectrograph designed to measure both the optical twilight and the nighttime sky
brightness at Dome C. Nigel was installed in the AASTINO (Automated Astrophysical Site Testing International
Observatory®) in November 2004 and collected data until 13 February 2005.

In Section 2 we discuss the various contributions to sky brightness at Dome C and discuss the amount of
usable dark time. In Section 3 we discuss the aims, design and installation of Nigel. Finally, in Section 4 we
summarise future plans for Nigel.

2. SKY BRIGHTNESS

The sky is never completely dark in optical wavelengths. At the darkest sites, long after sunset, the sky back-
ground is on the order of 22.0-21.1 V mag arcsec™? at zenith.® Sky brightening is caused by sunlight, moonlight,
airglow, aurorae, zodiacal light, integrated starlight, diffuse Galactic light, extra-galactic light and artificial
sources. Kenyon & Storey (2006)7 present a detailed analysis of the sky brightness at Dome C and provide a
comparison to Mauna Kea, Hawaii. In this section we summarise the main conclusions of that paper.

* suzanne@phys.unsw.edu.au

Ground-based and Airborne Telescopes, edited by Larry M. Stepp, Proc. of SPIE
Vol. 6267, 62671M, (2006) - 0277-786X/06/$15 - doi: 10.1117/12.672362
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Sunlight No direct sunlight reaches the surface of the Earth after sunset, however, sunlight is scattered off
atmospheric molecules and aerosol particles towards the surface. This is the highest contributor to sky brightness
until the Sun is about 8° below the horizon. Scattering from atmospheric molecules is essentially the same at all
sites of similar elevation, so little advantage is expected at Dome C in this respect. However, aerosol scattering
is extremely variable between sites. Because of the extremely clear atmosphere at Dome C it is expected that
aerosol scattering will be minimal. No measurements of aerosols have been taken at Dome C, however the annual
average scattering coefficient at South Pole is 5 times less than at Mauna Loa, Hawaii.8® The main aerosol in
the atmosphere at South Pole is sea salt that has been transported from the coast. As Dome C is further from
the coast than South Pole, it is expected that the aerosol content of the atmosphere there will be even lower.
Astronomical nighttime is formally defined to begin when the Sun reaches a depression angle of 18°. Using this
definition, Dome C has about 50% the dark-time of Mauna Kea. When the cloud cover at each site is taken into
account, however, it appears that Dome C may have a comparable number of cloud-free dark hours to Mauna
Kea.

Moonlight Moonlight brightens the sky in much the same way as the Sun, by direct transmission and scat-
tering. At Dome C, the maximum elevation of the Moon ranges between about 33° and 43° over the 18 yr lunar
nodal cycle. At sites closer to the equator, such as Mauna Kea, the Moon can always pass through the zenith,
regardless of the lunar nodal cycle. Models of the sky brightening caused by the Moon show that, averaged over
the epoch 2005-2015, moonlight brightens the sky at zenith by a median value of 1.7 V mag arcsec™2 at Dome C,
and 2.1 V mag arcsec? at Mauna Kea.”

" Aurorae Aurorae are caused by the collisions of highly energetic solar particles with upper atmosphere atoms
and molecules. The collisions excite the atoms and molecules to higher energy states, from which they radiatively
decay. Dome C is about 10° from the inner edge of the southern auroral oval; aurorae are therefore expected
to be low on the horizon and of low intensity. Using geometric calculations, aurorae at Dome C are generally
expected to be lower than 7° elevation and 1100-2000 km away.

Airglow Airglow, at night, is the chemiluminescence of upper atoms and molecules. Airglow emissions in
the visible are shown in Table 1. In general, little difference in overall airglow emission between Antarctic and
temperate sites is expected.

Table 1. Airglow emissions at zenith in the visible range [7, and ref. therein].

Wavelength (nm) Source Height (km) Typical intensity (R)

260 - 380 0, 90 054"
500 - 650 NO, ) 250
519.8, 520.1 1 N 1

557.7 o) 95 250
557.7 o1 250 — 300 20
589.0, 589.6 Na D ~ 92 50
600 — 4500 OH 85 4500 k
630.0 o) 250 - 300 100
636.4 o1 250 — 300 20
761.9 0, ~ 80 1000
864.5 0, ~ 80 1000
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Zodiacal light Zodiacal light is caused by sunlight scattering from the diffuse cloud of interplanetary dust
that lies in the plane of the solar system. Models of the zodiacal light at Dome C show it is expected to be
always darker than 23.1 V' mag arcsec™2, at zenith. Similar models for Mauna Kea estimate the zodiacal light
to be always brighter than 23.1 V mag arcsec ™. The reduced zodiacal light at Dome C is not a characteristic of
the site per se, but rather due to the different parts of the sky that are observed, i.e., the zodiac is always lower
on the horizon at Dome C.

Integrated starlight Integrated starlight is from all the stars fainter than the limiting magnitude of the
telescope. The limiting magnitude of even a small telescope at Dome C should be dark enough for the integrated
starlight to be reduced to negligible levels.

Diffuse Galactic light Diffuse Galactic light is starlight scattered off interstellar dust. Diffuse Galactic light
is typically about 23.6 V' mag arcsec ™2 at zenith.!Y The Galactic plane is always close to the zenith at Dome C
and this may result in a relatively higher contribution of diffuse Galactic light and integrated starlight, compared
to lower latitude sites. This contribution is rather smaller than other sources of sky brightness and, similarly to
zodiacal light, depends on the celestial coordinates.

Integrated cosmic light Integrated cosmic light is the redshifted starlight from unresolved galaxies. This
contribution, at all sites, is very small compared to other sources of sky brightness, and is expected to be in the
range of 25-30 mag arcsec ™2 at 550 nm.®

Artificial sources The night sky can be brightened considerably by light pollution from towns and cities.
At Dome C, light pollution from other stations will not be a problem; the nearest station (Vostok) is about
560 km away. With thoughtful planning in regards to external lighting at Dome C there should be no artificial
light pollution, whereas the light pollution at other astronomical observatories, with close-by towns, is likely to
increase.

3. NIGEL

Nigel is a fibre-fed spectrograph for the measurement of the optical brightness, temporal characteristics and
spectrum of the twilight and nighttime sky, including auroral events. Nigel was developed from the Antarctic
Fibre Optic Spectrograph (AFOS)!! which operated at the South Pole from 2002-2003.'% Nigel was installed
in the AASTINO at Dome C in November 2004, and operated until 13 February 2005, at which time the entire
AASTINO system was shut down. Unfortunately this means that the darkest sky we recorded was when the
Sun was barely below the horizon.

In this section we describe the instrument design, installation and calibration.

3.1. Instrument Design

Nigel has six optical fibres that collect light from three directions in the sky and direct it into a spectrograph;
the resulting image is recorded on a CCD. The spectrograph, CCD and control computer were located inside the
AASTINO and the fibres fed outside through a roof port. Nigel is designed to operate in the wavelength range
250 nm-900 nm, so to ensure good efficiency over the whole spectral range we used two sets of fibres, optimised in
red and blue wavelength ranges. Both sets of fibres were supplied by Ceramoptec and have a standard numerical
aperture of 0.22 & 0.02 with a core diameter of 100 um. The 6 fibres are paired into blue and red optimised
combinations. The fibre numerical aperture corresponds to an f-ratio of f/2.2; each fibre thus sees a field of view
of 25° on the sky. Each pair of fibres was pointed in a different direction, one pair towards the zenith and the
other two pairs elevated to 30° and pointed in northerly and southerly directions.

The “sky” end of each fibre is held in an SMA connector, with a coaxial copper tube to hold the fibres in place
on the top of the AASTINO. The tube can be electrically heated to prevent ice build up near the fibres. Each fibre
is threaded into Teflon tubing for protection; Teflon was chosen as it remains flexible at the cold temperatures
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Figure 1. Raw CCD image taken with Nigel. Each horizontal line corresponds to the spectrum from one fibre; wavelength
decreases to the right.

experienced at Dome C. Inside the AASTINO the tubes were bundled together and threaded into a rubber tube
for further protection. The spectrograph end of the fibres is held in a brass connector. The connector is machined
with six parallel and evenly spaced V-grooves. Each fibre was glued into a groove and cut flush with the edge
of the connector. The resulting linear array of fibres forms a pseudo-slit to the spectrograph, with the spectrum
from each fibre separated by about 20 pixels on the spectrograph. The fibre ends were hand-polished.

We used a commercial spectrometer (Jobin Yvon model CP200). The grating is concave holographic and
produces a linear dispersion that varies from 24.6 nm/mm in the blue to 25.7 nm/mm in the red. With the
100 pm fibres, the resulting resolution is 2.5 nm full width half maximum. The 1024 x 256 pixel CCD camera
was an Andor unit supplied by Oriel Instruments (model Instaspec IV, open electrode) and is cooled by a single
air-cooled Peltier stage. With a wavelength range of 250-900 nm spread across the 1024 pixel CCD camera, each
resolution element is spread across about 4 pixels. The images on the CCD are saved in the FITS file format.
Figure 1 shows a CCD image taken with Nigel; each horizontal line corresponds to the spectrum from one fibre,
and the wavelength decreases to the right.

3.2. Control

Ultimate control over the operation of Nigel is by the “Supervisor” computer in the AASTINO. The Supervisor
controls the power and heat in the AASTINO as well as the operation of various instruments and communications.
Communications to the Supervisor from off-site are via the Iridium satellite network. Nigel has a separate PC104
computer to control the CCD. The two computers are connected via ethernet and communicate using the ERIC
software package.'3

The observing sequence of Nigel is controlled by a Perl script on the Supervisor that automatically starts
each day by a crontab file. This script controls the frequency of exposures and the exposure times, depending
on the azimuth and altitude of the Sun and Moon, and the phase of the Moon. If the Sun is in the field of
view of a pair of fibres no exposure is taken. If the Moon is in the field, then exposures are taken every 15
minutes, otherwise every 3 hours. The number of exposures taken is limited by the storage capacity available,
when compressed each FITS file is about 125 KBytes in size. If an exposure is to be taken, a shell script is
started that communicates and controls the CCD computer, including cooling the CCD, setting the read out
area and time and taking the exposure. All exposures are saved on the Supervisor and timestamped.

3.3. Calibration
3.3.1. Wavelength calibration

The wavelength scale of the spectrograph was initially calibrated using a domestic fluorescent light tube. The
tube of a fluorescent light contains a rare gas (usually Argon) and a small amount of mercury. The tube is
coated on the inside with phosphor. Typically a combination of three rare earth phosphors is used, emitting
in the red (e.g. Y203:Eu"), green (e.g. CeMgAl;1049: Tbh3t, LaP0,4:Cedt Th3+, GdMgBs0;0:Cedt, Th3+)
and blue (e.g. BaMgAl;,017:Eu?*, (Sr,Ba,Ca)s(PO4)3:Eu?+).1415 Table 2 shows the nominal wavelengths and
probable identifications of each fluorescent peak used for wavelength calibration.

Additional wavelength calibration was from known Fraunhofer absorption lines in daytime sky spectra. Fig-
ure 2 shows a fluorescent and daytime sky spectrum taken with Nigel, with the calibration lines marked.
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Figure 2. Spectrum of a compact fluorescent tube (top) and the daytime sky (bottom) showing the calibration wavelengths.
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3.3.2. Flux calibration

To achieve an absolute flux calibration of Nigel we explored a method using light from a tungsten bulb reflected
off a diffuse white surface.?”2! We also planned to use lunar spectra to check the flux calibration during the
year, as the Moon would pass through the field of view of all but the zenith fibres on several occasions.

The idea behind the first method is to illuminate a Lambertian surface with a tungsten globe and observe the
reflected light with the spectrograph. The spectral luminance (photons s~ '!m~2sr~!(m)~!) of the Lambertian

surface can be calculated from )

B(A,T) :afE(A,T)a()\)m COSG, (1)
where A is the wavelength; T', ay and E(A, T') are the temperature, area and spectral emittance of the filament;
a(A) is the albedo of the surface, L is the distance between the filament and the surface, and 6 is the angle
between the filament and the normal to the Lambertian surface. The temperature of the bulb is estimated from
the known temperature-resistivity relationship for tungsten. The surface area of the filament is calculated from

the power, total emissivity and temperature.

Because of the large wavelength range, we have to take into account light from wavelengths between 245 and
450 nm that will pass through the grating in the second order and contaminate the wavelength range 490 — 900
nm. To account for this we took calibration images with and without a 515 nm long-pass glass filter in front of
the fibres.

Figures 3a and 3b show the response of the system to the illuminated Lambertian screen, unfiltered and
filtered with a long-pass 515 nm filter, respectively. Figures 3c and 3d show the same data, but with the
- intensity axis zoomed in to show the behaviour at short wavelengths. These plots show that even in the filtered
case, the intensity does not drop to zero at shorter wavelengths but has a pedestal of about 215 counts per
second. This is probably caused by scattering within the spectrometer. On average this pedestal accounts for
about 5 x 1075 of the total flux recorded in a fibre, close to the expected stray light rejection ratio of 104
We calculated the expected output from the tungsten globe using Equation (1), this spectrum is shown as the
dashed line in Figures 3a and 3b.

After removing the scattered light contribution (assumed to be a constant 215 counts per second) from the
measured spectra, we took the ratio between the measured response and the tungsten spectrum (see Figures 3e
and 3f). Also plotted is the transmission expected from the quantum efficiency of the CCD?? convolved with the
grating efficiency.?® The system transmission we obtain for the “best” fibre agrees reasonably well both in shape
and in absolute terms with the expected transmission at all wavelengths longer than about 500 nm. However, the
absolute transmission of the other fibres is considerably less. This is probably because of bad coupling efficiency
between the fibre ends and the grating, possibly a result of the polishing technique, or the fibre ends could have
been damaged in transit.

As shown in Figure 3e, this technique of flux calibration becomes unreliable at short wavelengths because the
flux radiated from the bulb is too weak and the response becomes dominated by scattered light. In addition, the
glass bulb will be absorbing some UV light.?!

Figure 4 shows the measured transmission of each fibre, divided by the transmission through the brightest
fibre Fy. Each ratio is fairly constant, showing that as a means of calibrating the transmission between each
fibre, this method is quite useful.

3.3.3. Conclusions on calibration methods

We found that the incandescent bulb method can potentially be used for absolute flux calibration at visible and
near infrared wavelengths. If delicate calibration standards cannot be taken into the field with the instrument,
careful calibration could be carried out in a laboratory and this method could be used to check the calibrations
in the field. Coupled with the wavelength calibration using a fluorescent bulb, this incandescent bulb method
is a cheap and easy way to test the calibration. This technique could be improved by using a hotter filament
in conjunction with a short-pass filter, although at very short wavelengths absorption of UV by the glass bulb
becomes a problem.
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Figure 3. (a) Intensity as a function of wavelength for an exposure of the Lambertian screen without a filter and (b)
with a 515 nm long-pass filter; the solid lines show the measured response through each of the six fibres and the dashed
line shows the calculated emission from the tungsten filament. Plots (¢) and (d) are the same, with the intensity axis
zoomed in. Plots (e) and (f) show the ratio of the measured response to the tungsten spectrum, for the unfiltered and
filtered set-ups, respectively. Also shown (dashed) is the expected quantum efficiency of the CCD convolved with the
grating efficiency. In all cases the order of fibres from brightest is F4, F2, Fe (red), then F3, F5 and Fi (blue).

4. DISCUSSION AND NIGEL'S PLANS FOR THE FUTURE

The large field of view (25°) of Nigel will mean that at times when the Galactic plane is passing through the
field, the contribution from starlight will be comparatively large. This means that each measurement needs
to be carefully analysed according to what part of the sky is being observed. In this respect Nigel is an ideal
companion instrument to the Gattini-Sky Background (Gattini-SBC) and Gattini-All Sky cameras,currently
in operation at Dome C. The Gattini-SBC is designed to measure the optical sky brightness between the stars

Proc. of SPIE Vol. 6267 62671M-7



188 Appendix C. Published papers

500 600 700 800 900

Wavelength nm

Figure 4. Measured transmission of each fibre relative to the brightest fibre (F4). Most of the difference is probably due
to coupling losses at the ends of the fibres.

in a 6° by 4° field centred on the South Pole. Gattini-SBC will also pick up auroral events, and combination of
these data with spectra from Nigel would allow these events to be identified. Using the spectra from Nigel we
may also be able to identify periods of cloud cover. Twilight spectra from Nigel will be useful for analysis of the
profile of the atmosphere, and could be compared to similar measurements at ESO-Paranal A

Nigel was removed from Dome C during the summer 2005/2006 season and returned to Sydney. The in-
strument will be upgraded and sent to either Dome C for the 2007 winter or to Dome A for the 2008 winter.
Before redeployment we plan to upgrade the fibres and connectors, and include an inline long-pass filter on each
of the red fibres to eliminate second order contamination from the shorter wavelengths. We will also further
improve the calibration system, including careful tests on the absolute flux calibration method outlined above.
If the instrument is deployed to Dome A, we will need to ensure it is completely autonomous and may need to
include a system to test the calibration throughout the year. Dome C is now manned all year around and the
calibration could be regularly checked by the winterover person in charge of the site testing experiments. Before
redeployment the upgraded Nigel will be tested at an observatory in Australia to test the response to the night
sky brightness and to refine the data reduction process; in addition, we may test Nigel at another high latitude
site to assess the response to aurorae.
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