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ABSTRACT

The best ground-based astronomical sites in terms of telescope sensitivity at infrared and
sub-millimetre wavelengths are located on the Antarctic plateau — where high atmospheric trans-
parency and low sky emission are observed due to the extremely cold and dry air; these benefits
are well characterised at the South Pole station. The relative advantages offered by three poten-
tially superior sites, Dome C, Dome F, and Dome A, located higher on the Antarctic plateau,
are quantified here through the development of atmospheric models using the Line-By-Line Ra-
diative Transfer Model code. In the near to mid-infrared, sensitivity gains relative to the South
Pole of up to a factor of 10 are predicted at Dome A and a factor of 2 for Dome C. In the
mid to far-infrared, sensitivity gains relative to South Pole up to a factor 100 are predicted for
Dome A and 10 for Dome C. These values correspond to even larger gains (up to three orders
of magnitude) compared to the best mid-latitude sites, such as Mauna Kea and the Chajnantor

Plateau.

Subject headings: atmospheric effects — balloons — site testing — telescopes

1. Introduction

Astronomical sites for infrared and sub-millimetre

astronomy require low sky emission and high at-
mospheric transmission; such conditions are found
at sites on the high Antarctic plateau. The ex-
tremely low temperatures throughout the Antarc-
tic troposphere reduce the thermal emission from
the sky. The low atmospheric temperatures pre-
vent the atmosphere from containing significant
amounts of water vapour (Lane 1998). As atmo-
spheric absorption throughout the infrared and
sub-millimetre is dominated by molecular water
vapour a number of windows are opened up that
cannot be accessed elsewhere.

Experimental data, taken with a number of in-
struments, have shown that the winter time at-
mospheric thermal emission above the South Pole
station is significantly lower than found at any
other ground-based site. These instruments in-
clude: the GRIM (a near infrared grism spectrom-
eter) on the SPIREX telescope (Herald 1994), the

Infrared Photometer Spectrometer (Ashley et al.
1996; Phillips et al. 1999), the Mid-infrared Sky
Monitor (Chamberlain et al. 2000), the Near In-
frared Sky Monitor (Lawrence et al. 2001), and a
Michelson-type interferometer (Walden, Warren,
& Murcray 1998). These instruments cover the 1.5
to 20 pm waveband, and have shown a reduction
in emission compared with mid-latitude sites by
up to an order of magnitude in the mid-infrared
and up to two orders of magnitude in the near-
infrared.

Aerological data from radiosonde balloons has
shown that the South Pole average winter time
precipitable water vapour (pwv) column density is
250 pm (Chamberlin 2001). This is significantly
lower than found at good quality mid-latitude sites
such as Mauna Kea (1.6 mm average in winter)
and the Chajnantor Plateau (1 mm average in
winter) (Lane 1998). The resulting decrease in
atmospheric opacity and increase in stability has
been experimentally confirmed by several instru-
ments: the UNSW SUMMIT (Calisse et al. 2003)



and the NRAO/CMU sub-millimetre tipper (Pe-
terson et al. 2003) — both 350 pm radiometers, and
the AST/RO telescope operating at 610 pm and
1300 pm (Stark et al. 2001).

Moderate resolution atmospheric models of the
South Pole sky emission and transmission (pro-
duced from the MODTRAN atmospheric code)
throughout these wavebands have been published
by Hidas et al. (2000), Chamberlain et al. (2000),
and Bally (1989). A higher resolution model (us-
ing the Line-By-Line Radiative Transfer Model)
has been reported by Walden, Warren, & Mur-
cray (1998). These atmospheric models are based
upon input aerological data from radiosonde bal-
loons measuring profiles of pressure, temperature,
water vapour content and ozone. This data have
been collected from the South Pole station since
1956 and is publicly available. The atmospheric
models have shown good quantitative agreement
with experimental observations (Walden, Warren,
& Murcray 1998).

The US South Pole station (0° E, 90° S, 2835
m elevation) is the most well characterised site on
the Antarctic plateau. While the benefits of its
low sky background are well recognised, and the
unique atmospheric turbulence profile is poten-
tially beneficial for some applications (Lawrence
2003; Lloyd, Oppenheimer, & Graham 2002) the
ground level seeing is relatively poor (1.8 arcsec
in the visible) compared with quality mid-latitude
sites. However, there are several other sites on
the Antarctic plateau that are potentially supe-
rior. These include the established Russian and
Japanese winter-capable stations: Vostok (107° E,
78° S, 3500 m elevation) and Dome Fuji (40° E,
77° S, 3810 m elevation); the French/Italian sta-
tion currently under construction: Dome C (123°
E, 75° S, 3260 m elevation); and the highest point
on the plateau: Dome A (74° E, 81° S, 4200 m el-
evation). The advantages of these higher plateau
sites arise from their higher altitudes - which
should result in lower atmospheric temperatures
and lower water vapour content (Marks 2002), and
their local topography - as the three “domes” lie
on high points of the plateau the ground level
turbulence driven by local inversion winds is ex-
pected to much lower than found at the South Pole
(Gillingham 1993).

In the current paper the atmospheric emission
and transmission of three of these high plateau

sites (Dome C, Dome F, and Dome A) is modeled
based on temperature, pressure, and water vapour
profiles. Winter-time radiosondes measurements
have been reported from South Pole over many
seasons! and from Dome Fuji in 1997 (Hirasawa
et al. 1999). The only data available from Dome
C has been taken over summer and the station
is not due for winter operation until 2005. No
data currently exist from Dome A. The aerolog-
ical profiles for these two sites are thus inferred
from characteristics of South Pole and Dome Fuji
radiosondes and Automatic Weather Station data.
The atmospheric models are then applied to de-
termine the relative benefits of the high plateau
sites in terms of the sensitivity of infrared and
sub-millimetre telescopes placed there, compared
to standard mid-latitude sites.

The impact of the atmosphere on telescope sen-
sitivity is just one of many factors that must be
considered to determine the quality of a particular
astronomical site. Other important parameters in-
clude the percentage of photometric nights, the to-
tal integrated turbulence (and its low and high al-
titude components), the ground wind speed statis-
tics, the high altitude wind speed, the ground tem-
perature, the seismic activity, the amount of rain-
fall and snowfall, the level of atmospheric dust and
aerosols, communications infrastructure, logistics,
accessability, and political stability. Although ev-
idence exists to suggest that favourable condition
for many of these factors will be found at Dome
C, this must be weighed against any disadvantages
arising from the extreme conditions or the remote-
ness of the site.

All models used here consider observation at
zenith. The actual airmass will depend on the type
of observation, and there are advantages and dis-
advantages to both mid-latitude sites and high lat-
itude Antarctic sites. For example, mid-latitude
sites offer advantages because a larger region of the
galactic plane passes through the zenith, whereas
high-latitude sites offer benefits because longer ob-
servations are possible at the same airmass.

1See the Antarctic Meteorological Research Cen-
ter archive of Antarctic radiosonde data at
ftp://ice.ssec.wisc.edu/pub/raob/.



2. Atmospheric Models

2.1. Input Model Parameters

The Line-By-Line Radiative Transfer Model
(LBLRTM) atmospheric code is used here to
model four Antarctic atmospheres. This code
outputs emission and transmission spectra based
upon input vertical distributions of atmospheric
properties and components; the most important
for infrared/sub-millimetre wavelengths are pres-
sure, temperature (discussed in section 2.2), wa-
ter vapour (discussed in section 2.3), and ozone.
The LBLRTM code also allows input from many
trace molecular components, such as nitrous ox-
ide, methane, and carbon dioxide. Due to the
very low pressures and temperatures in the higher
stratospheric layers, altitudes above ~60 km do
not significantly impact on the atmospheric emis-
sion and transmission characteristics at the reso-
lution of interest, and are ignored in the following
analysis.

The winter-time pressure profile is determined
from an average of South Pole radiosonde balloon
launches. It is well known that the atmospheric
pressure is lower on the Antarctic plateau, ie the
“physiological altitude” at a given height above
sea level on the Antarctic plateau is higher than
observed at mid-latitudes. This is due to the ex-
treme cold temperatures above the continent. Sig-
nificant differences in the pressure profile with al-
titude across the plateau are not expected. The
same pressure profile is thus used for each of the
Antarctic sites examined, with the ground level set
to the appropriate altitude.

The input South Pole ozone profile is taken
from a number of South Pole mid-winter ozoneson-
des?. These are averaged and then scaled to give a
column density of 250 Dobson (the average South
Pole mid-winter value). This is known to drop to
as low as 100 Dobson in late Spring, which may
have a significant effect in some regions of strong
ozone absorption, such as at ~ 9 ym. The effect
is not modeled here, however, as the winter-time
value is quite stable from year to year. Because
the majority of atmospheric ozone is confined to
stratospheric layers centred around 15 km in alti-

2See the NOAA Climate Monitoring and
Diagnostics Laboratory data archive at
http://www.cmdl.noaa.gov/info/ftpdata.html.

tude the same profile is used for each of the four
Antarctic sites.

Nitrous oxide, methane, carbon dioxide, and
carbon monoxide profiles for the South Pole dur-
ing winter published by Walden, Warren, & Mur-
cray (1998) are used for the current South Pole
model. There is little change in these molecular
abundances for heights lower than a few kilome-
tres. The same profiles are thus used for each of
the four Antarctic sites.

2.2. Temperature Profiles

Figure 1 shows the average temperature pro-
file observed above South Pole station from three
months in winter of 1997 representing 58 balloon
radiosondes'. This profile is characteristic of the
mid-winter South Pole atmosphere. The ground
temperature is close to the average value of —61°
C recorded by AWS over this period®. A negative
temperature lapse rate extends above the surface
to an altitude ~300 m above the ground, where
the temperature is some 22 degrees warmer. The
strong adiabatically-stable surface inversion layer
results from the long winter period of surface ra-
diative cooling. This is followed by a wide isother-
mal layer that extends up to ~1-2 km where the
free atmosphere begins. Above this surface bound-
ary layer, the temperature falls off throughout
the troposphere until the isothermal tropopause
layer (~7 km above ground level). The tempera-
ture then continues to drop throughout the lower
stratosphere.

The average temperature profile from Dome
Fuji station over the same three month period in
1997 (representing 55 balloon launches from Hi-
rasawa et al. (1999)) is also shown in figure 1.
The ground level temperature for this profile is set
to the average ground level temperature recorded
by AWS? over this period (—66° C), as there is
some uncertainty in the lowest altitude balloon
readings. Similar to the South Pole atmosphere
a strong surface inversion layer is observed. How-
ever, this is confined significantly closer (~100 m)
to the ground. This reduction in inversion layer
height has been predicted to occur at such sites
(Dopita, Wood, & Hovey 1996; Marks 2002) as a

3See the Antarctic Meteorological Research Center archive
of Antarctic Antarctic Automatic Weather Station data at
http://uwamrc.ssec.wisc.edu/amrc/archive.html.



results of the local topography. A general char-
acteristic of the nocturnal adiabatically stable in-
version layer at any site is that the height scales
with the magnitude of the ground level winds, the
magnitude of the geostrophic winds resulting from
the Coriolis force at altitudes 1-2 km above the
surface, and the relative direction of these two
winds (Kaimal & Finnigan 1994). On the Antarc-
tic plateau two components contribute to ground
level winds: inversion winds due to local surface
slopes, and katabatic winds originating from such
inversion winds at higher sites.

At the South Pole, these factors combine to gen-
erate an average wind speed of 6.3 m.s ~!, which
is predominantly directed from the high plateau
sites®. On the domes, however, the local inversion
winds should be much lower (due to the extreme
ground level flatness), and the katabatic winds
should lose energy in proportion to the altitude of
the dome with respect to the origin of the winds.
Thus very low wind speeds are recorded at Dome C
(2.8 m.s ~! average, 2.6 m.s 7! 50% quartile over 8
years) and Dome F (2.6 m.s ~! average, 2.2 m.s ~!
50% quartile recorded over six years)®. The wind
speed averages for Dome C are a factor of two
higher than reported by Valenziano & Dall’Oglio
(1999), probably as a result of differences in bin-
ning (Storey et al. 2004). For Dome Fuji, one year
of the six available shows unusually high average
wind speeds, neglecting this anomalous year from
the analysis gives 2.2 m.s ~! average and 2.0 m.s ~!
50% quartile wind speed, which is probably more
representative of long term trends. At Dome A
still lower wind speeds should be encountered. It is
therefore expected that the boundary layer height
will decrease with the altitude of the site, as con-
firmed by the Dome Fuji observations.

The free atmospheric temperature profile from
~2 km above the Dome Fuji surface is simi-
lar to that observed above the South Pole, de-
spite the large distance (~1400 km) between the
two sites. Good agreement (within 2 degrees)
is also observed with winter-time upper tropo-
spheric temperature profiles recorded at Vostok
station (Lukin 2003). This uniformity of the up-
per Antarctic plateau troposphere occurs because

4From the 1977-1999 yearly climatological summary table
available from the NOAA Climate Monitoring and Diag-
nostics Laboratory at http://www.cmdl.noaa.gov/met/.

of the significant height of the plateau above sea
level, the length of the Antarctic winter, and the
persistence of the Antarctic polar vortex (a low
pressure system circumnavigating the continent),
which acts to isolate the plateau troposphere from
mixing with warmer air at higher latitudes.

Based on the characteristics of the two exper-
imental temperature profiles for South Pole and
Dome Fuji, models for the winter-time Dome C
and Dome A profiles have been derived. These
are shown in figure 1. For Dome C the ground
temperature is set to the average value recorded
over this three month period. Extrapolating tem-
peratures recorded at these three sites (and from
Vostok station) gives an average temperature ~10
degrees colder at the altitude of Dome A, as shown
in figure 2. The point at which the temperature
lapse rate begins to increase (after the isothermal
surface layer) towards its tropospheric (free atmo-
sphere) rate is assumed to occur at 1.5 km above
ground level; as observed at Dome Fuji. The free
atmosphere above this level is assumed equal at
each of the four sites. Interpolation/extrapolation
is used to set the surface inversion layer height for
each site (to 200 m for Dome C and 50 m for Dome
A, compared with 300 m for South Pole and 100 m
for Dome Fuji), based on the assumption that the
average ground wind speed and hence inversion
layer height is decreasing as the altitude increases.
The maximum surface inversion layer temperature
is then determined from these two factors (height
of inversion layer and height of free atmosphere).

It should not be expected that the Dome F
and South Pole profiles represent a thorough long
term statistical mean. Additionally there is a large
uncertainty in the derived Dome C and Dome
A profiles, primarily because the assumed rela-
tionships between site altitude and ground wind
speed, ground level temperature, and boundary
layer height will probably not be linear. However,
these profiles should give a generally representa-
tive comparison of the four sites, which is the goal
of this paper.

2.3. Water Vapour Profiles

Chamberlin (2001) has shown that the 50%
quartile South Pole winter time pwv content is 250
pm, which is typically 70-90% of the saturated
pwv content (with respect to the water vapour
partial pressure over ice). The saturated pwv con-



tent for the South Pole average temperature pro-
file shown in figure 1 is 330 pm. The average value
of the relative humidity profile (recorded for each
of these balloons) gives a pwv content of 255 pm
(close to the average value) representing ~80%
saturation. The water vapour density distribu-
tion calculated from this relative humidity profile
is shown in figure 1.

Also shown in figure 1 is the water vapour den-
sity distribution calculated from the Dome Fuji
data (Hirasawa et al. 1999). Although a reduced
data set has yet to be made publicly available, pre-
liminary analysis shows that on average the atmo-
sphere is ~ 60% saturated during the coldest win-
ter months. The saturated value for the average
temperature profile is 175 pm, which results in an
average water vapour content of ~ 105 pm.

Summer-time radiosonde and photometric (Valen-

ziano 1998; Valenziano & Dall’Oglio 1999) mea-
surements from Dome C show a pwv value similar
to that observed at South Pole during the summer
months (500-600 pm). This does not indicate that
the winter time values at the two sites should be
similar, however, as evidenced by radiosonde ob-
servations from Vostok station (Burova et al. 1986;
Townes & Melnick 1990), which also shows similar
summer-time values to South Pole (500 pm), but
a winter average (200 pm) some 80% lower than
the South Pole winter 50% quartile value.

Although a complete temperature profile is not
available from Vostok station, the altitude of the
site indicates that the reported pwv values rep-
resent an average relative humidity similar to the
70-90% observed at South Pole. The significant re-
duction in average relative humidity observed at
Dome Fuji, therefore, must be attributed to topo-
graphic differences between the two sites. As the
katabatic winds originate at the domes, these may
act to transfer humid air from the high sites to
the lower sites such as South Pole. It is thus ex-
pected that the average relative humidity at Dome
C lies somewhere between the South Pole (80%)
and Dome Fuji values (60%), and that the rela-
tive humidity at Dome A will be lower still. The
saturated pwv content from the derived Dome C
temperature profile is 235 pm. Choosing the mid-
point of the (South Pole and Dome F) relative
humidity values then gives a pwv of 160 ym. For
Dome A the thermal profile gives a saturated pwv
content of 120 pm. Two models for the Dome A

pwv are developed, with a average relative humid-
ity of 50% (giving a pwv content of 60 pm), and
25% (giving a pwv content of 30 pum). The water
vapour distributions for these models are shown in
figure 1.

As with the temperature profiles, there is sig-
nificant uncertainty in the derived water vapour
distributions for Dome C and Dome A. Addition-
ally, there is some uncertainty about the validity
of the operation of relative humidity sensors at
very low temperatures. From the data sets avail-
able from South Pole, Dome Fuji, and Vostok, the
water vapour content of the atmosphere shows a
significant standard deviation. Average monthly
values as low as 60 yum have been recorded at Vos-
tok, and values as low as 40 um at Dome Fuji.
Even if the assumptions about relative humidity at
Dome C and Dome A are incorrect and the atmo-
spheres are completely saturated, this still gives
a pwv value significantly lower than observed at
South Pole, and the average values based on rel-
ative humidity estimates should be observed for
some fraction of the time.

2.4. Mid-Latitude Profiles

In order to make comparisons with mid-latitude
sites three further atmospheric models are devel-
oped. For observations in the visible and near to
mid-infrared, the site at Mauna Kea (155° W, 19°
N, 4200 m elevation) on the island of Hawaii is
characteristic of a very good quality mid-latitude
site. For sub-millimetre to millimetre observa-
tions, the best mid-latitude sites currently found
lie in the Chajnantor Plateau region (68° W, 23°
S, 5000 m elevation) of northern Chile, where the
air is significantly drier than found above Mauna
Kea. Mid-latitude observations of wavelengths
between these two regions (in the mid- to far-
infrared) require an even higher telescope site to
further reduce atmospheric water vapour absorp-
tion. This is the motivation for the planned air-
borne telescope SOFIA (Stratospheric Observa-
tory For Infrared Astronomy).

The Mauna Kea model used here is based on a
radiosonde balloon temperature profile launched
from the summit (Bely 1987) and surveying the
first 6 km of the atmosphere. The upper tro-
pospheric temperature (and pressure) is obtained
from radiosondes launched at the sea-level site of
Hilo (approximately 20 km from Mauna Kea) —



analysis has shown that the free atmosphere sev-
eral hundred metres above the summit is in good
agreement with the free atmosphere recorded from
the Hilo site. The relative humidity from the Hilo
radiosonde data is scaled to give a pwv content
of 1.6 mm, representing the 50% quartile value in
winter-time (Lane 1998). Ozonesondes are also
regularly launched from the Hilo site. An ozone
profile giving a column density of 280 Dobson (the
average winter value) is chosen for this model.

Both Chajnantor and Mauna Kea lie at similar
latitudes (in opposite hemispheres). It is thus as-
sumed that the free atmospheric temperatures are
similar, in agreement with published lower tropo-
sphere profiles from the Chajnantor Plateau (Gio-
vanelli et al. 2001). The main difference in the
Chajnantor site is the lower water vapour content,
which is scaled in the model to give a pwv of 1 mm,
representing 50% quartile winter-time conditions
(Lane 1998).

For both Mauna Kea and Chajnantor sites the
LBLRTM standard geographical-seasonal model
for a mid-latitude winter site is used for distri-
bution of trace molecules. For the airbourne ob-
servatory model, the mid-latitude winter model is
used for all atmospheric profiles, with the ground
level raised to the standard flight altitude of 14
km and the water vapour content scaled to give a
pwv of 10 ym (Giovanelli et al. 2001).

3. Atmospheric Emission

The near and mid-infrared sky emission spec-
tra for the South Pole and Mauna Kea models
are shown in figure 3. For reference the emis-
sion from a 5% emissive telescope is shown at 0°
C and —61° C. The Manua Kea sky background
is shown to be a factor of 80 brighter than the
South Pole background at the edge of the Kdark
band (2.4 pm), a factor 10-20 in L band (3.8
pm), a factor 5-10 in M band (5 pm), a factor
4-8 in M’ band (8.5 pm) and a factor 2-5 in N
band (10-14 pm). Good correlation is found be-
tween these relative values with ratios calculated
from published near infrared Mauna Kea theo-

retical spectra®, and experimental data®, experi-
mental mid-infrared Mauna Kea spectra (Cham-
berlain et al. 2000), and South Pole experimental
data (Chamberlain et al. 2000; Smith & Harper
1998; Walden, Warren, & Murcray 1998). Figure
3 also demonstrates the importance of telescope
emission, which dominates both South Pole and
Mauna Kea sky emission throughout the M band,
and begins to dominate the Mauna Kea sky emis-
sion for shorter wavelengths (towards K band). If
the telescope emission is reduced to less than 1%
then the atmospheric signal dominates in all wave-
lengths for each of the atmospheres.

The sky emission, B, for each of the four
Antarctic sites is compared in figure 4, which
shows the emission ratios Bsp/Bpc, Bsp/Bpr,
and Bgp/Bpa. As expected the lower atmo-
spheric temperatures of the high plateau sites gen-
erate a lower atmospheric emission. The magni-
tude of this reduction is highest for each site in the
near infrared, where the Planck function is steep-
est at these atmospheric temperatures. The Dome
A atmosphere is a factor 4-8 darker in K and L/
bands, and a factor 3 darker in L band. In the
mid-infrared the Dome A site should be twice as
dark as the South Pole site in transparent regions.
The model predicts only a modest reduction in sky
brightness at Dome C — from 1.5 at lower wave-
lengths to 1.2 at longer wavelengths. Summer time
data from Dome C (Walden & Storey 2003) has
shown that the mid-infrared (6-15 pum) sky emis-
sion is approximately equivalent to the South Pole
sky emission in winter. The summer and winter
South Pole sky emission have also been compared
by Walden, Warren, & Murcray (1998) who found
a difference of ~ 1.2. This would indicate that the
Dome C winter emission should be at least this
factor lower, which agrees with the current model.

Figure 5 compares mid-infrared sky emis-
sion from 27-50 pm. Shown are the emission
ratios BCP/BSP, Bcp/ch, BCP/BDF7 and
Bep/Bpa. The emission for each Antarctic site
is similar in opaque regions of strong water vapour

5see the model Mauna Kea near infrared atmospheric emis-
sion spectra by Phil Puxley available from the Gemini web
site at http://www.gemini.edu/sciops/ObsProcess/.

bsee the NASA Infrared Telescope Facility doc-
umentation on  Mauna Kea sky  background
measured with the NSFcam instrument at
http://irtfweb.ifa.hawaii.edu/Facility /nsfcam /hist/.



absorption and this is a factor ~ 1.4 lower than
the Chajnantor Plateau emission. In transpar-
ent regions the emission is strongly dependent on
the atmospheric pwv content — low water vapour
absorption results in emission originating from
higher hence colder regions of the atmosphere.
This same effect is observed throughout the far in-
frared and sub-millimetre, but the emission ratios
are reduced as the blackbody function gradient
decreases.

4. Atmospheric Transmission

The atmospheric transmission in the near
and mid-infrared is characterised by a number
of molecular absorption bands, including water
vapour at 2.5, 3.1, 6, and 25 pm, ozone at 9.7 pm,
carbon dioxide and oxygen at 4.3, and 15 pm,
and methane and nitric oxide at 7.6 pm. The pri-
mary advantage of the Antarctic sites, in terms of
transmission, occur at wavelengths of strong water
vapour absorption, as the difference in abundance
of other absorbing molecules is less significant.
The Mauna Kea transmission spectrum is com-
pared with the Dome A (best conditions) model
over the near to mid-infrared (2.4-27 ym) region in
figure 6. The most notable increase in atmospheric
transmission for the plateau sites is observed at
the edges of standard infrared bands, particularly
K’, L, M, and Q which become much cleaner at
the high Dome A site.

For observations longward of ~20 wum, the
transmission is almost entirely determined by
water vapour absorption bands. Figure 7 com-
pares the atmospheric transmission from the mid-
infrared to sub-millimetre for Chajnantor Plateau,
South Pole, Dome C, Dome Fuji, Dome A (both
models), and SOFIA. Despite the very low pwv
content of the Chajnantor Plateau atmosphere
compared with other mid-latitude sites, the atmo-
sphere is almost completely opaque throughout
this wavelength region. There are only a few win-
dows (around 28, 350, and 450 pm) for which
observations can be attempted. It is well known
that the South Pole experiences a considerable in-
crease in transmission at these windows, and that
a number of others become accessible (most no-
tably 200, 225, and a series below 40 pm). This
figure shows the extraordinary benefits in moving
from the South Pole to the higher plateau sites. At

Dome A under the best conditions ~75% of this
(25-500 pm) window is above 20% transmissive,
whereas less than 15% of this window is above 20%
transmissive at Chajnantor Plateau. The Dome
A site is still opaque at absorption line centres,
however, in clear windows the transmission is a
relatively high fraction of the transmission of a
high-altitude airborne observatory.

There is some disagreement between the opac-
ities determined by numerical models and those
determined by experimental observation in the
sub-millimetre region (Pardo, Serabyn & Cer-
nicharo 2001). A continuum-like sub-millimetre
“dry air” opacity has been attributed principally
to far wings of higher frequency water lines. Al-
though the LBLRTM code includes such a term,
and the South Pole model with zero water vapour
does generate a non-zero opacity at sub-millimetre
wavelengths, there may some error in the magni-
tudes of transmission at the longer wavelengths.
Peterson et al. (2003) give an average opacity
at 350 pum of 1.20 and 1.39 for South Pole, and
Chajnantor respectively. Correcting these to nar-
rowband values (Calisse 2004) gives transmissions
(and transmission ratios) which agree with the
current model predictions within ~15%.

5. Telescope Sensitivities

A useful metric for the comparison of infrared
sensitivities at different sites is the ratio of inte-
gration times required to give a specific signal-to-
noise ratio at a given stellar magnitude (Lloyd-
Hart 2000). For point source observations, this
can be expressed as

E(A) _ [Ab] " {Tb(A)nb } ’ {naBa()‘) + Paca(N)

ty Aol [TaNna] | eBo(N) + Pbeb(/\()l)
where A is the telescope area, T is the atmo-
spheric transmission, B is the sky background, € is
the telescope emissivity, P is the ground tempera-
ture blackbody emission, 7 is the telescope optical
transmission, the power index n = 1 for seeing-
limited observations and n = 2 for diffraction-
limited observations, and the subscripts a and b re-
fer to the two sites being compared. This equation
considers that the thermal background dominates
the signal and the detector noises, and ignores the
confusion limit. It considers that the detector ef-



ficiency and gain, and the spectral resolution for
the two telescopes is the same, it assumes that the
focal plane is sampled at Nyquist frequency, and
that (for seeing-limited conditions) the seeing is
the same at the two sites being compared.

Figure 8 compares the sensitivities of equiva-
lent telescopes (same collecting area, emissivity,
transmission, and (diffraction-limited) spatial res-
olution) located at the South Pole with each of the
high plateau sites from the near-infrared to the
sub-millimetre. In transparent regions of the near
and mid-infrared (up to about 20 pum) the gains
offered by the higher plateau sites are consistent
with the decrease in sky spectral brightness (an
improvement of 20-80% in sensitivity is gained at
Dome C and 200-400% at Dome A). In less trans-
parent regions at the edges of absorption bands
(centred around 2.7 and 7 pm), the decrease in
emission combines with the increase in transmis-
sion to generate a substantial benefit for the high
plateau sites (a factor of 2-3 for Dome C and 10-
20 for Dome A), which should allow these wave-
lengths to be examined considerably better than
at temperate latitudes.

At wavelengths longer than about 20 pum, the
relative integration time is influenced primarily by
the sky transmission rather than emission. For
observations up to ~40 pm large gains are ob-
served for all wavelengths (not just opaque re-
gions). An improvement by a factor 2-8 is ex-
pected at Dome C and 10-100 for Dome A. In the
sub-millimetre (longward of ~200 pm), the advan-
tages offered in Antarctica are well understood,
and have resulted in a number of telescopes be-
ing built (Stark et al. 2001) and proposed at the
South Pole. However, as shown in figure 8, the
higher plateau sites could offer significant advan-
tages at the lower wavelength end. At wavelengths
between these two regions (40-200 pm) a quanti-
tative comparison of the high plateau sites with
South Pole becomes meaningless, because there
are no significant observable windows even at the
South Pole. However, at Dome A, as shown in
figure 7, a number of windows become partially
transparent.

It should be noted that the effects of includ-
ing a dry air opacity term to the model make no
difference to these comparative results. The con-
stant opacity term is essentially a constant trans-
mission multiplied to each atmosphere, and thus

is canceled in equation 1.

6. Large Antarctic Telescopes

A large international site testing campaign
is currently characterising potential sites for fu-
ture optical/infrared Extremely Large Telescopes
(ELTs), as it is realised that site characteristics
can seriously limit telescope performance, and
that the importance of this increases with the
size of the telescope collecting area.

The exact size, configuration, and location of
such future ELT's is yet to be determined; propos-
als include 20, 25, 30 and 100 m main mirror di-
ameters, in a number of mid-latitude sites. Figure
9 (top panel) compares the sensitivity of a generic
30 m telescope located at Mauna Kea with a 30 m
telescope located at Dome C or Dome A according
to the metric defined by equation 1. There is a sig-
nificant increase in performance for the Antarctic
telescopes, from one up to three orders of magni-
tude. Even reducing the Antarctic telescope size
to 20 m, which represents a large reduction in cost
and complexity, results in a significant improve-
ment over the mid-latitude site under both see-
ing limited (middle panel) and diffraction-limited
(bottom panel) conditions.

The diffraction-limited condition is not really
appropriate for this full range of wavelengths, due
to the difficulties in adaptive correction of such
large telescopes. The seeing-limited condition con-
siders that the integrated seeing is the same for
each site. The actual sensitivity ratios will lie
somewhere between these two cases dependent on
the exact site turbulence conditions, and the de-
gree of adaptive optics correction. The only avail-
able data from Dome C shows an average see-
ing of 1.1 arcsec in summer (Aristidi et al. 2003).
While it will be some time before winter-time see-
ing statistics are available from Dome C, there are
many reasons to believe the winter seeing is sig-
nificantly lower than this — primarily as a result of
the lower winter-time temperature inversion layer
(Travouillon et al. 2003). Additionally, aerological
data from the South Pole has shown remarkably
low high altitude turbulence and wind speed. If
the same conditions are observed at Dome C then
adaptive optics correction becomes much more ef-
ficient (Lawrence 2003). Hence the relative sensi-
tivities of Dome C and Dome A telescopes could



actually be much better than shown here.

Throughout the wavelength range 30-300 pum
a quantitative comparison of Antarctic sites to
even the best ground-based sub-millimetre sites
(such as Chajnantor Plateau) is meaningless as
the mid-latitude atmospheric transmission is so
low at temperate sites that observations are not
possible. This is one of the motivations for devel-
oping an airborne observatory. The applicability
of such observatories, however, is limited by sev-
eral factors. The turbulence generated by high
velocity airflow can seriously degrade resolution
at shorter wavelengths, scalability to large aper-
tures or interferometers is restricted, and observ-
ing time is also limited. Although complete wave-
length coverage is not possible from the Antarc-
tic sites, the ability to deploy large apertures is
a distinct advantage. Shown in figure 10 is the
relative sensitivity of the 2.4 m SOFIA telescope
compared with a 12 m telescope at Dome A and
Dome C. In transmissive regions both Antarctic
telescopes are orders of magnitude more sensitive
than SOFTA. This wavelength region represents
perhaps the greatest opportunity for the develop-
ment of Antarctic telescopes. As the majority of
resources available to space telescopes is directed
towards coverage of the optical and near infrared,
the Domes of the high Antarctic plateau represent
the only place high spatial resolution observations
in the mid and far-infrared can be performed.

Sub-millimetre observations longward of about
300 pm become possible in only a few windows
from mid-latitude sites. There are a number of ex-
isting and planned single dish sub-millimetre tele-
scopes, such as the 15 m JCMT (Mauna Kea) and
the 12 m APEX prototype of ALMA (Chajnantor
Plateau). A 12 m Dome C or Dome A single dish
telescope represents a significant improvement in
sensitivity to these telescopes, as shown in figure
10.

7. Conclusion

The highest infrared and sub-millimetre sensi-
tivity over the largest range of wavelengths can al-
ways be achieved through the deployment of space
telescopes. The large costs associated with such
space missions, however, seriously limit the avail-
able aperture, and thus high spatial resolution ob-
servations can best be achieved with very large

aperture ground-based telescopes and interferom-
eters. While a large number of parameters are re-
quired to fully quantify a particular site, in terms
of point-source sensitivity the Antarctic plateau
sites examined here have been shown to be un-
equaled. Additionally, significant differences (up
to two orders of magnitude) are found between
the four Antarctic sites. These results exemplify
the importance of the continuing site characteri-
sation of the high plateau sites. It is important to
verify experimentally the theoretical predictions
presented here of winter-time Dome C sky emis-
sion and transmission. Additionally, it is essential
to obtain winter-time data on the turbulence pro-
file and seeing statistics from Dome C, in order to
better gauge the overall site quality. Although it
will be some time before the possible development
of a station at Dome A, the extraordinary benefits
offered by this site justify its consideration in the
long term.
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Fig. 1.— Temperature profiles (left plot) and
water vapour density profiles (right plot) for the
model atmospheres. The South Pole (solid line)
and Dome Fuji (dot line) profiles represent aver-
ages from radiosonde balloon launches. The Dome
C (dash line) and Dome A (dash-dot line) pro-
files are interpolated/extrapolated from these (see
text).
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Fig. 2.— Average ground temperature for several
sites on the Antarctic plateau recorded from Au-
tomatic Weather Stations. Yearly (open squares)
and winter time (closed circles) average values are
shown for South Pole (SP), Dome C (DC), Vostok
(VO), and Dome Fuji (DF). The values for Dome
A (DA) have been extrapolated from these.
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Fig. 3.— Model winter-time sky emission in the near and mid-infrared for Mauna Kea (top curve) and South
Pole (bottom curve). The emission from a 5% emissive telescope at ground temperatures of —60° C and 0°
C are also shown.
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Fig. 4.— Ratio of South Pole near and mid-infrared sky emission to Dome C (bottom curve), Dome Fuji
(middle curve), and Dome A (top curve) sky emission.
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Fig. 5.— Ratio of Chajnantor Plateau mid-
infrared sky emission to South Pole (bottom
curve), Dome C, Dome Fuji, and Dome A (top
curve) sky emission.
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Dome A (bottom graph).
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Fig. 7.— Atmospheric transmission in the far infrared /submillimetre. The plot shows, in order of increasing
transmission at any wavelength, Chajnantor Plateau, South Pole, Dome C, Dome Fuji, Dome A (average
conditions), Dome A (good conditions), and SOFIA. The pwv content for each model atmosphere is 1000,
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Fig. 8.— Ratio of integration times from the near-infrared to sub-millimetre for a South Pole telescope
compared with a Dome C (bottom curve), Dome F (middle curve), and Dome A (top curve) telescope. Each
telescope is assumed diffraction-limited and equivalent in all aspects. Values are only shown for wavelengths
at which the South Pole transmission is greater than 10%.
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Fig. 9.— The ratio of point-source integration times for a 30 m Mauna Kea telescope with a 30 m Antarctic
telescope (top panel), and a 20 m Antarctic telescope (bottom two panels). Each telescope is seeing limited
(with the same seeing size) for the middle panel. Each telescope is diffraction limited in the bottom panel.
In each panel both Dome C (lower curve) and Dome A (upper curve) sites are considered. Values are only
shown for wavelengths at which the Mauna Kea transmission is greater than 10%.
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Fig. 10.— The ratio of point-source integration times for a 2.4 m airborne telescope (in the top panel) and a
15 m Chajnantor Plateau telescope (bottom panel) to a 12 m Antarctic telescope. In each panel both Dome
C (lower curve) and Dome A (upper curve) sites are considered. Values are only shown for wavelengths at
which the Chajnantor Plateau transmission is greater than 10%.
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