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Abstract. Results of the first monitoring of the wavefront outer
scaleL0 during 16 nights at La Silla, Chile, are presented. This
parameter is of importance for high angular resolution observ-
ing techniques like adaptive optics and optical interferometry.
It was measured with the Grating Scale Monitor (GSM) instru-
ment which is based on the analysis of the spatial covariance of
angle of arrival fluctuations simultaneously detected at several
points on the wavefront. The outer scale distribution is found
to be log-normal, with median value of 24 m and rms scatter of
logL0 of ±0.22. Short-duration bursts ofL0 are noted. During
1 hour theL0 and seeing were simultaneously measured with
the ADONIS adaptive optics system at the 3.6 m telescope, and
a good agreement with our data was noted.

Our measurements of the seeing were found to agree with
the ESO DIMM seeing data. Effective wavefront velocity was
also found in order to estimate the adaptive optics time constant.
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1. Introduction

Substantial progress in astronomical imagery has been recently
achieved due to the rapid development of high angular reso-
lution (HAR) techniques like adaptive optics (AO) and long
baseline optical interferometry (LBI). It is known that these
techniques are severely influenced by atmospheric turbulence
(Roddier 1981). To quantify atmospheric effects, it is neces-
sary to know several parameters directly related to the wave-
front structure, namely Fried’s parameterr0 which defines the
FWHM seeing angleβ = 0.98λ/r0, the characteristic time
constant, the isoplanatic angle and the wavefront outer scale
L0. L0 is an optical parameter integrating atmospheric turbu-
lence effects along the whole propagation path (Borgnino 1990).
Its influence on spatial and temporal statistics of the wavefront
becomes significant when values ofL0 are of the order of the
telescope aperture or the interferometer baselines (Winker 1991;
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Fig. 1. View of the GSM instrument at La Silla. The central pier with
two modules in differential configuration is seen on the left, the eastern
module in the center and the southern module on the right.

Voitsekhovitch & Cuevas 1995).L0 defines the maximum size
of wavefront perturbations and is poorly known: values ranging
from 2 m to2000 m were published (Avila et al. 1997). Here we
present the first large and homogeneous data set onL0 which
permits the evaluation of the statistical behaviour of the outer
scale at a major astronomical site.

2. The GSM instrument: principle

The Grating Scale Monitor (GSM) can be considered as a Shack-
Hartmann kind of technique based on measurements of angle
of arrival (AA) fluctuations at several points on the wavefront.
A statistical analysis of the recorded AA is performed to esti-
mate spatial and temporal wavefront parameters. The prototype
version of the instrument is described by Martin et al. (1994),
and the firstL0 measurements were published by Agabi et al.
(1995).

The instrument consists of four 10-cm telescopes on equa-
torial mounts (Fig. 1). Each telescope is equipped with a de-
tection module which is capable of measuring synchronously
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Fig. 2. Comparison of simultaneous seeing measured by ESO DIMM
and by GSM

the AA in the declination direction with a 5 ms sampling time.
Two telescopes are installed on a common mount on the central
pier and work as a differential image motion monitor (DIMM)
(Sarazin & Roddier 1990) with a 25 cm baseline measuringr0.
Two other telescopes have separate mounts on separate piers, lo-
cated 0.8 m to the south and 1 m to the east from the central pier,
thus forming an L-shaped configuration. Telescope objectives
were situated 1.5 m above the ground.

A typical measurement sequence consists of 2 mn data ac-
quisitions repeated continuously every 4 mn. Pairwise telescope
combinations provide 6 baselines ranging from 25 cm to 1.28
m. The AA covariances are computed for each baseline and
normalized by the differential variance of the AA on the 25-cm
baseline. They are compared to theoretical normalized covari-
ances and the appropriateL0 is found for each baseline. Before
comparison, the baselines (length and orientation) are projected
on to the wavefront plane. The final value ofL0 is taken as a
median of individualL0 values and its error is estimated from
their scatter.

Theoretical normalized covariances are computed in the
framework of the Von K̀armàn model (Avila et al. 1997, Eq. 7)
in whichL0 appears in the phase power spectrum as the inverse
of a spatial frequency. Our study has shown that theoretical nor-
malized covariances are most sensitive toL0 at baselines less
thanL0/10 which explains our choice of baselines of the order
of a meter. TheL0 measured by the GSM can be viewed as a pa-
rameter of the Von K̀armàn turbulence model which provides an
adequate description of the wavefront structure at distances of
the order of a meter. It can be used to compute wavefront statis-
tics over a telescope aperture and is thus directly relevant to
AO applications (Voitsekhovich & Cuevas 1995). On the other
hand, estimates of the atmospheric phase fluctuations in LBI
usingL0 values found here are more model-dependent.

In order to check for vibration effects (wind–shake and guid-
ing), r0 is computed from absolute image motion in each tele-
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Fig. 3. Temporal evolution ofL0, scintillation index and seeing (up-
per, middle and lower curves, respectively) during the night of August
28/29. Arrows indicateL0 bursts.

scope, corrected for finiteL0 (Borgnino et al. 1992) and com-
pared tor0 provided by the differential technique. A good agree-
ment is found for ground wind speed up to 15 m/s, showing that
telescope vibrations were not significant.

The scintillation indexσ2
I is computed during data reduction

and, as shown by Loos & Hogge (1979), it can give an estimate
of the isoplanatic angle when the pupil diameter is around 10 cm.
GSM data are also used to derive the effective wavefront speed
and its direction (see below) which gives an estimate of the
wavefront coherence time. So, this instrument can provide an
almost complete set of wavefront parameters relevant to HAR
techniques.

3. The GSM campaign at La Silla Observatory

Monitoring of turbulence parameters at La Silla observatory
with the GSM was organized in the framework of the ESO VLT
Astronomical Site Monitor development program in August-
September 1997. At this site the seeing is measured routinely
with an automatic ESO DIMM (Sarazin & Roddier 1990) lo-
cated on a tower 5 m above ground level. The GSM has been
installed close to the ESO DIMM. During this campaign GSM
data were obtained on 16 nights (a total of 115 hours ofL0, see-
ing and scintillation measurements). Below we present the first
results. Jet stream conditions prevailed during our mission, the
seeing being worse (median value 1.7′′) and more rapid than
average for this season.

3.1. Seeing: comparison with the ESO DIMM

It is interesting to compare the seeing measured simultaneously
by the GSM and ESO DIMM. Such comparison is given in
Fig. 2 for one night with a moderate ground wind (10 m/s). There
is a very good correlation between the seeing variations mea-
sured independently by the two instruments. Nevertheless, the
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Fig. 4a and b. Summary of the outer
scale statistics over 16 nights.aFor each
night the 5 levels of the cumulative dis-
tribution ofL0 are shown by grey-scale
bars, median values are plotted as cir-
cles. Total number of measurements for
each night is indicated above the bars.
b Histogram oflogL0 for the whole mis-
sion with a fitted log-normal distribution
(dashed line).

GSM    
ADONIS 

3.9 4 4.1 4.2 4.3 4.4 4.5 4.6 4.7 4.8
0

20

40

60

80

100

120

140

160

180

200

 UT 

 O
ut

er
 s

ca
le

 (
m

) 

29/30 Aug 97

Fig. 5.Comparison of the outer scale values measured simultaneously
using GSM and ADONIS. Error bars corresponding to±σ are shown
for GSM data.

GSM measures seeing angles that are systematically greater
than those given by the ESO DIMM. This bias can be explained
in part by the ground layer turbulence (Fig. 2 after 7h UT), and
by the difference between exposure times which are 5 ms and
10 ms for GSM and ESO DIMM, respectively (Fig. 2 before 7h
UT). When the GSM exposure time was artificially increased
to 10 ms, a good agreement was obtained on nights with strong
wind. It means that DIMM data are significantly biased by ex-
posure time effects for strong winds. On another hand a perfect
agreement between the GSM and ESO DIMM was found for
the periods corresponding to very good seeing (0.6′′) and light
wind both of which are close to typical conditions at La Silla.

3.2. The wavefront outer scale statistics

Continuous monitoring of the outer scale enables us for the first
time to study the temporal variation ofL0 and its correlation with

other seeing parameters. As an example,L0, σ2
I and seeing are

plotted in Fig. 3 on a logarithmic scale as a function of time for
one night. The temporal variation ofL0 shows two characteristic
features. Firstly, slow trends with a time scale of hours are noted,
just like for the other atmospheric parameters. Secondly, isolated
values of largeL0 are observed (arrows in Fig. 3, see also Fig. 5).
These “bursts” ofL0 are noted here for the first time. There are
no matching rapid variations of seing or scintillation. Thus these
bursts correspond only to the transient changes of wavefront
spatial structure.

In Fig. 4 the overall statistic of the outer scale is shown. For
each night the few characteristic levels ofL0 cumulative distri-
bution and its median are plotted. The night-to-night variability
of both median and scatter ofL0 is readily seen. The histogram
of logL0 for the whole mission is also presented. TheL0 distri-
bution is well approximated by a log-normal one. Its median is
24 m, and rms scatter oflogL0 is ±0.22, or ±1.67 times. Aχ2

test accepts a log-normal distribution with a significance level
of P (χ2) = 0.24.

On the night of August 29/30 the seeing and wavefront outer
scale were simultaneously measured during 1 hour with the
ADONIS adaptive optics system (Rigaut et al., 1991; Beuzit et
al. 1994) on the ESO 3.6 m telescope. The ADONIS worked in
open-loop mode. Outer scale and seeing were calculated from
the wavefront tilts recorded by the 7x7 element Shack-Hartmann
sensor. A simplified method ofL0 calculation was adopted. The
AA variances on the individual wavefront sensor sub-apertures
and on the full telescope aperture are computed. Their ratio is
used to deriveL0 by the approximate formula given by Ziad
et al. (1994). The simultaneous measurements ofL0 with the
ADONIS and GSM are plotted in Fig. 5. There is no detailed
correlation, which is quite natural because the distance between
the GSM and the 3.6 m telescope was more than 1 km. However,
the values ofL0 found by both instruments agree well, and
the temporal behaviour is also similar, as well as the measured
seeing. This comparison proves that GSM data are indeed useful
for the analysis and prediction of an AO system performance.
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Fig. 6.Temporal cross-correlation functions of the angle of arrival fluc-
tuations at the 6 baselines are plotted on the same scale. The displace-
ment of their maximum is directly related to the projection of the ef-
fective wavefront speed on to a given baseline. The instrument config-
uration and the derived wind speed orientation are shown in the inset.
The effective wind speed module is 5.8 m/s.

3.3. Effective wind speed and AO time constant

The temporal evolution of the perturbed wavefront is frequently
considered in the framework of the “frozen turbulence” (Tay-
lor) hypothesis, as a constant screen driven by the wind. The
analysis of ADONIS data revealed that this situation does in-
deed occur at La Silla 15% of time (Gendron & Lena 1996).
Although the Taylor hypothesis remains a crude approximation
of the reality, an effective wavefront speed can be introduced
as some averageC2

n-weighted wind speed. Its component along
each baseline can be computed either from the phase of the
corresponding temporal cross power spectrum of the AA fluc-
tuations (Avila et al. 1997) or, equivalently, as a displacement of
the AA cross-correlation function maximum. Here we use the
second technique.

The method of effective wind speed measurement with the
GSM is illustrated in Fig. 6 where cross-correlation functions
of AA are plotted for 6 baselines. From the time lag at each
baseline it is found that the wind speed was 5.8 m/s in the NNW

direction (ground wind speed was 5.2 m/s from North). In this
example, a single dominant layer obeying the Taylor hypothe-
sis provides a good overall description of temporal wavefront
evolution. The corresponding AO time constant (Roddier et al.
1982)τ = 0.31r0/V is equal to 4.2 ms atλ = 0.5 nm.

4. Conclusions

The results of the first systematic monitoring of the wavefront
outer scale at La Silla observatory are given. The GSM instru-
ment also produces data on the seeing and effective wavefront
velocity. In the near future the isoplanatic angle will be es-
timated as well, thus providing a complete set of spatial and
temporal atmospheric parameters relevant to HAR astronomy.
The GSM instrument will be used during the next 2 years for
testing several important sites, e.g. Paranal (Chile).
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