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Abstract. A method is presented allowing one to estimate,
in the case of daytime observations, the angle-of-arrival
isoplanatic patch size from the measurement of the differ-
ential image motion of the solar limb. The experimental
results have been obtained using the solar astrolabe of
Calern Observatory (CERGA-France). Performing
a modelization as proposed by Fried (1977) leads to an
explanation of these results by an equivalent atmosphere
formed with two impulse turbulent layers corresponding
to two different scales for the size of the isoplanatic patch.
Finally, the isoplanatism is quantified for speckle inter-
ferometry and adaptive optics experiments.

Key words: atmospheric effects — methods: observational
— techniques: image processing — Sun: general — Sun:
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1. Introduction

The formation of astronomical images through the terres-
trial atmosphere by means of ground-based telescopes is
generally formalized as a convolution product which ex-
presses a spatial-frequency linear filtering. By using this
formalism, one assumes in particular that the point spread
function of the whole system, telescope and atmosphere, is
invariant over the observation field. If one considers
wavefronts coming from a point source through the atmo-
spheric turbulent layers, they appear randomly perturbed,
in space and time, which gives consequently a random
behaviour to this point spread function. At any moment,
one can consider that the point spread function is invari-
ant only on a precise patch, named the isoplanatic patch,
of the observation field and that it follows well-determined
characteristics of the perturbations due to the atmosphere.

The importance of knowledge of this patch size has
increased with the development of high-angular-resolution
observation techniques (real-time and post-detection
image restoration) which allow one to overcome the op-
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tical effects due to atmospheric turbulence and to reach the
theoretical resolution of the instruments. Thus, in adap-
tive optics, the creation of laser backscattered reference
stars (Foy & Labeyrie 1985) which would lead to the
measurement of the wavefront and then to real-time com-
pensation of the atmospherical effects has to be elaborated
by taking into account the constraints related to the size of
the isoplanatic patch (Welsh et al. 1991; Séchaud et al.
1990; Chassat 1989). Similarly, for image reconstruction
techniques applied to extended astronomical objects (Sun,
multiple star systems, ...), it is necessary to break up the
image into an array in which each element to be corrected
has to be smaller than the isoplanatic patch size (Von Der
Lithe 1988).

This paper has been conceived as a contribution to the
study of the angle-of-arrival isoplanatism in the case of
daytime high angular resolution imaging for which the
promising results of adaptive optics in the stellar field
(Primmerman et al. 1991; Fugate et al. 1991) could be
applicable. In the first part are reviewed the different
concepts and useful theoretical results together with
measurement techniques for isoplanatic patch size estima-
tion. A subsequent method for evaluating the angle-of-
arrival isoplanatism in the case of solar observations is
introduced. An experiment is described and some experi-
mental results obtained on the site of Calern (CERGA-
Grasse-France) are presented. Finally, using a modeliz-
ation proposed by Fried (1977), a vertical localization of
the turbulence “optical strength” C2(h) (structure constant
of the air-refractive-index fluctuations) is deduced, which
leads to the estimation of the isoplanatic patch sizes for
adaptive optics and speckle interferometry.

2. Isoplanatism. Theoretical aspects

Atmospheric turbulence causes perturbations on the
wavefront coming from a point source which gives at
ground level, random fluctuations of the phase and of the
intensity. One considers frequently only the phase fluctu-
ations (near-field approximation); one observes the point
spread function in the focal plane as an image of speckles,
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which have spatio-temporal dependence. Speckle forma-
tion is due to the random phase differences which create an
interferogram in the focal plane. The number of speckles in
the image is of the order of (D/r,)? where D is the pupil
diameter and r, is the so-called Fried’s parameter which is
related to the size of the coherence areas of the wavefront
arriving at the entrance of the telescope pupil. The image
motion is due to the angle formed by the pupil plane with
the wavefront slope all over the pupil; this defines an
averaged angle of arrival which may be also considered at
each point of the wavefront. ‘

This isoplanatism expresses in a general way, the simi-
larity of the wavefronts arriving on the pupil from two
point sources separated by an angle 8 on the sky and
which have traversed different zones of the turbulent at-
mosphere. According to the desired application, which can
be categorised by the features of interest in the images,
a precise analysis of the wavefront deformations can be
done which implies the definition of several types of iso-
planatism. In the framework of this study, the classifica-
tion introduced by Fried (1976) has been used, but limited
to the case of isoplanatism relevant to angle-of-arrival
observations, and also for adaptive optics and speckle
interferometry for which the general concepts are re-
viewed.

The angle-of-arrival isoplanatic patch is the angular
field of view on which one can consider that all image
points are subjected to the same motion effect which re-
sults from the averaging of the angle-of-arrival fluctu-
ations over a pupil of diameter equal to D. It expresses in
fact, the angular covariance of these fluctuations observed
on two lines of sight separated on the sky by 6. To
characterize this isoplanatism, it is convenient to make use
of the structure function D\(f) defined as:

D((0)=<{[x(01) — (01 +0)]*),

where «(f,) describes the angle-of-arrival fluctuations
averaged over a pupil of diameter D for the wavefront
coming from a source in the direction 6, and { ) symbol-
izes a set mean.

An analytic expression for D|(f) has been established by
Fried (1976) whose later approximate form (Fried 1977) we
use:

Di(0)=D"'" J

Path

C2(h) F(h, 6)dh, (1

where h denotes the altitude and
0.864\?\ ! 0h
F(x)=5.98<1+<——) ) with x=—.
X D

The analytic expression has been calculated numeri-
cally and compared to the approximate form. A good
agreement between the two expressions has been found
and for conciseness, the second one will be used hereafter.

According to the definition given by Fried (1977), the
isoplanatic patch is:
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,  where hAOA=[——————Ih C"(h)dh:l (2

[C2(hydn

The speckle interferometry isoplanatism corresponds
to the angular field over which one can consider that the
speckle interferograms obtained when one observes two
point sources separated by 6 are the same, according to
a given criterion. Its expression can be found by consider-
ing the cross-correlation between the corresponding op-
tical transfer functions which can be expressed according
to the complex amplitude second-order moment By(f)
(Fried 1979; Roddier et al. 1982):

Bo(f) =Y (u, 01) Y(u+f, 6, +6))

In the case of a fully-developed turbulence (Kol-
mogorov’s law) and for D>r,, this moment can be ex-
pressed by:

y) 5/3.[
B3(f)=exp —6.88(—)

To

5/3

f+0—;l CZ(h)dh

[C2(h)dh

3)

The isoplanatic patch for speckle interferometry can be
obtained by integrating expression (3):

03670
O =036 72,
_[[n*Cihydh [ [hC3(wdnT> ]2
where hs"_[ [ewa cna | | @

For adaptive optics, the isoplanatic patch is the angu-
lar field on the sky where one can consider that the
wavefronts coming from two points sources angularly sep-
arated by 0 and arriving on the same point in the pupil
plane of the instrument are similar according to a given
criterion. The expression for isoplanatic patch can also be
deduced from the relation (3) by calculating By(0) (Roddier
et al. 1982):

o [P Ci(hydh ?
=0.31—, =t —=" |
0r0=0.3 ™ where hao [ fC,f(h)dh (5

One can see that in every case, knowledge of the
vertical profile of the optical strength CZ(h) permits the
estimation of the isoplanatic patch which can be inter-
preted using a model (Shapiro 1976) in which a single thin
layer is localized at an altitude (haoa, hsp, hao) defined by
a weighting of C2(h) [Expressions (2), (4) and (5)].

Another remark is that when observing with a small
aperture telescope, the size of the isoplanatic patch will not
differ considerably for one type of isoplanatism to another
but will vary notably for large astronomical telescopes.

3. Measurement techniques

Several techniques have been used to estimate the iso-
planatic patch. Some of them give direct measurements,

© European Southern Observatory ¢ Provided by the NASA Astrophysics Data System


http://cdsads.u-strasbg.fr/cgi-bin/nph-bib_query?1993A%26A...276..663I&amp;db_key=AST

FTI93ARA - Z276. 6631 1

A. Irbah et al.: Isoplanatism and high spatial resolution solar imaging

other use an intermediate parameter and a model to de-
scribe the terrestrial atmosphere. In the following we give
some techniques which permit isoplanatic patch estima-
tions and some typical values obtained by observers.

Various measurements of isoplanatic patch for stellar
speckle interferometry and adaptive optics were performed
in the visible by Roddier et al. (1982) who derived the
parameter using turbulence profiles C2(h) and applying the
expressions (4) and (5). The measurements show that for
speckle interferometry, the isoplanatic patch is systemati-
cally more important (mean value of the order of 3 arcsec)
than for adaptive optics (mean value of the order of 2 arc-
sec). From the cross-correlation function of double star
speckle interferograms, Vernin et al. (1991) deduce the
degree of isoplanatism (Fried 1982) and derive an estima-
tion of the isoplanatic angle. Using the SCIDAR technique
which consists of a statistical analysis of scintillation pat-
terns, permits these observers to obtain turbulence profiles
C2(h) and with seeing measurements to compute the iso-
planatic patch for speckle interferometry. These two tech-
niques give the same estimate of the isoplanatic patch
which is of the order of 3.6 arcsec. Direct measurements of
the isoplanatic patch were performed by Walters (1985)
who developed a stellar scintillometer from an approxima-
tion of Fried’s expression (1982) for given light wavelength
and telescope diameter. The conception of an iso-
planometer which is also a stellar scintillometer is due to
Loss & Hogge (1979) and White & Garvey (1985) who
have performed continuous measurements of the iso-
planatic patch for speckle interferometry. The mean value
of the measurements is of the order of 1 arcsec which is
smaller than the results of other observers.

For solar observations, there are fewer isoplanatism
measurements than for night observations. One can first
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analysed the spatio-temporal characteristics of the wave-
fronts arriving on the pupil by observing it through two
diaphragms placed on the solar limb image. They observed
that some wavefront areas stayed correlated on an angular
field which might be extended. Turbulence profile
measurements [C2(h)] in daytime conditions allowed to
Murphy et al. (1985) to compute from Fried’s expression
(1979) isoplanatic patch estimates which typically were of
the order of 1-2 arcsec. Finally, adaptive optics techniques
were used to obtain high angular resolution solar images
(Hardy 1981; Acton 1988; Rimmele & Von der Liihe 1988).
For these experiments it has been assumed that the maxi-
mum value reached by the isoplanatic patch was of the
order of 3 or 4 arcsec. A value of the same order was also
used in the framework of post-detection reconstruction
methods (Von der Liihe 1988).

4. Isoplanatic patch measurement
using a photoelectric detector

The point spread function of the atmosphere-telescope
system can be obtained by observing an unresolved star or,
in the case of solar observations, by considering the bright-
ness discontinuity formed by the solar limb. In a first
approximation, the solar limb intensity can be considered,
taking into account the resolving power of the instrument
and the wavelength at which the observations are per-
formed, as an Heaviside distribution H(x) (Druesne et al.
1983). Indeed, if a one-dimensional detector such as a
linear photodiode array is put perpendicularly to the solar
image edge (Fig. 1a), one can write, assuming that each
photoelement is of negligible width and moreover that its
physical properties are not taken into account, the de-
tector spatio-temporal response F(o, t) (Fig. 1b) as:

reference the experiment of Borgnino & Martin (1977)who  F(a, t)=[H () * S(a, B, £)1(B), (6)
Fnlot) Fhla.t)
1 1
b [
a B
linear
Photodiode
array
solar
image =~
oo 3.I6 7.2 00 3.|s 72
«a(arcsecond) a(arcsecond)

Fig. 1a—c. Estimation of the point spread function of the telescope-atmosphere system obtained at the Nice Observatory using
a 38 cm solar telescope: a principle of the experiment, o, f=angular directions on the sky; b F,(«, t)=normalized irradiance
distribution in the solar limb image [Expression (6)]; ¢ F/,(«, t)=normalized point spread function of the telescope-atmosphere system

[Expression (7)]
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where * denotes a convolution product, o and f are the
components of an angular direction on the sky, S(a, f, t)
is the point spread function of the system formed by the
atmosphere and the telescope and d the Dirac distribution.

If this expression is derived with respect to «, one
obtains the one dimensional point spread function as al-
ready presented in Druesne et al. (1983):

F(o, )=[0(2) % S(t, B, )10(B)=(B) [ S(et, n, 1)d. 7

This expression shows that one should obtain experi-
mentally a one-dimensional projection of the point spread
function (Fig. 1c). Thus, the continuous acquisition of the
solar image formed on the detector gives the point-spread-
function temporal evolution which allows estimation of
the parameters qualifying the atmospheric turbulence or
more precisely the perturbed wavefronts (ro, time con-
stants, isoplanatic patch size).

For the angle-of-arrival isoplanatism study, there are
two possibilities according to whether one uses a one or
a two-dimensional detector.

The angle-of-arrival isoplanatism can be studied using
a linear photodiode array, with rectangular elements (the
ratio between the two dimensions being for example of the
order of 100). In the following, the detector is assumed to
have a linear intensity response. Indeed, if the linear
photodiode array is placed on the solar image in a direc-
tion parallel to the limb (Fig. 2a), each photoelement re-
sponse will be the solar limb intensity distribution integ-
rated on a few arcseconds. This integration will lead to
a solar limb position for each observation field point
defined by each photoelement (Fig. 2b). The continuous

image acquisition allows to observe and record the solar
limb fluctuations (image motion) (Fig. 2¢) for which a
spatio-angular correlation leads to an estimation of the
angle-of-arrival isoplanatic patch size.

The advantage of the method is the simplicity of the
application for estimating in real time the parameter of
interest. The main difficulties are related to the spatial
calibration of the fluctuations and to the dynamics which
is imposed by the continuum of the mean position, more or
less important, of the solar image on the detector.

The use of a two-dimensional detector as a CCD
camera gives access to more information and makes it
possible the estimation of all the parameters qualifying the
terrestrial atmosphere and consequently the astronomical
images. Indeed, as for the preceding case, the CCD camera
is put on the edge of the solar image (Fig. 3). Each line of
the camera gives a solar limb profile which allows to
deduce a projection of the point spread function of the
whole system, telescope and atmosphere, as seen in the
previous section [Expression (7)]. The image acquisition
gives then, a spatio-temporal evolution of the point spread
function for an angular field on the sky. From this evolu-
tion, one can deduce the angle-of-arrival isoplanatic patch
size from the angular correlation of the fluctuations shown
by the position of the point spread function projection
defined as the position of the photocenter. A study of the
correlation between the point spread functions obtained
from the different line signals (perpendicular to the solar
limb) of the CCD camera, leads to perform a speckle
interferometry type analysis if a spectral filtering is done
on the solar image.

¢ Ih{B.t}

solar limb image
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Fig. 2a—c. Estimation of the angle-of-arrival isoplanatic patch size using a linear photodiode array with the same experimental device
as for the result presented in Fig. 1: a principle of the experiment; b schematic examples of the solar limb profile; ¢ normalized solar
limb intensity with the continuum before analogic-numerical conversion. One will note the small magnitude of the fluctuations
averaged according to the angular component «, on a range of the order of 100 arcsec
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CCD

camera

solar
image —

Fig. 3. Estimation of the angle-of-arrival isoplanatic patch size
(and eventually, of the spatial coherence of the perturbed wave-
fronts as expressed using Fried’s parameter r,, of the time con-
stants ... ). The principle of the experiment is given if the detector
in use is a CCD camera

5. Observations and results

The measurements have been performed making use of the
experimental principle detailed in the previous section but
with the difference that the observed solar limb image is

- moving in the focal plane during the observation time. The

instrument is a Danjon astrolabe which does not compen-
sate the earth diurnal motion. ’

5.1 Observations

The observations have been made using the solar astro-
labe of the Calern Observatory (Observatoire de la Cote
d’Azur) which is currently used for solar diameter
measurements (Laclare & Merlin 1991). For the study of
atmospheric turbulence, the experiment has been modi-
fied. These modifications consist for the main part, in the
two following points:

— the analogic detection system of the solar limb in-
flexion point given by a CCD camera which provides
512 x 512 pxl, has been replaced by a digital image acquisi-
tion system.

— the astrolabe is an instrument which gives in its
focal plane two images of the same object (a direct and
a reflected image). For the solar diameter measurements,
the two images are used and formed alternatively on the
CCD camera by a mechanical obturator. For this experi-
ment, the obturator is removed and only the direct image
formed by the upper part of the objective which has an
elliptic form (the major axis is 8 cm and the minor 5 cm) is
used. Because of the limited memory of the system and to
process a greater number of images, a window of
128 x 256 pxl has been placed on the solar image.
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Fig. 4. The data acquisition device. The instrument is widely
described in the paper of Laclare & Merlin (1991)

Figure 4 shows the data acquisition device.

An acquisition of the solar limb image is done every
20ms which is the standard integration time of the
camera. The fluctuations of the images are attributed to
the motion effect, the result of the angle-of-arrival fluctu-
ations observed at each wavefront point, averaged on the
astrolabe pupil during the integration time of the camera.
In the case of an unresolved solar limb from which one can
define the point spread function position as the photocen-
ter position, each point of the image edge is affected only
by the motion effect. The displacement fluctuations ob-
tained by observing the temporal evolution of a part of the
solar image will then give an estimation of the angle-
of-arrival structure function which allows one to deduce
the value of the associated isoplanatic patch.

5.2. Results

The experimental results presented here come from obser-
vations performed in June 1990 at the Calern Observatory.
In Fig. 5a one can see two estimations of the angle-of-
arrival structure function Dy(f) [Expression (1)] obtained
from the computational data of two different observation
days. In this figure no correction has been done but one
must take into account the noise effects on the structure or
autocorrelation function analysis. So let’s consider here-
after the noise effects. One supposes that a white noise is
superposed on the fluctuation signal measurements which
is translated on the autocorrelation function (or on the
structure function) by a peak located at the origin or on
the power spectrum by a uniform energy distribution over
all frequencies as clearly observed after the telescope fre-
quency cut-off (Aime et al. 1979). Consequently, to esti-
mate the noise level, one considers the power spectrum
and also the behaviour of the structure function of the

© European Southern Observatory ¢ Provided by the NASA Astrophysics Data System


http://cdsads.u-strasbg.fr/cgi-bin/nph-bib_query?1993A%26A...276..663I&amp;db_key=AST

FTI93ARA - C276. 6631 1

A T T T T T
a
®
o
©
& o
<
8
S
a
S
N
s
o I L 1 I L
0 20 40 60 80 100 120
8 (sarc)
- T T T T T T ]
b3
IS}
=
& o
4
5
2
)
=S
S
N
o
o L L L . 1 1 L
20 40 80 80 100 120
8 (sarc)
- T
C
SE 4
EoL J
2 o
ki
@
-8
1
-
a9F
-
i
or 4
w
i L

- 0.1 1 f/fc

spatial frequency

Fig. 5a—c. Experimental estimations of the angle-of-arrival
structure function obtained observing the solar limb motion
(without noise correction a). Effect of the correction of the
photon noise on a typical estimation of the angle-of-arrival
structure function b and on the corresponding power spectrum ¢

angle-of-arrival fluctuations for small values of § as done
by Fried (1977). Indeed, to define the isoplanatic patch
Fried has considered the intersection between a parabolic
fit of the structure function D,(6) for small values of 6 and
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the straight line giving the saturation of this function for
large values of 6. Fried’s definition leads to the relation (2)
in Sect. 2 which gives the angle-of-arrival isoplanatic patch
size as a function of the pupil diameter D and of the
altitude hyoa of an impulse layer equivalent to the whole
turbulent atmosphere (an experimental illustration is given
in Fig. 6). To have a noise level estimate, one fits the
structure function by a parabolic law where the first point
is not included and deduces its value from the fit. One can
see in Fig. Sb the effect of the noise correction on a typical
structure function and in Fig. Sc the corresponding effect
on the power spectrum. In the last case, one can note the
effect of the noise level reduction on the high spatial
frequencies while the low frequencies are not notably affec-
ted as identically observed by Aime et al. (1979). However,
from the data coming from all the observations, one can
note that there is not one single way to fit a parabolic law
for small values of 6 but that this can be performed on two
distinct angular ranges (Fig. 7). According to Fried’s defi-
nition and for two series of observations are shown, in
Table 1, the results deduced from parabolic fits in the two
typical variation ranges of the structure function. The first
range corresponds to the variation of the structure func-
tion at the origin which expresses the fast angle-of-arrival
fluctuations averaged on the instrument pupil and the
second range corresponds to the slowest variation of this
structure function. Determination of isoplanatic patch
sizes from these two variation ranges seems identical to
that performed by other observers who deduced two differ-
ent time constants from the measurement of the temporal
autocorrelation function obtained by analysing during the
time, the brightness intensity of the solar granulation
(Aime et al. 1981). For night observations, the same results

0,(8) (sorc?)
0.6

0.4

o . 1 L L 1 L
0 20 40 60 80 100 120

8 (sarc)

Fig. 6. Estimation of the isoplanatic patch size using a parabolic
fit (continuous line) near the origin of the experimental structure
function (dotted line) obtained from the observation of the angle-
of-arrival fluctuations. The horizontal straight-line gives an ap-
proximated value of the saturation which occurs at large values
of 6
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Table 1. Isoplanatic patch size: experimental results From this two-layer model are computed the
isoplanatic patch sizes and the corresponding altitudes hao, hsp, haoa (Expressions (5), (4) and (2))
for adaptive optics, speckle interferometry and for the angle-of-arrival fluctuations

Date 21/06/90-  21/06/90  21/06/90  25/06/90  25/06/90  25/06/90

ro (cm) 11.2 6.7 7 12.4 13.8 10.2
Hoa1 (M) 1046 642 1365 1092 1024 931
Isoplanatic 11.83 19.28 9.07 11.33 12.09 13.29
patch

Range 1

(arcsec)

H s042 (M) 164 210 154 146 146 145
isoplanatic 75.70 58.81 80.44 84.58 84.85 85.62
patch

Range 2

(arcsec)

isoplanatism 49 3.8 22 5.8 5.8 5.7
adaptive

optics

(arcsec)

isoplanatism 44 33 22 5.1 53 49
speckle

interferometry

(arcsec)

isoplanatism 5.4 6.7 4.1 5.7 5.2 6.7
angle-of-

arrival

(arcsec)

hao (m) 1474 1139 2043 1372 1524 1140
hsp (m) 1889 1530 2421 1782 1941 1531
haoa (m) 1984 1592 2604 1866 2041 1593

ro=Fried’s parameter

Haoa1, Haoaz =altitudes of the two impulse turbulent layers corresponding to the isoplanatic
patch sizes (Ranges 1 and 2) which can be deduced from the experimental angle-of-arrival
spatio-angular structure function.

Fig. 7a and b. Possible fits
(continuous lines) on two exam-
ples of the experimental angle-
of-arrival structure function
(dotted line) in order to esti-
mate the isoplanatic patch size:
a date=21/06/90, 0,04, =19.3",
hA0A1'= 642m, 0,5,,=58.8",
haonr =210 m; b  date=
25/06/90, Os0n1 =12.1", hyop, =
1024 m, 0,04,=84.9", huonr,
=146 m
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have been obtained (Aime et al. 1986; Scaddan & Walker
1978) and an interpretation has been proposed in the case
of stellar speckle patterns introducing a new model based
on the image motion (Aime et al. 1986).

6. Discussion

The results presented above show that the experimental
structure function D((6) has two variation ranges on which
can be defined two isoplanatic patch sizes. The shape of
D\(0) is related to the vertical atmospheric turbulence pro-
file (see Sect. 2); one can then assume, in a first approxima-
tion, that each variation corresponds independently to
a thin turbulent layer localized at an altitude hpoa Which
can be estimated by (Fried 1977):

D
hAOA 0A0A '
where D is the diameter of the instrument pupil.

One can then, with this assumption, locate the layers
responsible for the two variation ranges presented by the
structure function Dy(6) . The fast variation is due to a layer
localized at the higher altitude whereas the slower vari-
ation is due to a layer at a lower altitude. In Table 1, one
can also found, for each isoplanatic patch, the altitude of
the associated turbulence layer. In Figs. 8b and 9b are
presented the vertical C2-profiles for both Hunfnagel
model (daytime conditions) and the restored profile which
corresponds to the experimental structure functions. For
each layer, the turbulence strength is chosen to fit the

A. Irbah et al.: Isoplanatism and high spatial resolution solar imaging

angle-of-arrival structure function, computed from the re-
lation (1) (see Sect. 2), to the experimental data (Figs. 8a
and 9a). One can note that for the two cases, one can
access to a vertical C2-profile which explains correctly the
observations and defines, as already said above, the mag-
nitude of the different isoplanatic patch sizes. Thus, with
a simple model of two thin layers and the relations given in
Sect. 2, one can deduce an estimate of the isoplanatic patch
for adaptive optics, speckle interferometry and angle-of-
arrival fluctuations using only an angle-of-arrival statist-
ical analysis. It must be noted that one can also deduce the
angle-of-arrival isoplanatic patch from the relation (3)
which is equivalent to a parabolic fit at the origin of Dy(0).
From this relation, one obtains values more or less differ-
ent than those derived from the fit on the experimental
data done using a least-mean-square adjustment on
a chosen angular field which can be overestimated com-
pared with Fried’s hypothesis in the approximate form.
For each observation series, performed at a wavelength
equal to 500 nm, an estimate of a vertical C2-profile has
been done which allows to compute estimates of Fried’s
parameter ro, as well as the isoplanatic patch for adaptive
optics 0,0, for speckle interferometry fgp, for angle-of-
arrival fluctuations 0,0, and the scale heights for the
single thin layer model (Table 1). It is advisable to note
that for speckle interferometry determination, the expres-
sion implies that D is great compared to ro which is not
true for our observations. The value has been computed to
give an estimate of this parameter which appears to be
comparable with the other values. One can see that for all
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cases, the estimate is of the same order but more larger
than those reported by other observers (see Sect. 3). Fi-
nally, one can note, analyzing the estimated vertical C2-
profiles, that the atmospheric turbulence relevant to high
spatial resolution solar imaging is localized in the first
hundred meters.

7. Conclusion

The principle of a method which allows the measurement
of the angle-of-arrival isoplanatic patch for day-time ob-
servations has been presented. The results deduced from
observations performed using the solar astrolabe of Calern
Observatory (CERGA-France), show that the experi-
mental structure function Dy(f) has two variation ranges
on which an isoplanatic patch size can be estimated. The
interpretation of these two variation ranges can easily be
done by the use of a simple model of two thin layers; the
associated vertical turbulence CZ-profile has been ob-
tained by fitting the experimental data using a procedure
proposed by Fried (1977). This estimated vertical C2-
profile which, in all cases, imposes the magnitude of the
isoplanatic patch, has allowed to compute an estimate of
the isoplanatic patch for the angle-of-arrival fluctuations,
but also in the framework of speckle interferometry and
adaptive optics. For all cases, the estimation is globally of
the same order but notably larger than the values reported
by other observers. To conclude, we emphasize that
anisoplanatism may appear at different scales related to
a small number of impulse turbulent layers which forms an

1 10
h (km)

equivalent vertical profile. This is important when ob-
serving extended astronomical objects at high spatial
resolution.
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