
HAL Id: hal-00416997
https://hal.science/hal-00416997v1

Submitted on 15 Oct 2024

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Wavefront outer scale deduced from interferometric
dispersed fringes

J. Maire, A. Ziad, J. Borgnino, D. Mourard, F. Martin, S. Jankov, D.
Bonneau, F. Patru

To cite this version:
J. Maire, A. Ziad, J. Borgnino, D. Mourard, F. Martin, et al.. Wavefront outer scale deduced from
interferometric dispersed fringes. Astronomy and Astrophysics - A&A, 2006, 448 (3), pp.1225-1234.
�10.1051/0004-6361:20052806�. �hal-00416997�

https://hal.science/hal-00416997v1
https://hal.archives-ouvertes.fr


A&A 448, 1225–1234 (2006)
DOI: 10.1051/0004-6361:20052806
c© ESO 2006

Astronomy
&

Astrophysics

Wavefront outer scale deduced
from interferometric dispersed fringes

J. Maire1, A. Ziad1, J. Borgnino1, D. Mourard2, F. Martin1, S. Jankov1,3, D. Bonneau2, and F. Patru2

1 Lab. Univ. d’Astrophysique de Nice (LUAN) UMR 6525 UNSA, Parc Valrose, 06108 Nice Cedex 2, France
e-mail: maire@unice.fr

2 OCA, GEMINI, UMR6203, Avenue Nicolas Copernic, 06130 Grasse, France
3 Astronomical Observatory, MSEP of Serbia 146007, Volgina 7, 11 050 Belgrade, Serbia and Montenegro

Received 2 February 2005 / Accepted 4 November 2005

ABSTRACT

In addition to site characterization, measurements of critical atmospheric parameters are required to design and to optimize future adaptive
optic systems and long-baseline interferometers. It is possible to estimate seeing conditions by processing data obtained with existing High
Angular Resolution instruments. We report the results of joint observations with the GI2T interferometer and the GSM site-testing monitor
performed over a period of several nights. We compared estimates of the wavefront outer scale done at various baselines as well as the seeing
(Fried’s parameter). We processed interferometric data by calculating power spectra of dispersed fringe images. Deduced measurements of the
optical path difference lead to the estimates of the outer scale. We found that the outer scale values obtained from the GI2T data are mostly in
the 5−30 m range, in good agreement with GSM measurements.

Key words. atmospheric effects – techniques: interferometric

1. Introduction

The fringes produced by a Michelson stellar ground-based in-
terferometer are severely degraded by atmospheric turbulence.
The characterization of wavefront fluctuations is very impor-
tant for the design of the next generation of interferometers
and large telescopes; this will enable the specification of ba-
sic parameters of these instruments and also the design of sub-
systems like adaptive optics, wavefront tip-tilt correctors and
fringe trackers that overcome the limitations imposed by the
atmosphere.

To estimate these incoming wavefront degradations, dif-
ferent instruments have been developped such as the DIMM
(Differential Image Motion Monitor, Sarazin & Roddier 1990)
and the GSM (Generalized Seeing Monitor, Martin et al. 1994),
which allow the monitoring of atmospheric optical parameters.
As these facilities are not present in all observatories, it is pos-
sible to estimate seeing conditions by processing data obtained
with existing High Angular Resolution (HAR) instruments like
adaptive optic systems (Schöck et al. 2003; Fusco et al. 2004)
or optical interferometers (see below). An initial calibration by
simultaneous measurements with a seeing monitor is needed to
overcome possible instrumental degradations.

A debate concerning the spatial coherence outer scale of
the degraded wavefront L0 (called the outer scale hereafter)
still exists (Avila et al. 1997). Its value is particularly important

for modeling the Optical Path Difference (OPD) between the
arms of an interferometer. In conditions of astronomical ob-
servations, experimental measurements of the variance of the
phase difference made at small baselines are in excellent agree-
ment with Kolmogorov turbulence spectra (Roddier 1981). In
the case of long-baseline interferometers and Extremely Large
Telescopes, the validity of this model may become question-
able. Extensions of the Kolmogorov model beyond the inertial
range have to take into account the outer scale influence. The
GSM instrument deduces L0 on metric baselines from angle-
of-arrival fluctuations as a parameter of the von Kàrmàn (VK)
turbulence spectrum. However, the validity of the VK model
has never been proven. A long-baseline interferometer can be
used to improve the knowledge of wavefront decametric prop-
erties. The first interferometric estimates of L0 were deduced
from the spatial behaviour of the wavefront by Mariotti &
di Benedetto (1984): their long-baseline measurements show
values of the pathlength difference lower than Kolmogorov
model expectations. They estimated an 8 m outer scale with the
I2T1 interferometer. Davis et al. (1995) found significant depar-
ture from a Kolmogorov model with the SUSI2 interferometer
when baselengths are above 5−10 m. Fitting the VK model to
their data, we found a 53 m outer scale.

1 Interféromètre à 2 Télescopes.
2 Sydney University Stellar Interferometer.
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An other procedure in which the temporal power spectrum
of fringe position is considered allowed Colavita et al. (1987)
to estimate, with the Mark III interferometer, the value of the
outer scale to be over two kilometers. Later, evidence for a de-
cametric outer scale was presented by Buscher et al. (1995)
with the same instrument. Nightingale & Buscher (1991) ob-
tained interferometric measurements of a metric outer scale at
La Palma Observatory while Haniff et al. (1994) have found
very large values at the same observatory. With the ISI3 inter-
ferometer, Bester et al. (1992) measured the outer scale in the
range 5−20 m. Linfield et al. (2001) found most values in the
10−25 m range with the PTI4 interferometer.

Other methods have been used to estimate L0: using the
GI2T5 interferometer, Berio et al. (1997) measured the vis-
ibility losses due to the spectral decorrelation; Ziad et al.
(2004) derived L0 values from fringe speed measurements of
the PTI interferometer and compared them with simultaneous
GSM measurements. Except for this last work, no independent
outer scale monitor was run simultaneously during these mea-
surements. The use of different instruments limit misinterpre-
tations, and give simultaneous spatial and temporal informa-
tion on various scales. The joint observation and comparison
of such data could check the validity of the VK model by mea-
surement of the phase structure function.

Dispersed fringe images are obtained using the
GI2T/Regain6 and VLTI7/Amber8 interferometers. The
GI2T interferometer can be used to measure the phase struc-
ture function at several baselines assuming the stationarity of
turbulence. With the VLTI/Amber instrument, it will soon be
possible to measure it simultaneously at 3 different baselines
up to 200 m.

Here, we processed the GI2T data to monitor the spatial co-
herence parameters of the wavefront, r0 and L0. The method
used can be applied for any dispersed fringe data as shown
in Sect. 2. We briefly describe the instrument and we exam-
ine errors that can affect our estimates in Sect. 3. GI2T results
are compared to those obtained with the GSM instrument in
Sect. 4. A discussion and perspectives are given in Sect. 5.

2. Method of L0 estimation from interferometric
data of dispersed fringes

In the context of optical astronomy, the theoretical phase struc-
ture function Dφ describes the wavefront distortions due to the
light propagation path. This function is defined as the mean-
squared difference of the phase fluctuations φ observed at two

points separated by
→
B,

Dφ(
→
B) =

〈[
φ(
→
r ) − φ(→r + →B)

]2
〉

(1)

where the brackets 〈〉 denote an ensemble average.

3 Infrared Spatial Interferometer.
4 Palomar Testbed Interferometer.
5 Grand Interféromètre à 2 Télescopes.
6 Recombinateur du Grand Interféromètre.
7 Very Large Telescope Interferometer.
8 Astronomical Multi-Beam Recombiner.

If the phase fluctuations are averaged over two circular
apertures of diameter D, this function can be deduced from the

phase power spectrum Wφ(
→
u) (Conan et al. 2000), and becomes

Dφ(
→
B) = 4π

∫ +∞

0
uWφ(

→
u) [1 − J0(2πBu)]

×
[
2J1(πDu)
πDu

]2

du (2)

where u is the modulus of the spatial frequency
→
u . J0 and J1

represent respectively the zeroth and first order Bessel func-
tions of the first kind.

Atmospheric OPD fluctuations between the light beams
coming from the arms of an interferometer depend on the tur-
bulence parameters (Roddier 1981) as

σOPD =
λ

2π

√
Dφ(

→
B). (3)

The value ofσOPD is needed for the design and the optimization
of fringe trackers. For large baselines, the VK model strongly
reduces the value of σOPD that can be deduced in the frame
of the Kolmogorov model. A relation between σOPD obtained
with the two models is developed in Appendix A.

In the case of an interferometer with two circular apertures
of diameter D, large enough to have D � r0 and sufficiently
distant by a baseline B, the expression of the image power spec-
trum is given by (Roddier & Lena 1984; Mourard et al. 1994)〈∣∣∣∣∣∣Î(

→
f )

∣∣∣∣∣∣
2〉
= exp(−Dφ(

→
f )) +

σc

2s

⎡⎢⎢⎢⎢⎢⎣T0(
→
f )

+
V2

2

(
T0(
→
f +

→
f0) + T0(

→
f − →f0)

) ⎤⎥⎥⎥⎥⎥⎦ (4)

where
→
f0=

→
B
λ

is the angular frequency related to the base-

line, s =
∫ ∫

T0(
→
f ) d2

→
f is the sub-pupil area, and T0(

→
f )

is the Modulation Transfer Function (MTF) of a sub-pupil,

σc(λ) =
∫ ∫

exp(−Dφ(
→
f )) d2

→
f and V is the fringe visibil-

ity amplitude. This analytical expression of the image power
spectrum is obtained assuming that the wavefront complex am-
plitude is a Gaussian process. In the case of atmospheric fluc-
tuations, the log-normal model is in better agreement with ex-
perimental results than the normal model (Aime et al. 1979),
but does not lead to analytical solutions and requires numerical
computations.

The classical representation of the image power spectrum
(Fig. 1, Mourard et al. 1994) shows the distinct parts expected
in the case of images dispersed by a spectograph. A low fre-
quency part called the “seeing peak”, centred on 0, depends
only upon the atmospheric conditions. A second low frequency
part called the “speckle peak”, centred on 0, depends on the
atmospheric conditions and upon the shape of the pupils; its
cut-off frequency D/λ, is due to properties of image formation.
When fringes are present in the images, the power spectrum
has two high frequency peaks, centred at ±B/λ with an ex-
tent of ±D/λ. They depend upon the turbulence (proportionally
to σc(λ)) and upon the shape of the pupils (Eq. (4)).
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Fig. 1. Example of a real power spectrum averaged over short
exposure dispersed images for the GI2T interferometer with
two 1.5 m apertures measured at 00h41′(UT) in the night
of June 7, 2003. Observation of αLyr.

High spectral resolution is obtained by spectral dispersion
of the fringes. The fringe parallel to the direction of dispersion
corresponds to the zero path difference. As the distance that
separates two adjacent fringes rises with the wavelength, the
tilt of a fringe in a narrow spectral bandwidth is a measure of
the instantaneous OPD as described by Koechlin et al. (1996).
The GI2T fringe tracker detects the corresponding shift of the
fringe peak in the power spectrum (Fig. 1) to deduce the OPD
between the two arms of the interferometer.

This global OPD includes contributions of instrumental and
atmospherical effects. It is neccessary to remove instrumen-
tal effects by filtering out their contribution. Introducing the
phase power spectrum of the VK model (Eq. (A.4)) in Eq. (3)
and using a r0 measurement, one can deduce an estimation of
the outer scale. This method is appropriate given that the stan-
dard deviation of the OPD strictly increases with L0 for a fixed
baseline.

The wavefront coherence diameter r0 is deduced from the
low frequency part of the experimental spectrum. Using the
Kolmogorov model of turbulence, the expression of σc(λ) de-
pends upon r0 (Roddier 1981) as

σc(λ) = 0.342
(r0

λ

)2
(5)

and leads to the r0 estimation by integrating the seeing peak.
At frequencies lower than r0/λ, both seeing and speckle peaks
contribute to the spectrum. It follows that this method requires
the reconstruction of the low frequency part of the speckle peak
by using an extrapolation of a higher frequency experimental
part, for example over the interval

[
D
2λ ,

D
λ

]
. This reconstruction

is better when D � r0. The reliability of this reconstruction
depends on the quality and the number of images used for the
calculation of the power spectrum as well as the actual geome-
try of the pupils.

This r0 estimation does not take into account the outer scale
influence. It is based on Fried’s definition and r0 characterizes
the optical resolution imposed by the atmosphere and the tele-
scope in the framework of the Kolmogorov model.

3. Experimental data

The observing campaign regrouping the GI2T interferometer
and the GSM monitor was performed during several nights at
the Calern Observatory in the south of France (altitude 1170 m,
latitude 43◦44′55′′ N, longitude 06◦55′30′′ E). The two in-
struments are described below. The steps performed to extract
wavefront parameters from interferometric measurements are
reported in the second subsection. We estimate errors that affect
the outer scale and seeing measurements with the GI2T data.

3.1. Instruments

3.1.1. The GI2T/REGAIN interferometer

The GI2T interferometer, part of the “Observatoire de
la Côte d’Azur”, has been detailed elsewhere (Mourard et al.
2001), the most important aspects related to seeing measure-
ment are repeated here. The two telescopes have a diameter
of 1.52 m and a 0.2 m central obscuration. Light is collected
from a single star and is sent towards a central laboratory
where the beams are combined. The baseline is oriented to the
North-South and can vary continuously from 12 m to 65 m.
It is equipped with a spectrograph to achieve simultaneous
high spatial and spectral resolutions (X-λmode configuration).
Light is received in two spectral channels constituted by two
photon-counting detectors with a 764 × 574 pixel array.

A multichromatric mode or a dispersed fringe mode can be
used for observations. In order to increase sensitivity by using
the whole speckle pattern, the multichromatric mode records
filtered images in discrete adjacent spectral bands. To increase
the spectral resolution the dispersed fringe set includes a one
speckle wide slit in the recombined image plane. This allows
three different spectral resolutions R = 30 000, 5000 and 1500.
This mode was used for measurements of the wavefront optical
parameter simultaneously with the GSM instrument.

The REGAIN entrance optical table contains a delay line
for optical path compensation. For our observations, the correc-
tion in real-time of the path difference was not activated but the
delay line followed the diurnal movement which depends on
the coordinates of the star, the universal time and the position of
the telescopes. The entrance optical table contains a rotator for
field rotation and atmospheric dispersion compensations. The
beam combiner carries out a Michelson pupil reconfiguration.

3.1.2. The GSM instrument

The GSM instrument allows the evaluation of the optical
parameters of the perturbed wavefront by measuring Angle-
of-Arrival (AA) fluctuations. Four telescopes allow AA mea-
surements at different points of the wavefront with baselines
of 0.25 m to 2.1 m. After computing AA spatio-temporal cor-
relations, it estimates the seeing ε0, the outer scale L0, the iso-
planetic angle θ0 and the coherence time τ0AA (Ziad et al. 2004).

This instrument consists of four identical modules,
equipped with 0.1 m telescopes installed on equatorial mounts.
Telescopes point at the same star and AA fluctuations are mea-
sured by means of flux modulation that is produced by the
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displacement of the star image over a Ronchi grating. Detected
photons are counted by a photomultiplier working in pho-
ton counting mode, allowing fast and continuous monitoring
of AA fluctuations. Two modules share the same mount which
avoids instrumental errors like vibrations due to wind effect on
modules or telescope tracking. The AA fluctuations are mea-
sured with a 5 ms exposure time during an acquisition time
of two minutes. A correction of this exposure time on the r0

and L0 estimates is performed (Ziad et al. 2000).

The Fried parameter r0 is measured from the AA differen-
tial variances obtained with modules sharing the same mount.

The outer scale L0 is determined for each pair of modules
(6 different baselines) by computing the ratio of AA covariance
to the differential AA variance. These normalized covariances
are then compared to the grid of theoretical covariances cal-
culated with the VK model for different baseline coordinates
and also for different values of L0. The adoptedL0 value is the
median of the 6 obtained values. A detailed description of the
GSM experiment is given by Ziad et al. (2000).

3.2. Data processing

Methods used in this paper to extract the wavefront parame-
ters from dispersed fringes are based on the calculation of the
power spectrum of the short exposure images obtained from the
GI2T interferometer. The X-λ mode configuration permits one
to obtain both high spatial and spectral resolution. Each image
corresponds to a 20 ms exposure time, and is processed in real-
time to generate a stream of 2-dimensional photon coordinates.
Each image has a size determined by the slit height and the
spectral bandwidth. The result is that the power spectrum has
a set of angular and spectral frequency axes (see Fig. 2). The
data files correspond to sequences of about 3 mn, this duration
being defined by the telescope driving system.

We first calculate the sum of the 2-D autocorrelation of the
dispersed fringe images (Mourard et al. 1994). The Wiener-
Khinchin theorem shows that this autocorrelation and the
power spectrum of the images are Fourier transform pairs; then,
the power spectrum is determined by applying a 2-D Fourier
transform to this sum. This method allows a very fast calcu-
lation of the power spectrum in comparison to the calculation
of the Fourier transform of each image. Indeed, the algorithm
for the computation of the image autocorrelation takes into ac-
count that the number of photons is small in comparison with
the number of pixels per image. The steps of this process are
represented in Fig. 2.

For r0 estimation, the whole file (≈9000 images) is pro-
cessed in order to compute the power spectrum. During an ob-
servation, images of sub-pupils are also recorded in order to

determine the MTF T0(
→
f ) of a sub-pupil (Eq. (4)). For the sep-

aration of the seeing peak from the speckle peak, a least-square
method is performed between the power spectrum values and
the sub-pupil MTF over the frequencies

[
D
2λ ,

D
λ

]
. It allows the

calculation of the speckle peak over the frequencies
[
0, D

2λ

]
. The

seeing peak is determined by subtracting the speckle peak ob-
tained from the power spectrum (Mourard et al. 1994).

Fig. 2. Calculation of the power spectrum of the short exposure
images.

Each data file leads to one estimation of L0. Indeed, for
each sequence, we calculate about 180 continuous path differ-
ence values deduced from image power spectra, as described
in Sect. 2, and performed by steps of 1 s and for an integra-
tion time of 8 s. The dynamic range of the OPD measured is
limited by the lowest temporal frequency reachable which de-
pends on the number of images per sequence of acquisition; it
was typically 5 mHz in our run. The highest frequency (0.5 Hz)
is determined by the time calculation step used in the process.
Typically, a Kolmogorov model can be expected beyond this
frequency (Buscher et al. 1995) in the temporal power spec-
trum of the fringe position.

3.3. Error estimation

Different errors can affect outer scale and seeing measurements
deduced from the GI2T data.

The photometry of the images is degraded by the photon
centroiding electronics of the camera that computes the coor-
dinates of the photo-events: indeed, when several simultaneous
photo-events are very close in the image, the photon centroid-
ing device is unable to identify them properly and does not take
into account all events. The photon centroiding hole appears at
the center of the mean autocorrelation of images obtained with
the camera. This hole becomes larger when the photon flux in-
creases. This centroiding hole is removed in the autocorrelation
by fitting a 2D polynomial function (Berio et al. 1998).

The photon noise bias is also corrected. Due to the short
exposure time, the photo-events (a few hundred per image)
are assumed to be independent and follow Poisson statistics.
Consequently, it can be shown (Aime 2001) that the detected
autocorrelation origin of the image takes into account a sup-
plementary term, which is inversely proportional to the mean
photo-events per image N. The power spectrum obtained is bi-
ased by a additional term 1/N for all frequencies. We change
the autocorrelation center value to correct it.

In order to automatically remove the power spectra that
have fringes highly attenuated by atmospheric effects, or



J. Maire et al.: Wavefront outer scale deduced from interferometric dispersed fringes 1229

possible instrumental and star tracking problems, we calcu-
lated the signal-to-noise ratio (SNR) defined as the ratio of
the mean value over the fringe peak extent to the noise level.
This noise level is determined by averaging a part of the power
spectrum without interferometric signals. Due to the spectral
banwidth used during our observation, the sampling resolu-
tion of the spectral frequency axis corresponds to an OPD
of 5 µm per pixel. The maximum of the integration over the
high spatial and spectral frequencies determines the position
of the fringe peak in the power spectrum. The position of the
center is calculated by a centroid algorithm using only the
data within a “small” window around that peak. By processing
50 one-dimensional profiles of the fringe peak extent, this algo-
rithm is able to determine the OPD with an accuracy of 1/20th
of a pixel or 0.25 µm rms. This OPD accuracy was found by
applying the process of centroid determination on a simulated
fringe peak that has the minimum SNR allowed for the detec-
tion. A typical value of σOPD in the GI2T case (Appendix A)
gives a relative uncertainty of 8% on σOPD measurements.

3.3.1. Error on L0 estimates

The relative uncertainty onL0 can be deduced with the asymp-
totic solutions for long-baseline regimes of the phase structure
function (Eq. (A.5)): when D 
 L0/π 
 B the relative uncer-
tainty on L0 is:

∆L0

L0
=

6
5
∆σOPD

σOPD
+
∆r0

r0
(6)

Eq. (6) is appropriate in the case of the GI2T or interferometers
with small apertures. When L0/π
 D 
 B, it becomes

∆L0

L0
=

6
11
∆σOPD

σOPD
+

5
11
∆r0

r0
(7)

Eq. (7) is appropriate in the case of the VLTI or interferometers
with large apertures when the value of the outer scale is small.

The limit of the method appears for small baselines, when
L0/π 
 D 
 B which is the least favorable case in the calcu-
lation of error bars. It makes it necessary to use long baselines
to apply the method properly.

With two telescopes of an interferometer observing a dis-
tant source, the OPD measured is the sum of the atmospheric
path difference and the internal path difference. Different
sources of internal OPD can be considered, such as mechan-
ical instabilities, star tracking errors or horizontal propagation
in the arms of the interferometer.

Different characteristic times of the wavefront qualify the
evolution of structures in the images. In the case of a single

turbulent layer with wind velocity
→
v , the speckle life-time is

(Roddier 1981)

τ0 ≈ 0.31r0/v. (8)

The correlation time Tc of the larger structures of the wavefront
is given by (Borgnino 2004)

Tc ≈ L0/v. (9)

This correlation time is a relevant parameter for the temporal
power spectrum of the fringe position: Fc = 1/Tc is the knee
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Fig. 3. Example of the high-pass filtering performed on the OPD to
remove instrumental effects. The filtered OPD (dotted line) is obtained
by subtracting the low frequency components (dashed line) from the
total OPD measured (solid line). Observation of ηUma the night of
April 21, 2004 at 21h59′ (UT).

frequency that limits the inertial range of turbulence. In the case
of the VK model, this power spectrum saturates at frequencies
lower than Fc.

Measurements of vibrations of the GI2T delay line by
accelerometers prior to the observation have shown that a
very slow instrumental drift could be at the origin of addi-
tional OPD. The 3 Hz resonance frequency of the telescopes,
which is not included in our temporal frequency range, has an
amplitude sufficiently low to be considered negligible. Analysis
of several OPD power spectra obtained during our run show
that frequencies lower than 0.03 Hz have an asymptote notice-
ably steeper than the Kolmogorov model expectations. These
low frequencies of OPD power spectra are affected by instru-
mental drifts and contain both atmospheric and instrumental
contributions.

After a selection of fringe positions with good signal to
noise ratio, a Chebyshev high-pass filtering (Parks & Burrus
1987) of the pathlength difference discards the major part
of the instrumental drift. Figure 3 shows a plot of a 160-s
long record, and the OPD obtained by filtering out frequen-
cies below 0.03 Hz. The filtering cut-off frequency fc must
be higher than the highest instrumental contribution frequen-
cies but lower than the characteristic frequency Fc of the fringe
motion spectrum: the mean value of this latter frequency, calcu-
lated with GSM data (Eqs. (8) and (9)), is Fc = 0.2 Hz for these
nights of observation. Therefore the dynamic range of the OPD
measured is restricted and the filtered OPD obtained does not
take into account atmospheric long-period variations. If the en-
tire night’s data are examined, this low frequency contribution
appears not significant as remarked first by Davis et al. (1995).
By filtering out OPD variations with a cut-off frequency fc de-
termined with 10% precision, we found a mean relative uncer-
tainty of 7.5% on the σOPD estimates.

Colavita et al. (1987) defined the interferometric coherence
time T0 as the time interval during which the rms differential
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phase between both beams does not exceed 1 rad. They found
the relation

T0 ≈ 0.81r0/v. (10)

It follows from Eq. (8) that T0 ≈ 2.61τ0. The τ0 value is consid-
ered to be close to the wavefront coherence time τ0AA measured
by GSM. During our observation, its mean value was 8 ms in
the visible. Hence the mean value of T0 was larger than the ex-
posure time used during the GI2T run. Thus, we will consider
negligeable the influence of the exposure time on the measure-
ment of the OPD.

In order to have a sufficient SNR to detect fringes, the
power spectrum used for the OPD estimation is a time aver-
age of individual power spectra of each image. In the case of
GI2T, we found that the best compromise between the num-
ber of images per power spectrum and the SNR is to compute
power spectra after each series of 400 images in steps of 50 im-
ages; this process will smooth OPD variations. To correct this
effect, we calculated σOPD for a series of acquisitions with a
different number of images per power spectrum; we used 400,
300, 200, 150 and 100 images. An exponential extrapolation
of the different σOPD obtained can be applied to obtain a mean
correction factor, corresponding to σOPD estimated with 50 im-
ages per power spectrum. This process allows us to obtainσOPD

estimates each second less than the characteristic time Tc of
the fringe agitation estimated from GSM data during our run.
Assuming that OPD samples are independent and follow a
Gaussian probability law, the statistical relative error in the cal-
culation of σOPD is given by (Frieden 1983) 1

2 ( 2
N−1 )1/2 where N

is the number of OPD samples per estimation of L0. The ex-
pected error is approximatively 5% for 3 min of acquisition.

Any wavefront phase fluctuations φ(
→
r ) observed just before

the beam combiner can be considered as the sum of uncorre-
lated phase fluctuations, φv(

→
r ) due to the vertical atmospheric

propagation and φh(
→
r ) due to the horizontal propagation inside

the arm of the interferometer. In the recombined image plane,
the variance of the phase difference is

Dφ,m(
→
B) ≈ Dφ,v(

→
B) + Dφ,h(

→
B). (11)

Using Eq. (A.5(b)), we can qualitatively compare the two right
terms of Eq. (11) by calculating the ratio

Dφ,h(
→
B)

Dφ,v(
→
B)
=

(L0,h

L0

)5/3 (
r0,v

r0,h

)5/3

where r0,v is the atmospheric coherence diameter and r0,h is
the wavefront coherence diameter due to the horizontal prop-
agation. The outer scale L0,h value inside the arms is lim-
ited by their cross section size. If we assume that propaga-
tion inside the horizontal arms follows the same properties
as light vertical propagation, we can compare r0,v deduced
from atmospheric C2

N(h) profile (Eq. (A.2)) and r0,h deduced
from propagation with a constant C2

N value measured at 3 m
above the ground. In this latter case, we do not take into ac-
count the zenith distance γ dependence in Eq. (A.2). In-situ
measurements made by Martin et al. (2000) at Paranal gave

a mean value C2
N(3 m) ≈ 6 × 10−15m−2/3. For a 7 m hori-

zontal propagation, it gives r0,h = 53.8 cm in the visible and
the ratio (r0,v/r0,h)5/3 obtained in the same campaign is 7%.

If L0,h ≈ 2.5 m, then the ratio Dφ,h(
→
B)/Dφ,v(

→
B) ≈ 0.2%. For

a propagation corresponding to a 32 m baseline, the ratio in-
creases to 0.4%. The error on the L0 estimates, due to the hor-
izontal propagation, can be considered negligeable with regard
to the atmospheric propagation.

3.3.2. Error on r0 estimates

Several errors can be considered in the r0 estimation from the
power spectrum.

The narrow spectral bandwidth used gives a negligible at-
tenuation of the power spectrum (Borgnino et al. 1989) taking
into account the typical ratio D/r0 ≈ 15 for GI2T observations.

The exposure time per image, τ, should be maximum, given
the low photon flux and smaller than τ0 in order to obtain a
perfectly frozen speckle pattern. Roddier & Roddier (1975) de-
scribed the attenuation of the spectral components for several
exposure times. They have shown experimentally that expo-
sure times up to 20 ms have a negligible effect on the power
spectrum. This effect becomes pronounced for τ0 less than one
millisecond. They found that the effect is greater with a small
telescope. The seeing peak should not be affected given the
GI2T camera exposure time τ = 20 ms compared to the mean
τ0AA = 8 ms in the visible measured by GSM during the acqui-
sition. The value of r0 obtained by our method could be punc-
tually overestimated due to high wind velocities and bad seeing
(Roddier & Roddier 1975).

For a long-baseline interferometer, horizontal progation in-
side the arms can lead to an error in the r0 determination.
Assuming that the horizontal propagation follows the same
properties as vertical atmospheric propagation, the expres-
sion of σc (Eq. (5)) is modified by considering Eq. (A.2) as

σc(λ) = 0.342
λ2

(
(r−5/3

0,v + r−5/3
0,h )−3/5

)2
.

For the same values of r0,v and r0,h used in Sect. 3.3.1,
the r0 estimation using this modified σc is a 4% underestimate
for a propagation corresponding to a 14 m baseline. This ratio
increases to 9% for a 32 m baseline.

4. Results

In order to validate the methods of estimation described pre-
viously, we apply them to GI2T data and compare their re-
sults with GSM simultaneous measurements performed on
several nights. Due to inadequate observational conditions,
only three of the nights, 7th June 2003, 21st April 2004 and
22nd April 2004, gave exploitable data.

The GI2T configuration during the simultaneous observa-
tions is reported in Table 1. Some of the stars that were chosen
in the scheduling of observations are different between the two
instruments. This is due to instrumental constraints but their
angular separation stays relatively small and does not change
the seeing condition much. The addition of a new camera
“Algolb” in 2004 at the GI2T focus allowed the testing of the
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Table 1. Configuration of the GI2T interferometer during the simulta-
neous observations.

Star First Star

obser- λ Base- acqui- obser-

Date ved by (nm) line sition ved by

GI2T (m) (TU) GSM

7th June

2003 αLyr 656 12.4 00h41′ γCyg

21st April βUma 529 12 20h32′ βUma

2004 ηUma & 656 – 22h27′ ηUma

βUma – 11.9 19h49′ βUma

22nd ηUma 529 – 21h00′ ηUma

April εUma & – 22h22′ ηUma

2004 εUma 656 32 23h15′ ηUma

αCrB – 14.4 00h55′ αCrB
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Fig. 4. Comparison of r0 measurements obtained with the GSM and
derived from the GI2T interferometer data obtained on 21st and
22nd April 2004. The correlation coefficient is equal to 0.89.

methods at two different wavelengths. The spectral bandwidth
used was 35 nm and the sampling frequency was 50 images/s.

We repeated simultaneous observations in order to verify
the reliability of the methods under different weather and see-
ing conditions; the first night had a clear sky but we remarked a
high level of humidity at ground level. During the second night,
the sky was slightly misty and there was weak ground wind. On
the third night, the sky was clear and there was no ground wind.

4.1. Comparison of r0 measurements

The comparison between the seeing estimation obtained with
the GI2T interferometer and those measured simultaneously
with the GSM instrument is presented in Fig. 4.

Each GI2T acquisition, with a typical duration of three min-
utes, corresponds to about 9000 short exposure images to esti-
mate r0 reliably. All seeing estimates are scaled to the wave-
length λ = 0.5 µm and are given for the zenith direction.
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Fig. 5. Comparison of outer scale L0 measurements obtained with the
GSM (solid line) and derived from the GI2T interferometer data (dia-
mond dots) during the night of June 7th 2003. Origin is at 0h36′ UT.

We found a strong correlation coefficient of 0.89 between
GSM measurements and GI2T estimates.

The error on GSM r0 measurements is 1.2% (Ziad et al.
2000). The error on the GI2T r0 estimates is greater; this is
due to the propagation inside the horizontal arms and can be
due to the long exposure time of the camera (Sect. 3.3.2). The
horizontal propagation leads to an underestimation of r0 and
the exposure time leads to an overestimation of it. Excellent
agreement is found when the first effect compensates for the
second one.

Some good seeing conditions were present on the night of
April 22nd that is unusual for this observatory. Statistics for
this site show that the probability of having a seeing larger
than 10 cm is 20% (Bonneau 1997).

4.2. Comparison of L0 measurements

Substituting standard deviations of the OPD obtained from
GI2T data into Eq. (3) with GSM r0 measurements leads to es-
timations of the outer scale presented in Fig. 5 for the night of
June 07th 2003 and in Fig. 6 for the night of April 22nd 2004.
Each GI2T estimation presented in Fig. 6 is a mean value of re-
sults obtained with the red and blue channels. These results are
in very close agreement,L0 being achromatic. These estimates
are compared with L0 measured by GSM. A good agreement
is seen despite the difference in the two instrument scales. One
can choose to use GI2T r0 estimates, as mentioned above, for
a completely independent interferometric seeing monitor. The
relative uncertainty on L0 estimates deduced from Sect. 3.3.1
and GSM error on r0 measurement is about ±25%. If r0 de-
duced from GI2T data is used, this uncertainty is greater and it
increases with the baselength (Sect. 3.3.2).

5. Discussion and perspectives

The results presented here show the possibility of measuring
the outer scale and seeing from long-baseline interferometric
data. We have shown that the GI2T, a dispersed fringe mode
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Fig. 6. Comparison of outer scale L0 measurements obtained with the
GSM (dotted line) and derived from the GI2T interferometer data dur-
ing the night of 22nd April 2004: diamond markers are mean values
obtained from the blue and red channel.

interferometer, in addition to being a powerful astronomical in-
strument, is also capable of providing reliable measurements
of wavefront spatial coherence parameters. Estimated values
of r0 and L0 obtained at several baselines from GI2T data are
in good agreement with GSM measurements.

These interferometric estimates could be suitable for op-
timizing HAR observational techniques, without the need for
seeing monitors, except for an initial calibration in order to
characterize instrumental contributions. It can determine, for
example, the SNR imposed by the turbulence for upcoming
observations, or the magnitude limit which depends upon the
seeing conditions (Roddier 1988). Variations of L0 should be
considered in the specifications of the finite exposure time of a
fringe sensor and the finite response time of a delay line (Conan
et al. 2000). These estimates also could be convenient in acquir-
ing reliable seeing statistics for a particular site with the goal to
implement new HAR instruments like adaptive optics or fringe
trackers.

In contrast to outer scale estimates, OPD fluctuations
are obtained without the need for an atmospheric turbulence
model. The three points in Fig. 7 represent mean values of
σOPD for three baselines used sequentially on the night of
22nd June, 2004. Error bars correspond to the standard de-
viation of σOPD obtained for each baseline performed. As re-
marked by Mariotti & di Benedetto (1984) and then by Davis
et al. (1995), the departure from the Kolmogorov model is sig-
nificantly pronounced for long baselines. The non-simultaneity
of our measurements makes it difficult to draw a conclusion
about the validity of the VK model on decametric baselines.
It is noticeable however that the saturation of σOPD and hence
the saturation of the phase structure function is highlighted for
baselines longer than the outer scale.

As the VLTI/Amber is a dispersed fringe mode interferom-
eter, methods used in this paper could be applied to its data. The
advantage of this instrument is that some instrumental contri-
bution to the OPD are known and that others could be evalu-
ated by specific measurements. Inside the VLTI, fringe signals
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Fig. 7. Standard deviation of OPD fluctuations as a function of base-
line. The three points are the mean measurements performed sequen-
tially on the night of the 22nd June 2004 obtained with the GI2T inter-
ferometer. Dashed lines represent σOPD in cases of Kolmogorov and
VK models for extreme values of r0 (9.0 cm and 18.6 cm) measured
by GSM during OPD acquisition. Using the VK model, we represent
σOPD in the case of the outer scale median value L0 = 13.2 m mea-
sured by GSM during OPD acquisition.

are affected by static optical path differences and also by time-
varying OPD fluctuations introduced by the motion of delay
lines, by vibrations of mechanical structures and by air turbu-
lence. It is possible to measure in real-time all of these internal
contributions. With 3 baselines available simultaneously, the
VLTI/Amber interferometer makes makes it possible to con-
siderably improve our knowledge of phase fluctuations at de-
cametric and hectometric scales and therefore makes possible
the validation of atmospheric turbulence models.

Appendix A: Theoretical background

Statistics of phase fluctuations follow that of temperature and
refractive index inhomogeneities. As long as the base length B
is included in the inertial range that is limited by the turbu-
lence inner and outer scales, the phase structure function is gov-
erned by the Kolmogorov law which leads to the phase power
spectrum,

WK
φ (
→
u) = 0.0229r−5/3

0 u−11/3 (A.1)

where u is the modulus of the spatial frequency
→
u . r0 depends

physically on the structure constant of refractive index fluctu-
ations C2

N(h) integrated along the propagation path (Roddier
1981) as,

r0 =

⎡⎢⎢⎢⎢⎢⎣0.423

(
2π
λ

)2

(cosγ)−1
∫

C2
N (h)dh

⎤⎥⎥⎥⎥⎥⎦
−3/5

. (A.2)

In the framework of this model and without pupil filtering ef-
fects, the phase structure function can be rewritten as (Roddier
1981)

DK
φ (
→
B) = 6.88(B/r0)5/3. (A.3)
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The VK model formalizes the long-baseline saturation of the
phase structure function and its phase power spectrum is given
by (Borgnino et al. 1992)

WVK
φ (

→
u) = 0.0229r−5/3

0

⎡⎢⎢⎢⎢⎣u2 +
1

L2
0

⎤⎥⎥⎥⎥⎦−11/6

· (A.4)

Using this model, Conan et al. (2000) derived asymptotic solu-
tions for Eq. (2) in three regimes:

(a) D 
 B
 L0/π: (A.5)

DVK
φ (

→
B) = 6.88( B

r0
)5/3

[
1 − 1.49

(
B
L0

)1/3
]

(b) D 
 L0/π
 B: DVK
φ (
→
B) = 0.17

(L0
r0

)5/3

(c) L0/π
 D 
 B: DVK
φ (
→
B) = 0.06

(
D
r0

)5/3 (
D
L0

)−11/3
.

The relation between σOPD obtained with the two models may
be found, as was carried out by Avila et al. (1997) in the case
of the AA covariance. We take into account pupil effects in the
VK model but not in the Kolmogorov model. In this latter case,
the telescope diameter can be considered infinite. Substituting
Eq. (A.4) into Eq. (2) and substituting x for the dimensionless
variable 2πBu leads, with respect to the VK model, to

DVK
φ (

→
B) = 0.287r−5/3

0

∫ +∞

0

x
(2πB)2

×
⎡⎢⎢⎢⎢⎢⎣ x2

(2πB)2
+

(
1
L0

)2⎤⎥⎥⎥⎥⎥⎦
−11/6

[1 − J0(x)]

×
⎡⎢⎢⎢⎢⎣2J1( Dx

2B )
Dx
2B

⎤⎥⎥⎥⎥⎦2

dx. (A.6)

Taking Eq. (3) into account leads to the expression of σOPD in
the framework of the VK model as

σVK
OPD(

→
B) = σK

OPD(
→
B) ·

[
HVK
φ (B)

]1/2
(A.7)

where σK
OPD(

→
B) is the OPD standard deviation for the

Kolmogorov model when the pupils are assumed to be in-
finitely small. HVK

φ (B) is the distortion function which includes
filtering effects that are due to the outer scale and to the pupil
size, as

HVK
φ (B) = 0.894

∫ +∞

0
x

⎡⎢⎢⎢⎢⎢⎣x2 +

(
2πB
L0

)2⎤⎥⎥⎥⎥⎥⎦
−11/6

× [1 − J0(x)]

⎡⎢⎢⎢⎢⎣2J1( Dx
2B )

Dx
2B

⎤⎥⎥⎥⎥⎦2

dx. (A.8)

Figure A.1 represents σVK
OPD as a function of the dimensionless

variable B/L0, given in units of λ(B/r0)5/6, for different val-
ues of the ratio D/B. The value at the origin, i.e. when L0/B
tends to infinity, is σVK

OPD(0) = 0.417: it corresponds to the
case HVK

φ (B) = 1; at this point, the phase structure function is
equivalent in both VK and Kolmogorov models. σVK

OPD in units
of λ(B/r0)5/6 decreases as B/L0 increases but σVK

OPD in units
of λ increases with B. The median values of L0 = 22 m and
r0 = 11.5 cm (at λ = 0.5 µm) measured at Paranal (Martin
et al. 2000) give a typical value of σOPD equal to 4λ for UT’s
separation of 47 m. Considering L0 = 25 m, r0 = 10 cm and a
12 m GI2T baseline leads to σOPD = 6λ.
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Fig. A.1. Standard deviation of the OPD, in units of λ(B/r0)5/6, as a
function of the dimensionless parameter B/L0 for different values of
the ratio D/B, obtained from numerical integration of Eq. (A.7).
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