
Site Considerations for the Next Generation ofOptical Arrays: Mid-latitude Sites versusAntarcticaM. Sarazin 1 and T. Sadibekova 1 21European Southern Observatory (ESO), Germany2University of Nice, LUAN, FranceAbstract: The experience from the �rst years of operation of the ESO VLT Interferometer at Paranaland the recent results of the site testing in Antarctica are used to review the expected performancesof an optical array operating at mid-latitude sites or in Dome C, Antarctica.1 IntroductionMost international observatories are located at mid-latitudes, on islands or on coastal moun-tains. Recent results of site testing at the new station of Dome C, Antarctica (75o 06' S, 123o24' E, 3233 m) have encouraged the community to propose science projects which could makeuse of these exceptional observing conditions. Interferometry is particularly well representedin the competition and we address here an arbitrarily limited selection of the site parameterswhich should be among the main drivers for deciding how much improvement can be expectedfrom operating an interferometric facility from Antarctica. We compare Dome C to the ESOParanal Observatory (24o 37' S, 70o 24' E, 2636 m), the site of the VLT Interferometer (VLTI)with regards to available dark time �rst. Then, based only on meteorological model data, weconsider the turbulence close to ground which decides on the height of the telescope structure.Finally we review the coherence timescale of the turbulence which determines the e�ciency ofadaptive optics correction as well as of fringe stabilization (Tubbs (2005)). As pointed out byMarrioti (1994) the outer scale of the turbulence is also a critical parameter for co-phasing aninterferometer and should be taken into account in such a review. However it is not yet proventhat this parameter is site dependent and only local measurements from Dome C can answerthis question.2 Dark TimeCivil twilight is the period from sunset when the solar disk has just left the horizon untilthe centre of the sun's disc is 6 degrees below the horizon. Nautical twilight occurs whenthe sun is between 6 and 12 degrees below the horizon. Astronomical twilight �lls the time\Technology roadmap for future interferometric facilities"; JENAM 2005, held in Li�ege (Belgium)



interval when the sun is between 12 and 18 degrees below the horizon. When the sun is below18 degrees, the faintest stars which can be seen by the naked eye are visible. Such a de�nitionis derived from visual observations and should maybe be revised for each type of observationmode and wavelength range. We show in what follows that the sun elevation limit chosen forthe computation of usable time has severe consequences for ranking the sites close to the poles.Using the traditional de�nition, the total number of dark hours available per year is shownon Fig. 1 as a function of the geographic latitude. The minimum occurs at a distance from thepole equal to the di�erence between the earth axial tilt (23:45o) and the required minimum solarelevation. This computation takes atmospheric refraction e�ects into account, calculated forobservation from sea level. On Fig. 2, the annual variation of the number of available dark hoursis shown, again using the traditional de�nition. The disadvantage for polar sites is obvious,Dome C provides only half the observing time of what is available at mid-latitude. Moreover,as shown on Fig. 3 and Fig. 4, the so-called 7-month long polar night often advertised does notexist at Dome C where the sun never stays below 18 degree for 24 hour in a row. One has torelax the sun minimum position below horizon to about 10 degree to obtain observing nightslonger than 24 hour. Counter arguments such as the higher transparency of the atmosphereand the lower content in airborne aerosol call in favour of revising the dark time constraints forAntarctic astronomy. For this purpose, on site measurements of sky background are plannedin the current site testing activities at Dome C.3 Ground Layer TurbulenceThe ground layer turbulence is currently being studied at Dome C, in particular to determinethe height above ground at which observing facilities should be built. This issue is particularlyrelevant for the implementation of large interferometric arrays with movable units where theproject cost is heavily weighed by individual antenna parameters.In a �rst approximation, the structure of the thermal turbulence in the surface layer fol-lows the Kolmogorov law with a mean square temperature di�erence between two air parcelsdecreasing with their distance to the 2/3 rd power. In this model Coulman et al. (1986) haveshown that the temperature structure coe�cient C2t can be expressed as a function of the rateof dissipation of half the temperature variance ��, and the rate of dissipation of kinetic energy� along: C2t = 1:6���� 13 : (1)For stable nocturnal conditions on a bare mountain summit, like Cerro Paranal before theconstruction of the VLT, de Baas & Sarazin (1991) have shown that this simple k-� model wasproducing realistic results compared to microthermal measurements on a 30 mmast. Bougeaultet al. (1995) have extended its application to the whole atmosphere with the assumption thatthere is a quasi equilibrium between the production and destruction of temperature variancein atmospheric turbulence: C2t = 1:4 lk l 13� (d�dz )2 ; (2)where lk and l� are respectively the mixing and dissipation lengths describing the up anddownward motion of the air parcels. The immediate consequence is that the thickness of theturbulent surface layer is mainly determined by the vertical gradient of the temperature abovethe ground. It is thus tempting to obtain a preliminary information from analyzes producedroutinely by meteorological forecasting institutes such as ECMWF in Europe and NCAR inthe USA.



Figure 1: Total available number of dark hours per year as a function of latitude. Astronomicaldark time is by convention de�ned when the sun is more than 18 degrees below horizon.

Figure 2: Total available number of dark hours as a function of latitude and time of the year(3365 hour at Paranal and 1767 hour at Dome C). Astronomical dark time is by conventionde�ned when the sun is more than 18 degrees below horizon.



Figure 3: Total available dark time (grey) and local solar time twilight limits (dash) at DomeC along the year for various values of maximum sun elevation: relaxing the conventional limitfrom 18 degree to 6 degree below horizon doubles the available number of hours per year.

Figure 4: Total available dark time (grey) and local solar time twilight limits (dash) at Paranalalong the year for various values of maximum sun elevation: relaxing the conventional limitfrom 18 degree to 6 degree below horizon only increases by 20% the available number of hoursper year.



The ECMWF (European Center for Medium-range Weather Forecasts) produces 6-hourlyoperational meteorological analyses to initialize short - and medium-range weather forecast.The analyses are the results of the assimilation of real-time observations, where and whenavailable, into a meteorological model. In Antarctica, most of the in-situ observations are madeat weather stations scattered at the periphery of the ice sheet. Automatic weather stations,including one at Dome C (WMO 89625), also provide basic surface information for the interiorof the ice sheet, but there is currently no radio-sounding done on the East Antarctic plateauand reported for analyses. However, polar-orbiting meteorological satellites provide all-seasondownward-looking sounder information. Further information on the ECMWF system can befound at http://www.ecmwf.int. The 6-hourly pro�les have been interpolated to the Dome Ccoordinates (rounded to 75oS, 125oE) from the original spectral archives with a nominal spatialresolution is � 75 km. There are 60 levels unevenly distributed along the vertical from thesurface to 0.1 hPa, with typical resolution 2-3 hPa in the lowest levels.None of the radiosoundings performed by the site survey team at Dome C by Aristidi et al.(2005) have been used in the analyzes, so the observations provide an independent evaluation ofthe model capabilities. Recently, the ECMWFmodel agreement with these local radiosoundingshas been positively veri�ed for Summer 2005 by Sadibekova et al. (2006). Fig. 5 presents theaverage temperature pro�les for Summer and Winter months of the year 2003. Obviously, incon�rmation of the local measurements conducted by Agabi et al. (2006), the temperaturepro�le presents a stronger vertical gradient in the �rst in layer winter months than during thesummer months. Thus the height of a telescope building at Dome C shall be determined by thestrong winter time inversion. With a temperature gradient of several tens of degrees, the groundlayer shall be noticeably larger at Dome C than what is experienced at most mid-latitude sites.Most mountain observatories usually present a shallow nocturnal inversion of a few degrees onlywhich contributes to a small fraction of the total seeing (e.g. 8 % in the 6-21 m layer at theVLT Observatory measured by Martin et al. (2000)). Considering the di�culty of extensivelocal monitoring, modeling ground layer turbulence in Antarctica with the available input fromglobal meteorological models should be encouraged.4 Temporal Coherence Time �0The coherence time of the wavefront is de�ned by Roddier (1981) for adaptive optics from thephase structure function as the time it takes for the wavefront phase di�erence to reach 1 radianrms. �0 = 0:31 r0V0 ; (3)where V0 is the average velocity of the turbulence.V0 = 24R10 C2n(h)V (h) 53dhR10 C2n(h)dh 35 35 (4)The direct calculation of V0 is thus only possible when the vertical pro�les of the turbulenceC2n(h) and of the wind velocity V (h) are simultaneously available. However, based on thestatistics of turbulence and wind vertical pro�les recorded from balloons launched at CerroParanal and at Cerro Pachon in Chile, Sarazin & Tokovinin (2001) proposed an expression forV0 which relates to meteorological variables only: V0 �Max(0:4V200mb) (Figure 6).



Figure 5: 2003 monthly average vertical temperature pro�les above Dome C on 60 altitudelevels starting from the ground, as produced by ECMWF.Similarly, the coherence time for interferometry corresponding to 1 radian rms phase uc-tuation about the mean, in the double aperture case, is given by Colavita 1999:�0I = 0:81 r0V0 ; (5)Di Folco et al. (2003) have extracted coherence time statistics from VLTI Vinci temporalspectra. They compared their data to the contemporaneous values generated using the seeingand wind recorded at ground level as well as the wind forecasted at 200 mB by ECMWF alongthe method described above, also taking the surface winds into account. The agreement shownon Figure 7 is very encouraging, showing a good correlation along the expected 0.81/0.31 slope.It is thus possible to produce long term statistics of coherence time at Chilean Observatoriesas shown on Table 1 for Paranal.The question whether the empirical relation proposed for Chile by Sarazin & Tokovinin(2001) can be ported to other sites is still debated. The same relation was found for SanPedro Martir (Baja California, Mexico) by Carrasco et al (2005). However Garc�ia-Lorenzoet al. (2005) have studied the wind pro�les at several astronomical sites and concluded that,although the wind velocity at 200 mb was certainly a good tracer of the whole atmosphericmotion, quantitative geographical di�erences were noticeable in the correlation coe�cients ofwind at various altitude. We thus limit ourselves to the comparison of tropopause wind velocityat Dome C and Paranal to obtain a qualitative estimate of the improvement expected forAntarctic observations. The tropopause altitude increases gradually from 7-8 km in the polarregion to 17-18 km in the inter-tropical zone, with an average of 11-12 km in the subtropicalregions. That is why we choose to compare the 200 mb wind velocity above Paranal to the300 mb wind velocity above Dome C. From the data shown on Table 2 the atmosphere aboveDome C should be slower by a factor of 2 on a yearly average compared to Paranal. Dome C



however do present seasonal variations and some variability about the monthlymeans dependingon the relative position of the polar jet. For instance Agabi et al (2006) monitored more than30 m/s wind speed from balloons launched in June 2005.Among the few in situ measurements of �0 available from Dome C, Kellerer et al. (2005)have extracted a range of 6 ms to 15 ms from piston variability measurements taken onJanuary 31, 2005 at 3.5 m above ground with 0.7-0.8" seeing. The NCAR re-analysis site(http://www.cdc.noaa.gov/cdc/data.ncep.reanalysis.html) gives for this date about 12 m/s forthe wind speed at 300 mB. Based on this limited experience, on the statistics of Table 1 andTable 2 and on the assumption that the turbulence in the ground layer is particularly slow, itcan be expected that the coherence time �0 at Dome C should be at least twice larger than atParanal and could extend well beyond 10 ms in the most favourable wind periods and in goodseeing conditions.5 ConclusionsA comparative analysis of the expected observing conditions at Dome C and at a mid-latitudesite like Paranal was presented, using the experience accumulated at the VLTI. This analysis isbased on an arbitrarily limited set of three parameters: the length of dark time, the height ofthe ground layer and the turbulence coherence time. It was demonstrated that the de�nition ofdark time had severe consequences on the ranking of antarctic sites, and thus it is recommendedthat this limit should be addressed independently for each type of observations. Secondly, itwas con�rmed using meteorological model data that the height of the nocturnal inversion layerwas expected to be larger in winter at dome C than at mid-latitude sites. Finally, it wasdemonstrated that the coherence time of the turbulence could be expected to be far longerthan anywhere else during a sizeable fraction of the year.



Figure 6: Proportionality between the wind velocity at 200 mb V200mb and the wavefront velocityV0 measured over 35 balloon ights at Paranal (crossed circles) and at Pachon (crosses). Thefull line corresponds to the best least squares �t, the dotted line corresponds to V0 = 0:4 V200mb.

Figure 7: Temporal coherence extracted from VLTI-Vinci power spectra slope analysis (Aug01-Apr02, di Folco et al. (2003)) and as predicted using DIMM seeing and a wavefront velocityV0 = Max(Vground; 0:4V200mb). The line corresponds to the ratio of the coe�cients in thede�nitions (see text).



Table 1: Mean �0 and percentage of time with slow wavefront at Paranal for the period 1999-2003 (10 mn averages, 535000 samples)Month Median (ms) < 3 ms(% of time)January 4.4 77February 5.2 86March 4.5 78April 3.8 66May 2.9 47June 2.5 39July 2.8 44August 2.9 46September 2.4 33October 3.0 49November 3.0 50December 3.2 56Year 3.3 56Table 2: Comparison of the mean 300 mb wind velocity in m/s at Dome C (2003-2004, ECMWFanalyzes, 4 per day, 0.5 degree horizontal resolution) with the 200 mb value at Paranal (1980-1995, NOAA GGUAS database, 2 records per day, interpolated from a 2.5 degree grid).Month Dome C ParanalJanuary 10 20February 16 19March 12 22April 12 30May 14 36June 14 36July 14 37August 17 36September 14 37October 11 36November 15 31December 11 25Year 13 30
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