1st AO4ELT conference, 03008 (2010)
DOI:10.1051/ao4elt/201003008
© Owned by the authors, published by EDP Sciences, 2010

MOSP: Monitor of Outer Scale profile
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Abstract. The outer scale profile is a key parameter for the specification and optimization of the Adaptive

Optics systems for the Extremely Large Telescopes. A new instrument MOSP for L0 (h) extraction has been
developed and several campaigns have been carried out at Mauna Kea, Paranal and now at Dome C in Antarctica.
The MOSP instrument and results obtained during his observation campaigns are presented and discussed.

1 Introduction
Wavefront outer scale is a relevant parameter for the experimental performance evaluation of large
aperture telescopes. The actual size of the outer scale has long been controversial, with measured
values ranging from less than 10 m to more than 2 km. What is not controversial is the conclusion
that when the diameter of the telescope approaches or exceeds the size of the outer scale, the optical
consequences of atmospheric turbulence are changed dramatically from their traditional Kolmogorov
behavior. In particular, power in the lowest Zernike aberration modes, e.g., tip and tilt and the overall
stroke required for an adaptive-optics system can be much reduced. A finite outer scale has implications for interferometry as well. With the current interest in the design of extremely large ground-based
optical and infrared telescopes, reliable estimates of the outer scale profile have assumed considerable
importance. A new instrument MOSP (Monitor of Outer Scale Profile) has been developed by our
team for outer scale profile extraction. We retrieve the vertical distribution of wavefront outer scale by
analysing angular correlation of wavefront Angle of Arrival fluctuations deduced from Moon’s limb
images motion. We use simulated annealing algorithm to deduce the height dependence of the wavefront outer scale with given C N2 profiles simultaneously measured with the SCIDAR instrument. We
present results obtained during three campaigns of observation at the Mauna Kea Observatory (Hawaii)
at the Paranal VLT Observatory (Chile) and at the Observatoire de Haute Provence (France). Estimated
outer scale profiles exhibit smaller values in the boundary layer than in the free atmosphere. Comparisons with GSM outer scale measurements are possible and give good agreement. Some implications
for adaptive optics systems are considered.

2 MOSP instrument
2.1 Description

The principle of the MOSP instrument is based on the angular correlation of wavefront Angle of
Arrival (AA) fluctuations deduced from Moon’s limb image motion. The AA fluctuations are measured
perpendicularly to the lunar limb leading to transverse correlations for different angular separation
along the moon.
The MOSP instrument consists of small telescope (D ≤ 60cm) having a large focal length f ∼ 10m.
In the case a telescope with small f , a diverging Barlow lens is used increasing the effective focal
a
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Fig. 1. MOSP at the Dome C site in Antarctica.

length of the system, thereby increasing the magnification of the instrument. But this is to the detriment
to the field of view (FOV). A compromise has to be found between these parameters.
Images at the focal plane are recorded using a PixelFly CCD camera with 640 × 480 pixel matrix
and (9.9 × 9.9)µm2 pixel size. Its dynamic range of the analogic/digital conversion is 12 bits. The
readout noise is 12 e- rms and the imaging frequency is 33Hz. In order to freeze atmospheric effects
on Moon’s limb image motion, the exposure time was set to 1 or 2ms. The spectral response of the
camera is maximal for λ = 0.5µm in a 375 − 550µm range.
2.2 Data processing

The first step of data processing is to retrieve accurately AA fluctuations from Moon’s limb motion.
After processing on each image a flat and dark field correction, each image I(x, y) is slightly blurred
with a median filter M on 3 × 3 pixel blocks. It avoids possible outliers due to Poisson noise or
Moon’s small features with relative high intensity differences that can affect the detection of the limb.
This type of filtering is more effective than convolution when the goal is to simultaneously reduce
noise and preserve edges (Pratt 1978). Each output pixel with coordinates (x, y) contains the median
value in the 3-by-3 neighborhood around the corresponding pixel in the input image. Then, an image
gradient
 G(x, y) is processed by convolution with a 3 × 3 Prewitt edge detector (Pratt 1978) defined as
 −1 −1 −1 
P =  0 0 0 , or −P if y-axis points to the Moon center. Detection of the limb position in absolute
1 1 1
value of the image gradient is determined by a centroid calculation over each column.
We process N = 2000 images (about one minute of acquisition) that gives a set of limb angular
positions obtained at a time t. In order to retrieve transverse AA fluctuations α⊥ in a particular set
of limb’s position, we subtract to this set the temporal mean limb position obtained. The structure
function of transverse AA fluctuations is calculated as
Dα⊥ (Θ) =

k=Θm −Θ
i=N
1 X 1 X
[α⊥ (k) − α⊥ (k + Θ)]2
N i=1 Θm − Θ k=1

(1)

where Θ is the angular separation in pixels and Θm is the maximal extent accessible in the image, i.e.
640 pixels in our case. This differential variance calculated for each image has the practical advantage
of being insensitive to vibration effects of the telescope and tracking errors.
The theoretical form of this angular structure function is given by (Borgnino et al. 1992, Avila et
al. 1997, Bouzid et al. 2002):
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where f is the modulus of the spatial frequency, z is the zenithal distance, D is the aperture diameter, h is the altitude and Θ is the angular separation.
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Fig. 2. Examples of outer scale profiles obtained at Mauna Kea and Paranal Observatories during several nights.
Altitudes are above the observatory. In the right, median outer scale values for whole campaigns are represented
with the standard deviation of the values obtained.

Retrieving C N2 (h) and L0 (h) profiles from the AA structure functions (Eq.2) is a non-linear inverse
problem. We use simulated annealing (SA) algorithm for minimizing the cost function E, defined
as the sum over the angular
P extent of the squared difference between measured and theoretical AA
structure functions E = θ (Dα⊥ (θ) − Dαt (θ))2 . This algorithm was developed to statistically find the
best global fit of a nonlinear non-convex cost-function (Kirkpatrick et al. 1983).

3 Results
Several campaigns have been organized with the MOSP instrument. The first one was performed at
the Observatoire de Haute Provence (OHP) in France between the 24th November and 06th December
2004 (Maire et al. 2007). Site testing instruments GSM (Martin et al. 1994, Ziad et al. 2000) and
SCIDAR (Fuchs et al. 1998) were also observing simultaneously. During the OHP campaign, a 20-cm
telescope (f/15) was used with a ×3 diverging Barlow lens. The Second observation campaign has
been carried out at the Mauna Kea Observatory in Hawaii between the 13th and 19th July 2005 with
simultaneous observation using the SCIDAR instrument installed at the UH 2.2m telescope, 150m
northeast of the 0.61m telescope used by the MOSP. The UH 60cm telescope is a Cassegrain with
a 9.24m focal length (f/15.2). A third campaign was carried out in December 2007 at the Paranal
Observatory with other site testing instruments as DIMM, MASS, GSM and SCIDAR. During this
campaign a Celestron 28cm has been used with a f/10 focal.
When the difference in altitude between the MOSP and the SCIDAR is significant, a difference of
total turbulent energy on the propagation path can occur. Firstly, we estimate both C N2 (h) and L0 (h)
from the Moon limb. We compensate the value of the SCIDAR C N2 in the lower slices until the C N2
integration over altitude corresponds to the initial integration of C N2 (h) estimated with Moon’s limb.
Then, these modified simultaneous SCIDAR C N2 profiles are used with the SA algorithm in order to
have only L0 (h) as unknowns. Total error expected is about 10%. The vertical resolution obtained is a
trade-off between the need to have a good sample of the first kilometer above the observatory and the
reliability expected for results.
Fig.2 shows examples of profiles obtained during the Mauna Kea and Paranal campaigns . Median
profiles obtained during whole missions show lower values of the outer scale for the first kilometer of
the atmosphere. This result can be completed with theoretical relation found by (Ishimaru 1978) who
found that the outer scale is on the order of height near the ground.
The simulated annealing algorithm is also appropriate to extract both C N2 (h) and L0 (h). In this
case, the MOSP can be a completely independent instrument. However, the optimal vertical resolution
in the free atmosphere is small compared to the SCIDAR one and results obtained are less reliable.
Example of C N2 (h) profile obtained is compared with simultaneous Scidar measurement and show a
good agreement (Fig. 3).
The comparison between the outer scale measured by GSM and the integrated MOSP outer scale
(Borgnino et al. 1990) measured simultaneously gives excellent agreement.
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Fig. 3. Example of C N2 and outer scale profiles (solid line) that can be retrieved simultaneously using the simulated
annealing method. Comparisons with simultaneous SCIDAR profile (square markers) are in close agreement
despite different vertical resolutions of these instruments.

4 Conclusion
For the first time monitoring of the outer scale profile is possible from Moon’s limb observations with
a simple device and small telescope apertures. This instrument is also able to extract simultaneously
both of C N2 and outer scale profiles. From the first observations, measured outer scale profiles exhibit
smaller values in the boundary layer than in the free atmosphere. Comparisons with GSM outer scale
measurements give excellent agreement.
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