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ABSTRACT

High angular resolution observations of the sun are limited by atmospheric turbulence. The MISOLFA seeing
monitor (still under construction) is developed to obtain spatial and temporal statistical properties of optical
turbulence by analyzing local motions observed on solar edge images. The solar Flying Shadows used for Angleof-Arrival spatio-temporal analysis are observed in the pupil-plane image by mean of a rectangular thin slit
positioned on the solar edge image. A numerical simulation of the light propagation in both the atmospheric
turbulence medium and the MISOLFA optical system is carried out studying the relation of the measured
intensity variations in the pupil-plane to Angle-of-Arrival ﬂuctuations in the non-isoplanatic case. First results
are presented and discussed.
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1. INTRODUCTION
Observations of the Sun at High Angular Resolution using ground-based telescopes need an accurate modelling
of the optical eﬀects induced by atmospheric turbulence. To illustrate the problem, we consider the case of
solar diameter measurements. Since more than 25 years, diameter measurements are performed at Calern
Observatory (Observatoire de la Côte d’Azur) with the solar astrolabe showing inexplicable apparent variations.1
More recently, a new experiment (DORaySol)3 has been implemented on the same site for the same objectives.
Soon (2007-2008), a spatial experiment (PICARD (CNES)) will be launched to perform solar diameter and solar
irradiance measurements in Space.2 SODISM II, a replica of one of PICARD instruments, will be installed
near the two present operational experiments of the Calern site to allow simultaneous measurements. The main
objectives are the comparison of the results deduced ﬁrstly from spatial data and secondly from ground data, as
well as the evaluation of atmospheric turbulence optical eﬀects on measurements performed from the ground.The
ground observations will thus, be qualiﬁed using space data and appropriate inverse techniques.
A seeing monitor must allow the modelling of these eﬀects. It must give, in the framework of a turbulent
model (Von Kàrmàn’s model, for example), the values of the integrated optical parameters (Fried’s parameter
r0 , spatial coherence outer scale L0 , size of isoplanatic patch θ0 , correlation time for the ﬂuctuations τ0 ), but also
the vertical proﬁle of the optical turbulence energy given by the structure constant of the air refractive index
ﬂuctuations Cn2 (h). Such a generalized monitor could be used for evaluation of sites where telescopes dedicated
to the Sun observations should be installed but also could equip every solar observatory. MISOLFA (Moniteur
d’Images SOLaires Franco-Algérien) is developed for that purpose.
The MISOLFA principle is based on the statistical analysis of Angle-of-Arrival (AA) ﬂuctuations, which are
ﬂuctuations at each point of the normal of the perturbed wave-fronts. The AA-ﬂuctuations can directly be
observed in the image plane (case of Shack-Hartmann’s sensors used in adaptive optics) but also in the pupil
plane if the observed astronomical sources (for example, Sun or Moon) present an intensity distribution with a
strong discontinuity.
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Figure 1. MISOLFA : experimental device.

The monitor experimental device is built so as to have 2 analysis ways (Fig. 1). On the ﬁrst way, a CCD
camera placed on the solar limb image allows to record directly the AA-ﬂuctuations.8 A beam splitter creates a
second way, named in the following pupil plane observation way in which the telescope pupil is observed through
a narrow slit placed on the solar limb image.

2. PUPIL-PLANE OBSERVATION WAY OF MISOLFA
Many works have been developed on image plane observations9, 16 but few ones on the pupil-plane observations.
Thus, a complete numerical simulation of this observation way is needed to better understand all ﬁltering aﬀecting
AA-ﬂuctuation measurements performed in the pupil-plane.
The pupil-plane observation way of MISOLFA consists in imaging the telescope entrance pupil with a recombining lens through a narrow diaphragm placed in the focal plane on the solar limb. The diaphragm size is some
arc-seconds wide and about ﬁfty arc-seconds length. To record pupil intensity ﬂuctuations, several photodiodes
connected via optical ﬁbers will be put on the image behind diaphragms of diﬀerent sizes. This signal given by
the diﬀerent photodiodes will be simultaneously recorded. A spatiotemporal analysis may be performed leading
to estimate all atmospheric parameters.
Geometrical optics will be helpful to understand how the pupil plane observation way of MISOLFA works.
Light rays of the atmospheric perturbed wave-front undergo random angles and pass or no through the diaphragm.
Thus, the pupil illumination observed through the diaphragm will be related to the local slopes of the wave-front.
In case of an extended source, the good situation is that a linear relationship exists between intensity variations
→
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where ∝ denotes the proportionality operator.
Previous works have shown however, the goodness at the ﬁrst order of the relationship between intensity and
AA-ﬂuctuations.5, 6 Now, we will study the validity limits of Equation (1). We present ﬁrst in the next section,
the theoretical aspects used for developing the numerical simulation.

3. THEORETICAL MODEL
We need a mathematical formulation to perform the numerical simulation of the occurring process. In a ﬁrst
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3.1. Diﬀraction Through the Entrance Pupil
The propagation trough the telescope of the wave-front limited to its entrance pupil forms a Fraunhoﬀer diﬀrac→
α ) is then expressed by :
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Spread Function) used in image formation theory. It is a speckle image of the point source as shown in the third
ﬁgure of Fig. 5.
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Thus, it is more or less masked according to its position relatively to diaphragm borders (see the fourth ﬁgure
of Fig. 5).

3.2. Pupil Image Reconstruction Over the Diaphragm
The pupil-plane image is formally obtained by operating
an inverse Fourier transform on the complex amplitude
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where Gs (−
α ) is the angular transmission of the diaphragm.

In both Equations (3) and (4), we have not taken into account symmetries induced by the internal reﬂecting
light within the telescope. However, the pupil image coordinates can easily be scaled so as to correspond to the
entrance pupil ones.
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be then observed in the pupil-plane image. They are what we are calling the Flying Shadows obtained for the
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Figure 2. Two intensity distributions (PSF ’s) partially masked by diaphragm borders. The PSF left-side contributes to
the pupil-plane image formation unless it is situated at 1/2 seeing angle outside the diaphragm area.

3.3. The Case of an Extended Source
The resulting intensity ﬂuctuations for an extended source in the pupil-plane image is the summation over the
angular ﬁeld-of-view allowed by the optical system of all source-point intensity contributions. The diaphragm
angular size conjointly to the seeing angle deﬁne the angular integration domain as shown in Fig. 2.
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Equation 5 is the basic mathematical model used to develop the numerical simulation presented in this work.

4. EXPECTED OPTICAL LIMITATIONS
The use of a diaphragm of a ﬁnite size in the focal plane introduces additional eﬀects which limit AA-ﬂuctuation
analysis from intensity measurements of the pupil-plane images. Two eﬀects were highlighted and have been
studied by Borgnino and Martin.5 They are related to the diﬀraction and angular ﬁltering by the diaphragm.

4.1. Diﬀraction Filtering
Diﬀraction over the diaphragm causes a blurring on the resulting pupil-plane images due to a space-frequency
ﬁltering. This ﬁltering is not easy to express and we will consider Equation (2) to summarize it. From this
→
α ) can be considered as the complex spectrum of the spatial contents of the perturbed waveEquation, K−
→0 (−
α
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r )). This spectrum is randomly limited by the diaphragm area
front at the entrance pupil (expressed by ψ−
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α ) itself carrying out to express with
due to both the angular positions α0 and the speckled pattern K−
→0 (−
α
diﬃculty the introduced ﬁltering.
To illustrate the diﬀraction ﬁltering, Fig. 3 shows a simulation of intensity patterns obtained for an extended
source in case of three diﬀerent diaphragm widths and unspeciﬁed seeing conditions.
Although these enumerated conceptual diﬃculties, it is possible to have a signiﬁcant description of diﬀraction
blurring5 by considering some average behavior in case of an extended source. A diaphragm with an angular
width wx allows to observe in the pupil plane details with angular separation greater than about λ/F wx , F
denoting the telescope focal length. In the entrance pupil plane, they correspond to spatial separations of about
λ/wx . Thus, the presence of the diaphragm in the focal plane is equivalent to a high spatial frequency ﬁlter with
a cut-oﬀ frequency fd given by :

Figure 3. Simulation of Flying Shadows of an extended object of uniform luminosity (no darkening) obtained for three
diﬀerent diaphragm widths (see Sect.5.1). For all cases, the same optical turbulence is considered at the entrance pupil
and near-ﬁeld approximation is assumed. The angular width wx of diaphragms is respectively equal from the left to the
right, to 8 , 4 and 2 .

fd ≈ wx /λ

(6)

According to this known ﬁltering, we have to use a diaphragm as large as possible. However, increasing the
diaphragm width has consequences on the angular ﬁltering.

4.2. Angular Filtering
In case of an extended source such as the sun, the image obtained with the pupil plane observation way of
MISOLFA is the superposition of all individual images formed by each source-point located by its angular
→0 (see section 3.3). It means that the turbulence-induced perturbations are integrated over the angular
position −
α
ﬁeld-of-view, which in our case is limited to the angular extent of the diaphragm and to the local average seeing
angle (see Sect.3.3).
Anisoplanatism expresses the dependence of the optical turbulence with lines-of-sight. It is more or less
important following the turbulent layer positions and angular separations of object points. Thus, the angular
integration introduces an additional blurring on pupil plane images corresponding to another space frequency
ﬁltering.
Figure 4 shows image blurring eﬀect induced by anisoplanatism in case of an extended object. It shows that
blurring in the pupil plane images depends also on seeing conditions via anisoplanatism.
This anisoplanatic ﬁltering is also not easy to express but some simple considerations lets to have a signiﬁcant
estimation.
Geometrical considerations allow to say that details in a turbulent layer situated at an altitude h have spatial
dimensions on the pupil plane of about hwx . As a consequence, we are not able to see on the pupil plane images,
turbulence features smaller than about hwx for the considered single turbulent layer at the altitude h. We can
then deﬁne a spatial cut-oﬀ frequency fa for the anisoplanatism angular ﬁlter as :
fa ≈ 1/hwx

(7)

According to this additional ﬁltering, we better use a diaphragm as thin as possible but in this case, the
diﬀraction ﬁltering increases.

Figure 4. Simulation of Flying Shadows obtained for an extended source in both isoplanatic and anisoplanatic cases
(see Sect.5.1). The object has an uniform luminosity (no darkening) and a same optical turbulence is considered at the
entrance pupil. The diaphragm width wx is equal to 5 for all ﬁgures. In the left ﬁgure, total isoplanatism is assumed
contrarily to the others where anisoplanatism is considered along the diaphragm width. In the third one, bad seeing is
also considered (≈ 10 ). The turbulent layer properties are h = 500m, r0 = 1cm and L0 = 10m. Note that anisoplanatic
ﬁltering would be more important along the diaphragm length and will depend on the solar darkening proﬁle.

4.3. The Choice of Diaphragm’s width
The previous developments on the diﬀraction and angular ﬁltering by the diaphragm show antagonist eﬀects.
In fact, for a given altitude of the turbulent layer, the optical system is mostly limited by anisoplanatism if wx
is too large and the limitation comes from diﬀraction if wx is too small.
As shown by Borgnino and Martin,5 the best practical compromise for wx is certainly the case for which the
two ﬁltering are equivalent so that fa ≈ fd and then :
wx ≈



λ/h

(8)

In case of observations performed with MISOLFA at a wavelength λ equal to 535.7nm, a diaphragm width
wx = 5 allows to remote turbulent layers lower than h = 911m.

4.4. Scintillation
In most of seeing monitors based on AA-ﬂuctuation measurement analysis, scintillation is neglected and nearﬁeld approximation is assumed. In the pupil plane observation approach, scintillation cannot be ignored since we
measure intensity ﬂuctuations. Indeed, intensity measurements could be perturbed by scintillation if turbulent
layers are localized at high altitudes.
However, for MISOLFA’s diurnal measurements, it is expected that turbulent layers are mostly situated near
the ground so that scintillation eﬀects could be negligible.

5. NUMERICAL SIMULATION - FIRST RESULTS
5.1. Obtaining Flying Shadows by Simulation
The numerical simulation is based on the formal description of the optical device expressed by Equation 5.

−
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r ) of atmospheric perturbed
First at all, we have to provide instantaneous complex amplitude I0 (α
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α
wave-fronts at the telescope entrance pupil. We assume that the optical eﬀects induced by the whole turbulence
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α
Monte Carlo procedure refereed as Nakajima’s method.14 Optical perturbations from this method are the

Figure 5. Figures showing some steps of simulation (see Sect.5.1) in case of a single point-source located in α0 angular
direction. They are obtained for a same optical turbulence at the entrance pupil. The ﬁgures on the top (from left to
right) are phase and amplitude distributions simultaneously generated for the optical wave-front ψα0 (r) at the entrance
pupil. The ﬁgures on the bottom represent respectively the intensity of the angular distribution Kα0 (α) (PSF ) (left) and
the portion of |Kα0 (α)|2 passing through the diaphragm placed in the focal plane.

inverse Fourier transform of a random complex quantity which statistical variance is equal to the theoretical one
corresponding to the considered model (Kolmogorov, Von Kàrmàn ...).
The optical turbulence simulator we implemented gives simultaneously phase and amplitude ﬂuctuations
corresponding to the same generated turbulence sample (see Fig. 5).
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of MISOLFA optical system (see Sect.3.3). All I−
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in order to get the global image intensity I( r ).

5.2. Observation of AA-ﬂuctuations in Pupil-Plane Images
AA-ﬂuctuations are deﬁned by the local slopes of the perturbed wave-fronts. They are formally expressed by
the space-derivative of the phase ﬂuctuations at the entrance pupil. We are then able to test the pupil plane

Figure 6. Simulation of AA-ﬂuctuations (left) and corresponding Flying Shadows in the pupil plane image (right). They
were obtained for a same optical turbulence at the entrance pupil and an extended source of uniform luminosity in case of
total isoplanatism (see Sect.5.1). Note that we have also assumed a very large diaphragm width neglecting the diﬀraction
ﬁltering. As expected for the proposal system, the Flying Shadows observed in the pupil-plane in case of total isoplanatism
correspond to the desired AA-ﬂuctuations.
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observation method by comparing AA-ﬂuctuations calculated from the simulated phase ψ−
r ) with the Flying
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Shadows expressed by the intensity variations I( r ).
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α
In a ﬁrst case, we consider that we have total isoplanatism i.e. ψ−
→0 (−
α
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angles. We suppose also that I0 (α0 ) is constant, which corresponds to an uniformly emitting extended-source
→
α ) is supposed to be masked only
and having an extremely large diaphragm i.e. the angular distribution K−
→0 (−
α
by the lower border of the diaphragm neglecting thus, the diﬀraction ﬁltering. With all theses considerations, we
observe that the Flying Shadows match perfectly the AA-ﬂuctuations at the entrance pupil (see Fig. 6). Note
that this result supposes also the near-ﬁeld approximation hypothesis where scintillation is reasonably ignored
for diurnal observations (see Sect.4.4).
As the most important condition to the validity of the method is the linearity relationship between intensity
and AA-ﬂuctuations (see Equation 1), we also conﬁrm the linearity condition in this special case.
This result shows at the same time the accuracy of the simulation and the validity of the concept for measuring
AA-ﬂuctuations from pupil-plane images.

5.3. Solar Limb Darkening Proﬁle’s Eﬀect
→0 ) is not uniform but presents a strong
In case of solar observations with MISOLFA, the source intensity I0 (−
α
variation from the center to the limb of the Sun.
The eﬀect of the limb darkening proﬁle on Flying Shadows observed in the pupil plane has been theoretically
studied by Borgnino15 in the framework of a polynomial expansion for the cases of linear and non-linear limb
darkening functions.
In case of a linear darkening proﬁle, the intensity variations are still proportional to AA-ﬂuctuations. Contrarily, if the limb darkening proﬁle is non-linear, the relation between intensity and AA-ﬂuctuations is slightly
non-linear. This result has also been conﬁrmed by simulation11 in case of total isoplanatism and near-ﬁeld
approximation hypothesis.
The optical eﬀects such as anisoplanatism and limb darkening intensity variation are locally signiﬁcant on
a limited angular extent around diaphragm borders (see Fig. 2). We can consider in case of the Sun that the
limb darkening proﬁle is almost linear on a small angular ﬁeld-of-view (few arc-seconds). We can then conclude
in case of isoplanatism and the near-ﬁeld approximation hypothesis that the intensity variations in pupil-plane
images are proportional to the AA-ﬂuctuations at the entrance pupil, as expressed by Equation 1.
To ensure this conclusion we use in the simulation, an approximation model for the solar limb darkening
function.16 Fig. 7 shows the linearity relationship obtained from the simulation between intensity measurements
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Figure 7. Good linearity observed between intensity variations in pupil-plane images (Flying Shadows patterns) and
simulated AA-ﬂuctuations at the entrance pupil (see Sect.5.1). The simulation was implemented in an isoplanatic case
with r0 = 2cm, L0 = 10m, h = 400m, wx = 5 and in the near-ﬁeld approximation case. Both AA-ﬂuctuations and
Intensity variations are integrated over a circular photodiode area with a diameter of about 2.5cm on pupil entrance.

computed from the Flying Shadows in the pupil plane image and simulated AA-ﬂuctuations at the entrance
pupil.

6. DISCUSSION AND PERSPECTIVES
Anisoplanatism appears to be the most fundamental limitation in the transformation process of AA-ﬂuctuations
to intensity variations by the pupil-plane analysis way of MISOLFA.
→
α ), is locally isoplanatic at least
We may ﬁrst consider the case in which optical turbulence and hence K−
→0 (−
α
over the angular extent where the ﬁltering by diaphragm borders occurs. In this situation, the obtained Flying
→
Shadows correspond to the true AA-ﬂuctuations. For large diaphragms, the intensity I(−
r ) corresponds to the
sum of AA-ﬂuctuations from isoplanatic zone with others along the diaphragm edge. This situation is the case
of very low turbulent layers, a typical conﬁguration of daytime turbulence.
→
−
→0 to another within the
α ) varying from an angle α
In case of local anisoplanatism, we may consider K−
→0 (−
α
extent of seeing angle believed to be diaphragm angular domain eﬀects. The relation between intensity variations
in pupil-plane images and AA-ﬂuctuations at the entrance pupil is then questionable and could not be directly
−
→0
expressible. The role of the simulation is to estimate if the Flying Shadows correspond to a summation over α
of AA-ﬂuctuations to ensure if linearity is still valid and eventually to qualify the introduced errors. It is however
expected as demonstrated in Sect.4.2 that the method of observing intensity variations on the pupil-plane image
remain valid for low turbulent layers.
The pupil-plane observation way of MISOLFA enables to measure the AA-ﬂuctuations on the entrance pupil
using intensity variations. The statistical treatment of AA-ﬂuctuations is by far, widely investigated and implemented in nighttime site testing monitors as for the Generalized Seeing Monitor (GSM).17 It could be then
directly applied on diurnal data measurements to retrieve the statistical properties of daytime turbulence.
For example, the pupil-plane method applied to a large telescope could serve to adjust the daytime turbulence
models by means of a two-dimensional covariance or structure function of AA-ﬂuctuations.18 These statistical

functions could be obtained for every baseline and every orientation (relatively to AA-ﬂuctuations) allowed on
the pupil-plane area.
In MISOLFA, the used photodiode detectors represent various collecting surfaces of the pupil-plane. They
allow fast recordings and thus an accurate intensity signal time sampling. Such measurement time series will be
used to study temporal properties of the diurnal turbulence and continuously estimate the correlation time τ0 of
AA-ﬂuctuations.
Such as for other seeing monitors like the well-known DIMM or GSM, dual measurements from photodiode
pairs on the same collecting surface will allow also estimate the Fried parameter r0 . An accurate calibrating of
AA-ﬂuctuations obtained from measured intensity variations is however needed for this purpose.
The goal of using photodiode detectors with diﬀerent collecting surfaces is to estimate the spatial coherence
outer scale L0 from AA-ﬂuctuation statistics.19 Outer scale L0 has been widely investigated in case of nighttime
turbulence but still unknown in case of daytime optical turbulence. However, it is expected that the values would
be smaller than the ones obtained for nighttime measurements. The method used in MISOLFA will depend on the
collecting surfaces of the photodiode detectors. A speciﬁc study will be developed to ensure suﬃcient sensitivity
to outer scale eﬀects.
Good estimation of turbulence parameters are strongly linked to AA-ﬂuctuation measurements. Thus, we
need to well understand all eﬀects aﬀecting the atmospheric parameter estimation from ﬁltered AA-ﬂuctuation
measurements and how to optimize them. It will be eventually useful to include these ﬁltering directly into
models describing the ﬁltered AA-ﬂuctuation statistics as a function of the optical turbulence parameters.
These are all the principal short-term perspectives for this simulation.
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