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Abstract. We present long term site testing statistics obtained at Dome C, Antarctica with various
experiments deployed within the Astroconcordia programme since 2003. We give values of integrated turbu-
lence parameters in the visible at ground level and above the surface layer, vertical profiles of the structure
constant C2 and a statistics of the thickness of the turbulent surface layer.

Keywords: site testing, atmospheric effects

1 Introduction

The AstroConcordia program has been up to now, dedicated to the qualification of the site of Dome C, Antarc-
tica, for astronomical purposes. After almost 10 years of operation since the first results (Aristidi et al! 2003)
including 8 winterovers, we could measure long terms characteristics of the turbulent atmosphere and extract
important parameters of the so-called “boundary layer” that we now understand quite well (global and tempo-
ral statistics). With the huge volume of data collected throughout the years, Dome C is probably among the
most extensively characterized sites in the world, at least from the optical turbulence point of view. In this
contribution we present the results of 8 years of turbulence monitoring. We give statistics of the seeing, the
isoplanatic angle, the coherence time and the outer scale during the polar winter, at ground level as well as
above the turbulent surface layer. We also give statistics of the thickness of the surface layer as estimated by
various instruments.

2 The instruments

The instruments that were deployed on the site aim at characterizing the statistical properties of the optical
turbulence. They can be split into two families: the “profilers” and the “integrators”. The latter is composed
of telescope-based instruments which observe a bright star in the visible wavelengths and perform continuous
measurements of the seeing, the isoplanatic angle and the outer scale. These instruments named DIMM,
Thetameter and GSM are described in previous papers (Aristidi et all 12005, 2009, Ziad et al) 2008). Several
DIMM were placed at different elevations to measure the seeing inside the turbulent surface layer discovered
during the first winterover in 2005 (Agabi et all2006).

The other family includes all instruments capable of measuring vertical profiles of the refractive index
structure constant C2(h) as a function of the altitude h. The balloon-borne microthermal sensors used in 2005
(Trinquet et al) 2008) and the sonic anemometers on the 45 m high mast (Travouillon et all[2008) belong to
this group and perform in-situ measurements (in the whole atmosphere for the balloons, inside the surface layer
for the sonics). The Single Star Scidar (Vernin et all|l2009) and the Lunar Limb Profiler use optical techniques
to access the turbulence profile though the observation of a bright star (scidar) or the lunar/solar limp (LLP).
The latter was installed at Dome C in 2011 and the first winter data are under processing at the moment of
writing this paper. Note that integrated parameters (including the coherence time of turbulence) can also be
derived from some of these profilers (Balloons, SSS, LLP).

The period of operation of each instrument is summarized in Table [1l
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3 Results

3.1 Statistics of integrated parameters

A complete statistics of integrated parameters in winter (period April to September) obtained with all the
instruments is presented in table[2l Values are given for an altitude of 8 m above the snow. The seeing is actually
poor because of the presence of a very turbulent surface layer (SL), but it was discovered (Aristidi et al)2009)
that the upper edge of this SL is very sharp. The seeing distribution splits into two regimes corresponding to
the DIMM being inside or outside the SL, giving histograms composed of two bumps (Fig. ). The area under
these bumps depends on the altitude h above the ground: at h = 20 m, the DIMM spent 45% of the time above
the SL. Statistics of the integrated parameters above the SL could be derived from profiler data (Balloons and
SSS) as well as combined analysis of measurements from the 3 DIMM (Aristidi et all[2009). They are given in
Table B

As noticed by Bonner et all (2010) for the case of Dome A which present similar properties, this situation
is very peculiar. We are now convinced that site characterization in Antarctica can be performed by (i) mea-
suring the properties of the SL (in particular its thickness) and (ii) measuring the free atmosphere turbulence
parameters.

3.2 Thickness of the surface layer

The presence of a very turbulent surface layer in the first tens of meters above the ice of the plateau was
discovered with the first balloon launches in March 2005 (Agabi et alll2006). Several experiments were deployed
to monitor this SL by in-situ measurements. The first one is a set of microthermal sensors (same sensors used on
the balloons) placed in 2005 and 2006 on the 32 m high US Tower (800 m from the Concordia buildings). But
the accumulation of ice on the sensors spoiled the results (and eventually broke the sensors). This approch was
abandoned to the benefit of fast sonic anemometers able to estimate the structure constant of the temperature
C2? (Travouillon et al. 2008).

6 anemometers were deployed on the tower (which was prolongated up to 46 m in 2008) at regular altitudes
from 8 m to 45 m. These instruments are periodically heated to prevent frost deposit. The period of the
cycle was adjusted empiricaly by the winterers on site to optimize the quantity of usable data. The data are
still under processing, but we start to obtain reliable measures as illustrated by the vertical profile of C2 in
Fig. Bl It is interesting to note that the histograms of all sonic data exhibit a two bumps structure, exactly
like the DIMM. Fig. [B] shows the histograms of Log(C2) in winter (April to September) for the anemometers
at elevations 31 m and 39 m. On the same figure we displayed the histogram of balloon measurements taken
in 2005 at the same altitude, which also show the same structure. The abcissa of the center of these bumps is
the same in both cases. The leftern bump correspond to situations where the sonic is outside the surface layer
and then to the histogram of Log(C?) in the free atmosphere. From all sonic data, we can have an estimation
of the median thickness of the SL at a value hgy = 35 m. Once again, this is a preliminar number but is in
agreement with the thickness published by (Trinquet et all2008). Table ] summarizes published values of the
surface layer thickness at Dome C.

2003-2004 2005 2006 2007 2008 2009 2010 2011 2012
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Table 1. Operating periods for each instrument (colored boxes). For Sonic we give also the number of available anemome-
ters.
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Seeing Isoplan. angle | Coh. time | Outer scale
[arcsec] [arcsec] [ms] [m]
DIMM/GSM 1.7 [1.0 - 24] | 41 2.7 - 5.9] 75 5 - 11]
SSS (Giordano et al. 2012) 1.0 6.9 3.4
Balloons (Trinquet et al. 2008) 14 2.7 5.7
Meso-NH model (Lascaux et al. 2011) 1.7
South Pole (Marks et al. 1999) 1.8 3.2 1.6
Mauna Kea (Racine & Ellerbroek 1995) 0.6 1.9 2.7 17
Paranal (Sarazin 2012) 0.8 2.6 3.3 22

Table 2. Integrated parameters in winter (April to September) at an altitude of 8 m from various instruments. Meso-NH
is a computer-based model developped by the Arcetri Observatory (Italy). A comparison with values at other sites is
provided (the outer scale value for Mauka Kea is from (Schéck et all|2002)).

Seeing | Isoplan. angle | Coh. time
[arcsec] [arcsec] [ms]
DIMM/GSM (Aristidi et al. 2009) 04 i1
SSS (Giordano et al. 2012) 0.3 6.9 10.2
Balloons (Trinquet et al. 2008) 0.4 2.7 6.8
AASTINO (Lawrence et al. 2004) 0.3 5.7 7.9
Meso-NH model (Lascaux et al. 2011) 0.3

Table 3. Free astmosphere integrated parameters in winter (April to September) above the surface layer. AASTINO
was an experiment deployed in 2004 by the University of New South Wales, Australia.
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Fig. 1. Left: Seeing histogram at an elevation of h = 8m for the period April to September. Right: Idem for h = 20m
from available data in 2005 and 2012. Red (solid) and blue (dashed) lines are Gaussian fit of the two bumps. They give
the fraction of time spent by the DIMM inside (blue line) or outside (red line) the SL. At h = 20m the DIMM is in the
free atmosphere 45% of the time (12% at h = 8m).

4 Conclusions

We have presented statistics of the optical turbulence at Dome C in winter, using all data collected by our
instruments since 2004. We confirm the general scheme of a thin but strong turbulent layer above the surface,
which cause the ground seeing to be very poor, as well as the coherence time. Above this surface layer whose
thickness is measured between 27m and 35m, the conditions are exceptionnal, the seeing can attain values of
0.4 arcsec half of the time. We also discovered that the distribution of the values of C2 and the seeing display a
bimodal structure. This indicates, as pointed by (Aristidi et al.|2009), that the upper edge of the surface layer
is very sharp and that a telescope at a given altitude would be either inside or outside this surface layer with
very little intermediate cases.

The authors gratefully acknowledge the polar agencies IPEV and PNRA, the US NSF and the french agencies INSU and ANR for
logistical support and funding. We are in debt to the Dome C local staff and winter-overs of 2005 to 2012 for their assistance.
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Median turbulence profile (winter)
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Fig. 2. Median vertical profile of the structure constant C2 as a function of the altitude above the ground, measured by
various instruments.
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Fig. 3. Left: Histogram of Log(C?2) in winter (April to September, 2008 to 2011) measured by the sonic anemometer

at an elevation of 31 m. The structure constant C2 is in m~?/3. The data being still under processing, these results
are preliminar. Middle: Same for the sonic at 39 m. Right: Histogram of Log(C?) measured by the balloon-borne

experiment in 2005 at the elevation h = 39 m (~ 80 values. available).
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