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ABSTRACT. The Antarctic plateau contains the best sites on earth for many forms of astronomy, but none of the
existing bases was selected with astronomy as the primary motivation. In this article, we try to systematically com-
pare the merits of potential observatory sites. We include South Pole, Domes A, C, and F, and also Ridge B (running
northeast from Dome A), and what we call “Ridge A” (running southwest from Dome A). Our analysis combines
satellite data, published results, and atmospheric models, to compare the boundary layer, weather, aurorae, airglow,
precipitable water vapor, thermal sky emission, surface temperature, and the free atmosphere, at each site. We find
that all Antarctic sites are likely to be compromised for optical work by airglow and aurorae. Of the sites with
existing bases, Dome A is easily the best overall; but we find that Ridge A offers an even better site. We also
find that Dome F is a remarkably good site. Dome C is less good as a thermal infrared or terahertz site, but would
be able to take advantage of a predicted “OH hole” over Antarctica during spring.

1. INTRODUCTION

There are now many articles on the characteristics of the var-
ious Antarctic sites; for a summary see, for example, Storey
(2005) and Burton (2007). This work attempts to draw together
some of these papers, and also unpublished meteorological and
other information for these sites, to help characterize what
are almost certainly the best sites on Earth for many forms of
astronomy. The factors considered in this study are:

. Boundary layer thickness

. Cloud cover

. Auroral emission

. Airglow

. Atmospheric thermal backgrounds
. Precipitable water vapor (PWV)

. Telescope thermal backgrounds

. Free-atmosphere seeing
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Of course, different astronomical programs have very differ-
ent requirements. For high-resolution optical work, including
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interferometry, it is the turbulence characteristics (including see-
ing, isoplanatic angle, and coherence time) that are most impor-
tant. For wide-field optical work, it is seeing, auroral emission,
airglow, weather, and sky coverage. For the thermal near-
infrared, including K ; at 2.4 um, it is the thermal backgrounds
from sky and telescope. For mid-infrared and terahertz work, the
PWYV is paramount.

There are other significant issues not covered in this study,
for example: sky coverage, daytime use, existing infrastructure,
accessibility, telecommunications, and nonastronomical uses.

2. THE POSSIBLE SITES

The sites where astronomical work has taken place or is
under consideration are South Pole, and Domes A, C, and F.
We have also included Ridge B, running northeast from Dome
A. According to the digital map of Liu et al. (2001), Ridge B
contains a genuine peak at its southern end, which we call
Dome B, at (79°S, 93°E, 3809 m). We also consider the ridge
leading southwest from Dome A, which we call Ridge A. We do
not consider Vostok in this study, as it does not lie on a ridge or
dome, and unlike South Pole, does not have extensive available
site testing or astronomical data.



TABLE 1
LOCATIONS OF THE SITES. ELEVATION IS FROM LIU ET AL.
(2001)
Site Latitude Longitude Elevation
South Pole ...... 90°S 0°E 2800 m
Dome A ......... 80.37°S 77.53°E 4083 m
Dome C ......... 75.06°S 123.23°E 3233 m
Dome F ......... 77.19°S 39.42°E 3810 m
Ridge B ......... ~T76°S ~94.75°E ~3750 m
Dome B ......... 79.0°S 93.6°E 3809 m
Ridge A ......... 81.5°S 73.5°E 4053 m

The sites are listed in Table 1 and marked, along with some
general information, in Figure 1. Dome A is an extended pla-
teau, Dome F is a sharper peak, and Dome C and Ridge B are
both nearly level ridges.
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3. BOUNDARY LAYER CHARACTERISTICS

Figure 2 shows the predicted wintertime median boundary
layer thickness, from Swain & Gallee (2006a, hereafter
SGO06a). It was this picture that originally suggested to us that
the existing bases were not necessarily the best sites. Dome F
has marginally the thinnest predicted boundary height at 18.5 m;
the minimum near Dome A is 21.7 m, Ridge B is <24 m all
along its length, while Dome C is 27.7 m. Although these dif-
ferences are small, they have significant implications for the de-
sign and cost of any optical/NIR telescope, which must either be
above the boundary layer, or fitted with a Ground Layer Adap-
tive Optics (GLAO) system. Note that these are predicted med-
ian values only; Swain & Gallee (2006b, hereafter SG06b)
predict dramatic and continuous variation of the thickness of
the boundary layer at all candidate sites, and this is borne

-0
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FiG. 1.—Topography of Antarctica, showing the 2010 geomagnetic pole (G), the various potential sites (A, B, C, F), and other Antarctic bases. Adapted from
Monaghan & Bromwich (2008), and based on data from Liu et al. (2001). See the electronic edition of the PASP for a color version of this figure.
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FI1G. 2.—Predicted winter (JJA) median boundary layer thickness from SG06a. Note the slightly different orientation (105°E is horizontal) for all SG06a plots
compared with all others. See the electronic edition of the PASP for a color version of this figure.

out by actual data from Dome C (e.g., Aristidi et al. 2009) and
Dome A (Bonner et al., in preparation).

SGO06a also predict that surface seeing is not perfectly cor-
related with boundary layer thickness, and that the best surface
seeing is to be found at Domes C and F. However, it exceeds
1” even at those sites, so there are no sites in Antarctica with
surface seeing as good as the best temperate sites. For any
GLAO system, both the thickness of the boundary layer and
the surface seeing must be taken into consideration.

SGO6b estimated the average surface wind speeds (Fig. 3),
showing essentially identical behavior. Dome F offers the most
quiescent conditions, followed by Dome A/Ridge B, and then
Dome C.

Other surface wind speed predictions have been made by van
Lipzig et al. (2004) (Fig. 4), and Parish & Bromwich (2007)
(Fig. 5).

There is very good agreement between these three studies.
Figure 6 shows an overlay of Figures 2, 4, and 5, for the region
of interest. The maps are not identical, but the differences are

small. In all three maps, there is a clear minimum running from
near Dome A through to Ridge B, with an equally good isolated
minimum at Dome F. This katabatic ridge does not go exactly
through Dome A, but is offset toward the South Pole, with mini-
mum at ~81.25°S 77°E. The deterioration away from this ridge
line is very fast: according to SG06a, the predicted boundary
layer thickness at Dome A itself is over 30 m, i.e., 50% worse
than the minimum, and worse than Dome C. Similarly, along
Ridge B, the katabatic ridge is offset from the topographic ridge,
in the direction of the lower gradient.

4. CLOUD COVER

The only long-term, comparative observations of cloud cover
for the sites under consideration are from passive satellite mea-
surements. Figure 7 shows the average seasonal cloud cover
maps for Antarctica, for the period 2002 July—2007 July, from
an analysis of Aqua MODerate-resolution Imaging Spectro-
radiometer (MODIS) imagery by the Clouds and Earths Radiant

2009 PASP, 121:976-992
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FiG. 3.—Average winter surface wind velocity and speed, from SGO6b. See the electronic edition of the PASP for a color version of this figure.

Energy Experiment (CERES) using the methods of Minnis et al.
(2008) and Trepte et al. (2002). The fraction of cloudy time is
smallest during the winter, averaging about 0.2 for all the sites,
and is greatest during the summer, averaging about 0.5. In any
given season, the cloudiness of the marked sites (Domes A, B,
C, F) is very similar, but the least cloud cover is generally be-
tween Dome C and Ridge B.

Data from the Ice, Cloud, and Elevation Satellite Geoscience
Laser Altimeter System (GLAS) during 2003 October show a
similar range in that area (Spinhirne et al. 2005). The nighttime
cloud cover from the GLAS GLA09 V028 5-Hz, 532 nm prod-
uct for 2003 September 18—November 11, plotted in Figure 8a,
shows less structure, but a similar range of values over the high-
est areas. The resolution of the GLAS data has been decreased
to reduce the noisiness of the plots. The relative-maximum ring
of CERES-MODIS cloudiness (Fig. 8b), seaward of the highest
altitudes in eastern Antarctica, is absent in the GLAS data and
the daytime CERES-MODIS cloudiness (not shown). This rel-
ative maximum artifact is apparently the result of colder than
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expected air at lower elevations during the night. For the ex-
tremely cold Antarctic surfaces, the CERES-MODIS cloud
detection relies almost entirely on a single infrared temperature
threshold at night and will miss clear areas when the actual and
temperature is significantly less than its predicted counterpart.
Nevertheless, the nighttime Aqua CERES-MODIS average
for each of the sites is within 0.04 of the corresponding GLAS
1° values for the same period.

Lidar profiles can provide more accurate estimates of the
cloudiness, but satellite-based lidar measurements are limited
to only a few years. Mean opaque and total cloud amounts
determined from lidar measurements taken from the Cloud-
Aerosol Lidar and Infrared Pathfinder Satellite Observations
(CALIPSO) satellite (Winker et al. 2007) are shown in Figure 9
for austral winter 2007. The opaque cloud cover (Fig. 9a) cor-
responds to clouds with optical depths greater than 3. The
opaque cloudiness was nearly nonexistent over all of the sites
while the smallest total cloudiness (Fig. 9b) occurred over
Dome C. At the other three sites, the CALIPSO cloudiness tends
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FiG. 4—Winter surface wind velocities from Van Lipzig et al. (2004). The
contours mark elevation. See the electronic edition of the PASP for a color ver-
sion of this figure.

to be 5-10% greater than the long-term mean seen in the Aqua
results (Fig. 7d). Both data sets have a relative maximum just
north of Dome A. The greater CALIPSO cloud amounts are
likely due to the limitations of detecting exceptionally thin
clouds with passive infrared imagery and interannual variations

FiG. 5.—Winter wind speed contours at ~100 m elevation from Parish and
Bromwich (2007). The thin lines are streamlines at ~500 m.
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F1G. 6.—Overlay of Figs. 2, 4, and 5, for the high Antarctic plateau; lines are
contours. The 80S line of latitude is (just) visible. Near Dome A, there is a mini-
mum in both the predicted wind speed and the predicted boundary layer thick-
ness. However, this minimum is south of Dome A itself at (80.37°S, 77.53°E) in
all three studies. See the electronic edition of the PASP for a color version of this
figure.

in regional cloudiness. The Aqua cloud data may somewhat
underestimate total cloudiness because few clouds having
optical thicknesses less than about 0.3 can be detected. Overall,
the comparisons with CALIPSO and GLAS indicate that the
Aqua cloud cover is within 5-10% of that detectable with lidars.
The cloudiness that is missed by Aqua is very thin, optically
speaking, and, therefore, may not have a significant impact.
Annual and May—October average cloud amounts for the
1° latitude x1° longitude regions that include Domes A, C, and
F are given in Table 2 for 2002-2006. The table also includes
the average cloudiness for a 4° x 4° region encompassing Ridge
B and the summer mean range for all locations. This latter pa-
rameter is the difference between the maximum and minimum
mean cloud cover for June, July, and August. The cloudiness
over the area around Dome C is similar to that observed from
the ground for single seasons (20-25%, e.g., Ashley et al. 2003,
Mosser and Aristidi 2007, Moore et al. 2008). Given the com-
parisons with the surface, GLAS, and CALIPSO observations, it
is concluded that the Aqua CERES-MODIS results provide a
good representation of the cloud cover over the sites of interest.
From Table 2, it is clear that there is little difference in cloud
cover among the sites. While Dome C has the least cloud cover,
it is only 4% less than the maximum at Dome F. Of the three
sites having the 1° resolution data, Dome C has the smallest

2009 PASP, 121:976-992
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F1G. 7.—Average seasonal cloud cover for the years 2002 July—2007 July from Aqua CERES-MODIS results. SON, DJF, etc. refer to months, Sep/Oct/Nov, etc. See

the electronic edition of the PASP for a color version of this figure.

interannual range in summer cloudiness. The smallest range,
over Ridge B, may be due to its larger spatial domain. The great-
est range in mean summer cloud cover is over Dome A, which is
not very far from a relative maximum in the total cloud cover.

Figure 10 shows a closeup of Figure 7(d), the Aqua/MODIS
winter cloud cover over the high plateau. The ridge of best
weather does not to go through Dome A, but is offset by 1-2°
to the south. This behavior is seen throughout the year in the
Aqua/MODIS data, though it is not present in the CALIPSO
data.

5. AURORAE

Auroral activity depends on solar activity, geomagnetic lati-
tude (A), and magnetic local time (MLT). The relative colors of
typical aurorae and the night sky are such that aurorae brighten
the sky most in U, B, V bands, in that order. At temperate lati-
tudes, auroral activity makes a negligible contribution to sky
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brightness (e.g., Benn and Ellison 2007). The strongest aurorae
occur in an oval between 60° < |A| < 75° stronger in the direc-
tion MLT = 12. Inside this oval, there is a region of lower
activity, still at a level much higher than at temperate latitudes
(e.g., Hardy et al. 1985). The activity levels at the magnetic
poles themselves have no measured dependence on solar activ-
ity level, or of course on MLT (Hardy et al. 1991, hereafter
HO91). Daily Antarctic auroral activity is shown online.*

The geomagnetic south pole is currently near (80°S 109°E),
and moving too slowly to matter even on the time scales of
Antarctic astronomy.’ The geomagnetic latitude of the sites is
given in Table 3. Dome A, Dome C, and Ridge B are all within
6° of the geomagnetic pole, while the South Pole and Dome F
are on the edge of the auroral oval at 10° and 13°, respectively.

*See http://www.swpc.noaa.gov/pmap/pmapS.html.
* See http://www.geomag.bgs.ac.uk/poles.html.
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F1G. 8.—Nocturnal fractional cloud cover from satellite instruments for 2003 Sep 18—-Nov 11. (a) GLAS, (b) Aqua CERES-MODIS. See the electronic edition of the

PASP for a color version of this figure.

The effect of auroral activity on sky brightness for Antarctic
sites was investigated in detail by Dempsey et al. (2005, hereafter
D95). They determined that, at the South Pole, auroral emission
was a significant, but not catastrophic, issue for sky-limited
optical astronomy in B, V, and R bands. They estimated auroral
contributions to the sky brightness of 21.7-22.5 mag arcsec™>
in Bband, and 21.8-22.5 mag arcsec 2 in V band. These com-
pare with dark sky brightness values at good temperate sites
of 22.5-23.0 mag arcsec™2 in B band, and 21.5-22.0 mag
arcsec 2 in V. They found that the aurora were brighter at solar
minimume.

Unfortunately, the D95 paper contains an error in the geo-
magnetic latitude of all the sites considered, so the extrapolation
of the South Pole result to other sites is incorrect. We have re-
peated the exercise in that paper, of using the auroral models of
HO1 to predict the auroral contribution at other sites. H91 give
average solar electron flux intensity maps as a function of solar
activity level K, ranging from I to 6, geomagnetic latitude, and
local time. We have integrated these models over local time
(using the logarithmic average), to find the approximate median
contribution as a function of geomagnetic latitude and solar
activity level (Fig. 11). It is striking that for |A| > 77°, the

FiG. 9.—Mean cloud amounts derived from CALIPSO lidar data, 2007 Jun—Aug. The scattered white areas in the lefthand plot indicate no detected opaque cloud

cover. See the electronic edition of the PASP for a color version of this figure.

2009 PASP, 121:976-992



TABLE 2

AVERAGE PERCENTAGE OF NIGHTTIME CLOUD COVER FOR
2002-2007 FroM AQua CERES-MODIS CLouD

ProbuUCTS
Site May-Oct  Annual ~ Summer Range
Dome A ..... 23.1 24.8 125
Dome C ..... 21.5 22.1 9.3
Dome F ...... 25.1 26.5 11.1
Ridge B ..... 24.5 25.7 7.6

auroral flux is anticorrelated with solar activity level, consistent
in both sense and magnitude with that seen by D95. As we go
closer to the geomagnetic pole, both the overall flux level and its
variability are reduced. The maximum and minimum levels are
shown, for all the sites under consideration, in Table 3.

We find that Dome A, Dome C, and Ridge B all have remark-
ably similar and constant average auroral contribution to the sky
brightness, at a level ~23 mag arcsec 2, at all times and in both
Band V bands. This corresponds to an increase in sky brightness
compared with the best temperate sites of almost a factorof 2 at B
and about 20-30% at V. The difference between these three sites
is small, though Dome C is marginally the worst. The optical sky
brightness at Dome F is dominated by aurorae, most of the time.

6. AIRGLOW

Airglow emission from OI is responsible for very strong
emission features at 557.7 nm and 630 nm, NO, is responsible
for a 500-650 nm continuum, while OH dominates the night-
sky brightness from 700 nm—2300 nm. Airglow was considered

FiG. 10.—Closeup of Fig. 7, showing the wintertime fractional cloud cover
from the Aqua CERES-MODIS results. The ridgeline of minimum cloud cover
passes to the south of Dome A. See the electronic edition of the PASP for a color
version of this figure.
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by Kenyon and Storey (2006), who found no strong evidence
for large systematic variations in airglow emission as compared
with temperate sites. Recently, more detailed predictions have
been made by Liu et al. (2008), for OI and OH emission, for all
latitudes, seasons, and local times. The predicted average emis-
sion for 20 hr—4 hr local time, for both OI and OH, is shown in
Figure 12. Results for other times are not available, but there is
almost no time dependence for Antarctic winter emission for
20 hr—4 hr, and it seems reasonable to assume that the maps
apply for all 24 hours. The models are validated against data
from the WINDII satellite, but this is for temperate latitudes
only, so the predictions for polar regions are unverified.

There are several features to note: the predicted OI emission
is very strong in Antarctica in winter, almost an order of mag-
nitude greater than at temperate sites. In principle, this can be
filtered out with narrow-band filters. For OH emission, the Ant-
arctic winter values are ~30% higher than temperate sites. How-
ever, the model predicts a striking “OH hole” over Antarctica
each October, with OH emission 6 times less than at temperate
sites. The hole is predicted to persist all summer, but sadly de-
cays in autumn just as soon as there is any dark time to use it.

Direct OH emission measurements from the South Pole® pro-
vide some partial support for this prediction, with the OH emis-
sion routinely settling down to levels ~5 times lower than the
winter median, for periods of several days at a time. Unfortu-
nately, comparative data for temperate sites are not available.

If confirmed, this would be a striking extra advantage for
Antarctic astronomy, since fields could be observed in J and
H bands to a depth comparable with K ;. It happens that the
hole coincides with the best accessibility for the south Galactic
pole and Chandra Deep Field South. The amount of dark time
available at those times of year is very limited: assuming a re-
quired solar elevation below —10° ~3.5 hr night‘1 of dark time
is available at Dome C at the equinoxes, and none at all at Dome
A. So although the depth of the hole is greatest at the pole, our
ability to make use of it depends on being as far north as pos-
sible, and in this respect Dome C has a distinct advantage com-
pared with the other sites.

The OH and OI data are too coarse (5° latitude bins) to make
very useful predictions for the average emission values at the
various sites; but the model predicts higher OI emission, and
lower OH emission as we approach the pole.

7. PRECIPITABLE WATER VAPOR

SGO6b produced a map of predicted average PWV (Fig. 13).
They predict Dome A to be the best existing site; Dome F to be
very nearly as good; Dome C about a factor of 2 worse, with
Ridge B intermediate. The best location of all is once again be-
tween South Pole, Dome A, and Dome F.

© See http://cedarweb.hao.ucar.edu/wiki/index.php/Instruments:spm.
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TABLE 3

RELATIVE AURORAL ENERGY FLUX AND SKY BRIGHTNESS CONTRIBUTIONS (A B mag arcsec™2) AT THE VARIOUS SITES, AT
MINIMUM AND MAXIMUM SOLAR ACTIVITY LEVELS

Site A K,=0 K,=6

2010 Flux 0% Flux 10 0%
SP .. —80° 3.98 21.7 21.8 1.92 22.5 22.5
DA ...l —84.9° 1.16 23.0 23.1 1.06 23.1 23.1
DC ... —84.1° 1.37 229 23.0 1.10 23.1 23.1
DF ... —77.0° 6.58 21.2 21.3 8.12 20.9 20.9
DB ... —85.4° 1.08 232 1.06 23.1 23.1
RB ...l —87.1° 1.00 232 23.3 1.02 232 232

Note.—Flux is as compared with the average at the geomagnetic pole, which is 6.31 x 10° keV sr! s

independent of MLT or solar activity (Hardy et al. 1991).

The MHS experiment on the NOAA-18 satellite allows esti-
mation of the daily PWV directly for the whole of Antarctica.
The estimate has been validated against ground-based measure-
ments at Dome A (Kulesa et al., in preparation). The statistics
for the various sites are shown in Table 4. The agreement with
the SGO6b predictions is quite good: the difference between
Dome A and Dome C is not quite as large as predicted, Dome
F is a little worse than predicted, and Dome B is a little better,
making it as good as Dome F. Ridge A again emerges as a sig-
nificantly better site than Dome A.

8. ATMOSPHERIC THERMAL EMISSION

The atmospheric thermal emission is determined both by the
total mass of each atmospheric component above the site, and its
temperature profile. For CO,, the mass is proportional to the
surface air pressure, which varies from ~575 mbar at Dome
A to ~645 mbar at Dome C. For water vapor, the temperature
profile is paramount, as it limits the saturated mixing fraction.
The temperature profile is shown in Figure 14, which shows the
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FIG. 11.—Average integral energy flux as a function of solar activity level and
geomagnetic latitude A. See the electronic edition of the PASP for a color ver-
sion of this figure.
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winter (May—Aug) mean temperatures from the NCAR/NCEP
reanalysis data (Kalnay et al. 1996), as a function of pressure
height. The atmospheric emission is dominated by the lower
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FIG. 12.—Predicted average Ol 557.7 nm (upper plot) and OH (8-3) (lower
plot) emission as a function of latitude and month, from the models of Liu et al.
(2008). Units are Rayleighs. See the electronic edition of the PASP for a color
version of this figure.
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FiG. 13.—Predicted winter PWV from SG06b. See the electronic edition of the PASP for a color version of this figure.

layers. The coldest air is once again between Dome A and South
Pole. Dome F is somewhat better than Ridge B, which is better
than Dome C. The difference between Dome A and Dome C is
consistently about 3°C at all pressure heights.

We have modeled the infrared sky brightness using the line-
by-line radiative transfer code (see, e.g., Lawrence 2004). For
each site the input parameters are the profiles of temperature
and pressure, while the relative humidity is set by matching

TABLE 4

PWYV QUANTILES FROM THE MHS SENSOR, FOR 2008
(DATA IN MICRONS)

Sp DC DA RA DB DF
Annual median ..... 437 342 233 210 274 279
Winter median ..... 324 235 141 118 163 163
Winter 25% ........ 258 146 103 77 115 114
Winter 10% ........ 203 113 71 45 83 90

122 65 64 67 98
Note.—Winter refers to days 120-300.

Winter o

2009 PASP, 121:976-992

the overall PWYV to the winter median from Table 4. The result-
ing spectra of IR sky brightness are shown in Figure 15. In order
of decreasing infrared sky emission, the sites can be ranked as
follows: South Pole, Dome C, Dome F, Ridge B, Dome A, and
Ridge A. The difference between South Pole and Ridge A is
about a factor of 3 in the best thermal infrared windows, but
about 1.5 in the optically thick bands that dominate the broad-
band sky brightness.

The sky brightness within the K ; passband at South Pole is
80—200 pJy arcsec™2 (Philips et al. 1999). However, there are
no measurements elsewhere on the Antarctic plateau, and the
dominant emission mechanism is unknown, so this value cannot
be extrapolated to the other sites. All we can say is that since all
the other sites are higher and drier, the background is likely to
be lower.

Additionally to any variation of the sky brightness within the
K, window, we can expect that the higher and colder sites allow
a wider passband; this is because the atmospheric thermal emis-
sion defines the redward passband cutoff. From Figure 15, the
wavelength where the thermal emission exceeds ~100 pdy is
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FI1G. 14.—Mean winter temperature for 1990-2008, at pressure heights (in
mbar) 600, 500, 400, 300, 200, 150, 100, 50, 20, 10. Range is —90°C to
—40°C. See the electronic edition of the PASP for a color version of this figure.

shifted redward by ~0.09 pm between South Pole and Ridge A,
an increase in bandwidth of 50%, and allowing observation out
to ~2.5 pum.

9. SURFACE TEMPERATURE

The coldest possible surface temperature implies the lowest
telescope emission in the thermal infrared. Figure 16 shows the
predicted winter surface temperature from SGO6b, while Fig-
ure 17 shows the measured average winter (June/July/August,
JJA) surface temperature, derived from the Aqua/MODIS data
for 2004-2007. As expected, the ridge along Dome F-Dome
A-Ridge B defines the coldest regions, with a separate (and
almost as cold) minimum at Dome C. The ridge of minimum
temperature again misses Dome A, passing through 81°-82°S.
Actual values for the sites are given in Table 5. Ridge B is colder
than Dome A, and nearly as cold as anywhere on the plateau;
Dome C is also remarkably cold. However, all the sites are
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FIG. 15.—Model infrared sky thermal brightness in K, L, M bands (fop) and N
and Q bands (bottom) for various Antarctic plateau sites. Note that OH airglow
emission is not included. See the electronic edition of the PASP for a color ver-
sion of this figure.
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FIG. 16.—Predicted winter surface air temperature from SGO6b. See the electronic edition of the PASP for a color version of this figure.

within a few degrees of each other, and the effect on overall
telescope emission is modest.

10. FREE-ATMOSPHERE SEEING

We have direct measurements of the free seeing (i.e. above
the surface boundary layer) from Dome C, where it is 0.27 —
0.36" (Lawrence et al. 2004, Agabi et al. 2006, Aristidi et al.
2009), and also from South Pole (Marks et al. 1999), where
it is 0.37 +£0.07".

Estimating the seeing directly from meteorological data is
extremely uncertain, because the seeing is in general caused
by turbulent layers much thinner than the available height reso-
lution. However, the importance of the free seeing makes it
worthwhile to attempt some estimate of its variation between
different sites, however crude.

2009 PASP, 121:976-992

Figure 18 is taken from the NCAR/NCEP reanalysis data
(Kalnay et al. 1996), and shows the mean wintertime (May—
August inclusive) wind speed, over the years 1979-2008, as
a function of pressure height. At all heights, there is a general
minimum over the Antarctic plateau. The minimum is rather
weak at the lowest elevations, but includes the Dome A-South
Pole region; as we move to higher elevations, the minimum be-
comes strikingly defined, and very symmetrical around a point
halfway between Dome A and South Pole. We can be reason-
ably confident that the best seeing will be associated with the
lowest wind speeds (or more precisely, the lowest wind velocity
vertical gradients). So, we expect that the best free seeing, iso-
planatic angle, and coherence time will all be found in this re-
gion, deteriorating with distance from there. This is in line with
the findings of Hagelin et al. (2008), who predicted Dome A and
South Pole to be comparable, with Dome F a little worse and
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FiG. 17.—Observed temperature from the Aqua/MODIS data for 2004-2007.
See the electronic edition of the PASP for a color version of this figure.

Dome C significantly worse, because of high altitude winter
winds.

We have tried to quantify the expected variation of the free
seeing as follows. Firstly, following Masciadri & Jabouille
(2001), SGO6DL, and Hagelin et al. (2008), we relate the refrac-
tive index variations C? to wind speed and potential temperature
gradients, giving

€]

4/3
03:3.62x105< ! lde‘dVD ,

TP 0dn | dh

where P is pressure, g is gravitational acceleration, 6 is potential
temperature, h is vertical height, V is velocity, and all terms are
in SI units. Secondly, we make the very crude, but reasonable,
assumption that the gradients |dV/dh| are proportional to the
wind speeds taken from the NCAR data—that is, that the atmo-
sphere shows self-similar behavior, with some fixed (though
unknown) dependence between wind speed and its vertical gra-
dients at any given pressure height. Thirdly, we use the winter
NCAR/NCEP temperature and windspeed profiles over Dome
C, together with the average winter C? profile of Trinquet et al.
(2008, hereafter T08), as templates. We are then able to synthe-

TABLE 5
AVERAGE WINTER (JJA) SURFACE TEMPERATURES

Latitude  Longitude  Temperature
Site (deg) (deg) (K)
Dome A ..... 80.37S 77.53E 204.1
Dome C ..... 75.06S 123.23E 204.9
Dome F ..... 77.19S 39.42E 204.9
Dome B ..... 798 93E 203.6
Ridge B ..... 76S 94.5E 206.9
Ridge A ..... 81.5S 73.5E 203.5

Moy 1s dug: 1980 1o 2008

F1G. 18.—Mean winter wind speeds at pressure heights (in mbar) 600, 500,
400, 300, 200, 150, 100, 50, 20, 10, for 1990-2008. Wind speed runs from
8 km s~! to 40 km s~!. See the electronic edition of the PASP for a color ver-
sion of this figure.
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size an average winter C2 profile for every point in the NCAR
maps, by scaling the TOS profile at each pressure height accord-
ing to the local velocity and temperature profile. For elevations
lower than Dome C, we have no C?2 profile, and we simply as-
sume a fixed value of C2 =1 x 1077 m?/3 (m is meters). We
then integrate up the resulting C? profile, to get maps for the free
seeing €, the isoplanatic angle 6, and also the coherence time 7:

3/5
€ =151 x 1071 ( / Cidh) [ @)
hy

-3/5
90 = 9.48 x 1015< C%(h — h0)5/3dh> [//] (3)

hy

-3/5
7o = 4.60 x 10'7 ( A C%|V|5/3dh> [ms] )
0

where hy is the surface height and all terms on the RHS are in SI
units. The results are plotted in Figure 19. The variation due to
differences in pressure and potential temperature profile are very
small; it is wind speed that really matters. ¢, is dominated by con-
tributions below about 11 km (pressures above 200 mbar), while
f, is dominated by contributions at 20-25 km (pressures 20—
40 mbar). So our maps are largely just a reflection of the average
wind speeds at those heights. 7 varies as a much stronger power
of |V] than ¢ or 6, (g versus %), but is not dominated by any par-
ticular heights. The prediction for 7 is also more robust, since
there is a certain dependence on one power of wind speed. Table 6
shows the resulting values for the various sites.

The model predicts that the best free seeing is at South Pole.
Comparing Dome A and Dome C, we predict that the free see-
ing is about 20% better, the isoplanatic angle 50% better, and for
coherence time, almost a factor of 2 better. Dome F is very
nearly as good as Dome A, while Ridge A is significantly better
than Dome A, and comparable with South Pole. Dome B is
better than Dome C but much worse than Domes A or F. The
model predicts very large variations in the utility of the sites for
any sort of adaptive optics, which is given by the “coherence
volume” 62 7y/€3 (e.g. Lloyd 2004). This is also shown in
Table 6, and implies differences of an order of magnitude be-
tween the Dome C and the best sites.

All the seeing predictions here look a bit optimistic, partly
because the TOS profile gives better values than the DIMM mea-
surements of Aristidi et al. (2009). Like Hagelin et al. (2008),
we predict better free seeing at South Pole than at Dome C, in
disagreement with the balloon data of Marks et al. (1999). We
note that Lascaux et al. (in preparation) have undertaken simu-
lations of individual C? profiles at Dome C, in impressive
agreement with the TO8 data. This offers the likelihood of much
more sophisticated predictions for the comparative seeing of the
various sites.
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F1G. 19.—(Top) Predicted free seeing, (center) isoplanatic angle, and (bottom)
coherence time, all based on the model presented in the text. Orientation is 0°E at
the top, increasing clockwise, as per, e.g., Fig. 1. Latitudes 60°S, 67.5°S, 75°S,
and 82.5°S are marked. See the electronic edition of the PASP for a color version
of this figure.
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TABLE 6

PREDICTED FREE SEEING ¢, [ISOPLANATIC ANGLE 6;, COHERENCE
TIME 7, AND THE RESULTING “COHERENCE VOLUME” 63 7 /€2
FOR THE VARIOUS SITES, USING THE MODEL DESCRIBED IN THE

TEXT

€ B 70 Coherence Volume

Site (" (") (ms) (s)

South Pole ..... 0.186 543 188 16.0
Dome A ....... 0218 557 16.0 10.4
Ridge A ....... 0208 6.29 17.6 16.1
Dome C ....... 0.261 339 844 1.42
Dome F ....... 0209 517 154 9.42
Ridge B ....... 0234  4.07 11.1 3.36

11. DISCUSSION

The results on aurorae (based firmly on real data) and airglow
(based on a model with only temperate validation), suggest that
the optical sky brightness is higher in Antarctica than at tem-
perate latitudes (except possibly briefly in the spring in the far
red). The increase is not large enough to rule out, e.g., inter-
ferometric or time-series observations, but makes Antarctica
less attractive for sky-limited optical observations.

The cloud cover, surface temperatures, and high and low al-
titude winds all have minima offset from Dome A toward the
South Pole, albeit by varying amounts. So it is natural to recon-
sider the topography in this region, to see if there is a better site
for an astronomical observatory. Figure 20 shows the topogra-
phy around Dome A, according to Liu et al. (2001). Dome A
(80.37°S, 77.53°E, 4083 m) is right on the northeast end of a
very flat plateau. This is unfortunate, as there are better condi-
tions at the other end of the plateau. There are two obvious other
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F1G. 20.—Surface contours in the vicinity of Dome A. Data from Liu et al.
(2001), axes are in degrees. The lesser detail on the lefthand side is an artifact of
the available data resolution. See the electronic edition of the PASP for a color
version of this figure.
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FI1G. 21.—Surface contours in the vicinity of Ridge B. Data from Liu et al.
(2001). See the electronic edition of the PASP for a color version of this
figure.

sites for an observatory: there is a secondary peak at (80.79°S
75.9°E, 4080 m), 55 km away from Dome A but only 3 m lower,
and there is a perfectly flat spur which ends at (81.5°S 73.5°E,
4053 m), 144 km from Dome A but only 30 m lower. This latter
site, which we call Ridge A, looks to offer significant advan-
tages over Dome A in terms of weather, surface temperature,
PWYV, and surface and high altitude wind speeds.

Dome F emerges from this study as an excellent site, with the
exception of auroral emission for optical work. The PWV is not
quite as good as at Dome A, but the boundary layer, tempera-
ture, seeing, and weather characteristics are all comparable.

Ridge B (Fig. 21), also contains potentially very good sites,
if the problems of access and communications with Dome A
prove intractable. Dome B at (79°01'S, 93°37'E, 3809 m) has
excellent boundary layer characteristics and is as high and cold
as Dome F, with much lower auroral emissions, but with some-
what higher PWV and significantly worse free seeing. Positions
further along the ridge (and so with better sky coverage and
easier access) are compromised by the increasing mismatch
between the physical peak, which runs almost due north, and
the katabatic ridge running NNE. At the end of the katabatic
ridge, at ~76°S ~97°E , the elevation is ~3700 m, ~100 m
lower than the peak.

Dome C scores very well in terms of surface temperature and
weather, and is the only site able to use the predicted OH hole in
the spring. The K ; background may be almost as good as other
sites, though this is unmeasured. Seeing, thermal sky back-
grounds, and PWV are all significantly worse than Domes A
or K.

South Pole appears to offer the least turbulence in the free
atmosphere of all the sites, but is much poorer in almost all other
respects.

2009 PASP, 121:976-992
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TABLE 7
SCORES FOR EACH SITE FOR THE VARIOUS CRITERIA

South Pole Dome A Ridge B Dome C Dome F Ridge A
Cloud .ovvveiiieeii e x v VvV VvV VvV Vv
Boundary Layer ................. x V4 vV Vv VvV VvV
AUTOrae ............oiiiiiiiiinn. XX X X X XX X X
Free seeing ...................... VvV Vv V4 Vv YA VvV
PWV/infrared sky ............... Vv vV Vv AV VVYV
Temperature ..................... X VvV VvV vV avs VVYV

12. CONCLUSIONS

1. The lowest surface wind speeds and the thinnest boundary
layer are found at Dome F, Ridge A, all along Ridge B, Dome C,
and Dome A, in that order. The ridge on minimum wind speed is
offset from the topographic ridge, in the direction of lower sur-
face gradient.

2. The lowest surface temperatures are to be found along the
line between Dome F-Dome A—Ridge B-Dome C, with only a
few degrees variation. The ridge of lowest temperature is again
offset from the topographic ridgeline, but by a larger amount.

3. The lowest winter cloud cover closely tracks the lowest
temperatures, with the same offset, and with only a few percent
variation in the clear sky fraction. Dome C may have the best
winter weather of all the sites.

4. The lowest wintertime free atmospheric wind speeds are
found between Dome A, Dome F, and the South Pole, and in-
crease with distance from there. On the assumption that wind
speeds and seeing are closely correlated, this translates into
significant differences in the free-atmosphere seeing, the iso-
planatic angle, and the coherence times. There is an order of
magnitude variation in the predicted overall coherence volume
between the sites.

5. The lowest wintertime atmospheric thermal emission, and
the lowest precipitable water vapor, is likewise found between
Dome A, Dome F, and South Pole. The differences between the
sites in thermal IR sky background are factors of 1.5-3.

6. Domes A and C and Ridge B are all similar from an
auroral point of view, with significant but not disastrous auroral
contribution to the optical sky backgrounds. At Dome F, aurorae
dominate the optical sky brightness.

7. Airglow from OI and OH is predicted to be higher
everywhere on the Antarctic plateau than for temperate sites,
limiting its attractiveness for sky-limited observations short-
ward of 2.2 um. However, in the spring, OH emission is pre-
dicted to collapse to levels ~6 times lower than temperate

sites. Dome C is the only site that can take advantage of
this.

8. Overall, Dome A is clearly the best of the existing sites,
because of its excellent free atmospheric seeing, PWYV, and ther-
mal backgrounds from sky and telescope.

9. However, significantly better conditions are expected to be
found ~150 km southwest of Dome A, at what we call Ridge A,
at (81.5°S, 73.5°E, 4053 m)

10. Dome F is a remarkably good site, comparable with
Dome A, with the exception of PWV and auroral activity.

11. Dome B is also a very good site. The PWV is again not
quite as good as Dome A, and the seeing is significantly worse.
Dome F is marginally the better site for most purposes.

We summarize these conclusions as an entirely subjective, but
hopefully useful, table of the merits of the various sites (Table 7).

As a final comment, we note that the atmospheric properties
of a site are only one set of characteristics that have to be
considered before an observatory can be established. To quote
Vanden Bout (2002):

Even so, there remain many other considerations that influ-
ence the selection of telescope sites. These considerations can
have an overwhelming influence. They cannot be ignored if
projects are to succeed. The task of telescope site selection is
to pick the site with the best atmosphere required for the science
while satisfying the requirement that the project must be sold to
those who will supply the funding.

The weather satellite analyses were supported by the ICE-
Sat, CERES, and CALIPSO projects. We have made ex-
tensive use of NCAR/NCEP reanalysis data provided by the
NOAA/OAR/ESRL PSD, Boulder, Colorado, from their Web
site at http://www.cdc.noaa.gov/. Thanks to Yan Chen and
Sharon Gibson for assistance with the weather graphics, and
to Nicole van Lipzig for provision of a high quality version of
Figure 4.
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