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ABSTRACT

Vertical profiles of the atmospheric optical turbulence strength and velocity is of critical importance for simulat-
ing, designing, and operating the next generation of instruments for the European Extremely Large Telescope.
Many of these instruments are already well into the design phase meaning these profiles are required immediately
to ensure they are optimised for the unique conditions likely to be observed.

Stereo-SCIDAR is a generalised SCIDAR, instrument which is used to characterise the profile of the at-
mospheric optical turbulence strength and wind velocity using triangulation between two optical binary stars.
Stereo-SCIDAR has demonstrated the capability to resolve turbulent layers with the required vertical resolution
to support wide-field ELT instrument designs. These high resolution atmospheric parameters are critical for
design studies and statistical evaluation of on-sky performance under real conditions. Here we report on the new
Stereo-SCIDAR instrument installed on one of the Auxillary Telescope ports of the Very Large Telescope array at
Cerro Paranal. Paranal is located approximately 20 km from Cerro Armazones, the site of the E-ELT. Although
the surface layer of the turbulence will be different for the two sites due to local geography, the high-altitude
resolution profiles of the free atmosphere from this instrument will be the most accurate available for the E-ELT
site.

In addition, these unbiased and independent profiles are also used to further characterise the site of the
VLT. This enables instrument performance calibration, optimisation and data analysis of, for example, the ESO
Adaptive Optics facility and the Next Generation Transit Survey. It will also be used to validate atmospheric
models for turbulence forecasting. We show early results from the commissioning and address future implications
of the results.
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1. INTRODUCTION

Adaptive Optics (AO) can be used to correct for the detrimental effects of the atmosphere by reducing the
aberration in the phase of the wavefront. AQO systems are becoming more sophisticated, moving towards wide-
field or high-spatial resolution applications.

It is important to be able to accurately model the performance of these systems in the design phase of
future instruments in order to ensure that the instrument meets specifications. In addition, during and after
commissioning it is important to be able to monitor the instrument in order to validate and optimise the
performance.! This is enabled by high-sensitivity and high-altitude resolution vertical profiles of the optical
turbulence in the Earth’s atmosphere.

The large number of subapertures across the AO system pupil means that the next generation of 30 to
40 m class Extremely Large Telescopes (ELTs) will be significantly more sensitive to variations in the optical
turbulence profile than existing large telescopes. These telescopes will be sensitive to variations in the altitude
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of optical turbulence. As a basic calculation we can say that the native resolution of the wide-field AO system
will be,

Sh — hmax’ (1)
Tlsub

where hpax is the maximum altitude of the turbulence, usually taken to be the maximum altitude of the
tropopause (latitude dependent but taken here as ~25 km) and ng,, is the number of AO subapertures across the
telescope pupil. As an example, although still under active development, the current baseline for the European-
ELT Multi-Object Spectrograph, MOSAIC,? is for ng,, =74, resulting in a native resolution of ~350 m. However,
it is likely that the AO system will actually be sensitive to changes of altitude smaller than this. This is because
small changes in turbulence altitude can subtly change the correlation matrix between the different wavefront
sensors and impact the performance of the instrument. More detailed analyses show that the required altitude
resolution of the turbulence profile is 100 to 500 m.>”

The three most prevalent optical profiling techniques in operation today are MASS (Multi Aperture Scin-
tillation System®), SCIDAR (SClntillation Detection And Ranging”) and SLODAR (SLOpe Detection And
Ranging'®). MASS is not intended as a high vertical-resolution technique. It has a limited logarithmic vertical
resolution and the high altitude response is very broad.® Both SLODAR and SCIDAR are triangulation tech-
niques in which the atmospheric turbulence profile is recovered from either the correlation of wavefront slopes in
the case of SLODAR, or scintillation intensity patterns in the case of SCIDAR, for two target stars with a known
angular separation. Generalised-SCIDAR'! is a development of the SCIDAR technique where the detectors are
conjugate below the ground level in order to make the instrument sensitive to turbulence at the ground.

The theoretical resolution for Generalised-SCIDAR, varies with the Fresnel zone size for a given altitude of
the turbulent layer and is given by,'?
VAz

O (2) = 0.78=7=, (2)

where A is the wavelength, 6 is the separation of the double star and z is the propagation distance to the layer.
z depends on both the airmass of the observation (sec(f.), where 6., is the zenith angle) and the conjugate
altitude of the detector plane, hconj, and is given by, z = |h + hconjsec (6.)]. h is the altitude of the turbulent
layer. For larger propagation distances the spatial scale of the intensity speckle patterns is larger, reducing the
altitude resolution. Therefore the native altitude resolution of Generalised-SCIDAR is altitude dependent with
a significantly reduced resolution for high-altitude turbulence. As with SLODAR, in order to achieve 200 m
altitude resolution to 20 km with Generalised-SCIDAR an 8 m telescope is required.®

Egner & Masciadri'® proposed a way to increase the altitude resolution of Generalised-SCIDAR based on
simultaneous turbulence velocity profiles. To implement this High-Vertical Resolution (HVR) mode the profiler
needs to be able to measure the vertical profile of the turbulence velocity in addition to the strength. The
approach taken is to track the position of the covariance peaks in the spatio-temporal cross-covariance function.
Using the frame rate and pixel size the turbulence velocity can be estimated. Differential velocity vectors within
a vertical resolution element signify different turbulent layers and can provide a vertical resolution higher than
the native resolution of the instrument. Although turbulence velocity profiling has been demonstrated with
SLODAR (for example!16) and Generalised-SCIDAR (for example,'!”18) an automated approach is difficult.

Stereo-SCIDAR!?2? is a Generalised-SCIDAR. instrument which is designed to measure the vertical profile
of optical turbulence strength and velocity in the full atmosphere. In contrast to most SCIDAR instruments,
Stereo-SCIDAR uses two cameras, one to image the defocussed pupil of each of the two target stars. By doing this
the intensity of the images can be normalised independently, and hence Stereo-SCIDAR has increased sensitivity
to weaker layers and can operate with a larger difference in brightness of the target stars. In addition, the spatial
cross-covariance function has only one covariance peak per turbulent layer. This lends itself to automated
turbulence velocity identification of the full atmosphere.?!

Stereo-SCIDAR can use the automated velocity profiles with the HVR technique of Egner & Masciadri'?
to measure the optical turbulence with ELT-scale altitude resolution. In addition, the turbulence velocity
identification can be used to confirm the existence of weak turbulent layers close to the noise floor of the
instrument. If a covariance peak is seen to move in the spatio-temporal covariance function then we can confirm
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Figure 1. Histogram of altitude resolution with Stereo-SCIDAR on the INT, La Palma. The median altitude resolution
measured was 520 m (left). In high-vertical resolution mode, the median altitude resolution was 300 m (right)

that it is real and not simply noise, which would behave differently. These layers could easily be ignored in the
data analysis but for applications where high sensitivity is required, they could be important. However, before
this data can be used in performance simulations for future ELT instrumentation the automated turbulence
velocity identification must be validated.

At the time of writing only one complete night of commissioning data has been recorded with Stereo-SCIDAR
at cerro Paranal. However, Stereo-SCIDAR will be operated at cerro Paranal for several nights every month for
at least the next year. This data will be of critical importance for studies for the next generation of ELTs.??
For this study we make use of previous stereo-SCIDAR data on the Isaac Newton Telescope, La Palma. As the
two system are very similar we assume that the altitude resolution, turbulence velocity and turbulence strength
identification performance will be comparable.

2. STEREO-SCIDAR

Stereo-SCIDAR is an instrument designed to measure the vertical profile of the optical turbulence with high-
altitude resolution and high-sensitivity. Stereo-SCIDAR is based on a generalised-SCIDAR technique.

Contrasting most SCIDAR instruments, Stereo-SCIDAR uses two cameras, one to image the defocussed pupil
of each of the two target stars. A reflective wedge near to the focal plane is used to separate the light from
the two target stars. By doing this Stereo-SCIDAR has increased sensitivity to weaker layers, can operate with
a larger difference in brightness of the target stars and has only one covariance peak per turbulent layer. The
latter lends itself to automated turbulence velocity identification of the full atmosphere.?! 23

In High-Vertical Resolution (HVR) mode,'® we can use the detected turbulence vectors in order to define the
altitude of a turbulent layer to a much higher precision than is usually possible.?? In this way Stereo-SCIDAR
can be used to measure the optical turbulence with the same altitude resolution that will be expected from the
AO telemetry on an ELT.?*

2.1 Altitude resolution

The altitude resolution of Stereo-SCIDAR, as with all SCIDAR instruments, is altitude dependent. Figure 1
(left) shows the distribution of measured altitude resolutions from the Stereo-SCIDAR data. The shape of the
distribution can be explained by the fact that there is more data at lower altitudes as the maximum altitude
is dependent on both the angular separation of the target stars and the airmass of the telescope pointing.
The median altitude resolution is ~500 m. This data has an altitude resolution which is acceptable for most
applications (e.g. instrument modelling for 8 m class telescopes), however, for the most demanding cases, wide-
field AO modelling for ELT scale instrumentation, this native vertical fidelity is not satisfactory.
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Figure 2. Simulated profile from a Monte-Carlo simulation linked into the Stereo-SCIDAR real-time data analysis pipeline.
The input profile was for a fictional atmosphere consisting of six layers of equal strength at 0, 2, 4, 6, 8 and 10 km. The
input turbulence strength was 3.54x 107 m'/? (+0 = 0.15 cm). The integrated output turbulence strength is 3.09x 1073
m'/? (70 = 0.16 m).

In HVR mode the altitude resolution of Stereo-SCIDAR is significantly increased (figure 1, right). In HVR
mode there is less variation in the vertical altitude resolution. In this case we identify the altitude of a layer
to the nearest pixel. This yields an altitude resolution that is independent of altitude and has a median value
of 300 m. It should be noted that a sub-pixel resolution is possible with this method but that is not currently
implemented to aid robustness.

As previously discussed, the large number of subapertures across the AO system pupil means that the next
generation of 30 to 40 m class Extremely Large Telescopes (ELTs) will be significantly more sensitive to variations
in the optical turbulence profile than existing 8 m class systems. These telescopes will be sensitive to variations
in turbulence altitude of the order of 100 to 500 m.

This altitude resolution from stereo-SCIDAR. is now high enough to be valuable for even wide-field modelling
of future ELT instrumentation.

3. VALIDATION
3.1 Simulated atmospheric turbulence profile

The real-time data analysis pipeline has been tested by using a Monte-Carlo simulation as an input. This
scintillation simulation has been developed by the authors and has been intensively tested for this purpose (see
for example?®). Figure 2 shows the output profile for a fictional turbulence profile, consisting of six equal strength
layers of C2dh = 5.3 x 10~ 14 m~2/? each. The total integrated turbulence strength is C2dh = 3.2 x 10~13 m~2/3
(ro = 0.16 m). It can be seen that the peak turbulence strength of each layer is lower than the expected
5.3 x 10~ m~2/3. This is because the altitude resolution of the SCIDAR instrument is larger than the size of
a pixel and so the signal is spread over several peaks in the resultant profile.

3.2 Automated wind velocity identification

To validate the wind velocity identification, we compare wind and turbulence velocity profiles from three sources:

e physical tracking measurements of balloon borne radiosondes via a Global Positioning System and radio-
theodolite.?%

e computer model, Global Forecast System (GFS) meteorological forecasts provided by the National Oceanic
and Atmospheric Administration.2”
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Figure 3. Comparison of wind speed (left) and wind direction (right) from radiosonde and GFS. The correlation coefficients
are 0.86 and 0.93 respectively
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Figure 4. Comparison of wind speed (left) and wind direction (right) from radiosonde and Stereo-SCIDAR. The correlation

coefficients are 0.75 and 0.84 respectively

e optical remote sensing, Stereo-SCIDAR automated wind velocity detection algorithm.

These data sources were chosen for our comparison as both the measured radiosonde and modelled GFS wind
velocities have been shown to provide precise estimates (for example,

18,28-30)

With this cross-validation we show that the turbulence and the wind velocity are highly correlated, simul-
taneously showing that the Stereo-SCIDAR turbulence velocity is precise and that the numerical models of the
wind velocity can be used as an estimator for the turbulence velocity.

4. PARANAL PROFILE

Figure 6 shows the first stereo-SCIDAR turbulence strength and velocity profile from cerro Paranal. The profile
of this one night shows variable conditions in terms of turbulence altitude and strength. The stereo-SCIDAR
will operate at cerro Paranal for several nights per month for at least the next year.
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Figure 5. Comparison of wind speed (left) and wind direction (right) from GFS and Stereo-SCIDAR. The correlation
coefficients are 0.85 and 0.91 respectively

5. CONCLUSIONS

Stereo-SCIDAR, a high-altitude resolution atmospheric turbulence profiler has been commissioned on one of the
1.8 m Auxiliary Telescopes at Cerro Paranal. Cerro Paranal is the site of the Very Large Telescope and only
50 km from the future European-Extremely Large Telescope. The data from Stereo-SCIDAR is therefore critical
for design studies of E-ELT instrumentation as well as performance monitoring and optimisation of existing VLT
and future E-ELT operations.

We use data taken with stereo-SCIDAR at La Palma to demonstrate that the stero-SCIDAR is capable of
300 m altitude resolution, and that the automated turbulence velocity identification correlates well with both
in-situ radiosonde measurements and numerical atmospheric models.
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