
A&A 382, 378–388 (2002)
DOI: 10.1051/0004-6361:20011622
c© ESO 2002

Astronomy
&

Astrophysics

First evidence of the finite horizontal extent of the optical
turbulence layers. Implications for new adaptive optics

techniques

E. Masciadri1, R. Avila2, and L. J. Sánchez1

1 Instituto de Astronomı́a, Universidad Nacional Autónoma de México, Apartado Postal 70-264,
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Abstract. It was recently shown (Masciadri et al. 2000; Masciadri 2001a), using a numerical simulation (Meso-Nh
model), that considering horizontally uniform C2

N can have severe consequences. For example, the integration of
the C2

N along lines of sight different from the zenith gives variations that can be larger than 0.50′′ . In this paper we
try to validate this result following two approaches. (a) numerical approach: we compare measured and simulated
C2

N profiles. The first ones were obtained with a Generalized Scidar (GS) and the latter are simulated with the
Meso-Nh model at the same azimuth and elevation as those of the observations. Further measurements (DIMM,
mast and balloons) are considered in order to support the comparison. (b) experimental approach: we compare C2

N

profiles measured (almost simultaneously) by a GS along different lines of sight. The results of this study show
that (1) the horizontal size of the turbulent layers can be finite, (2) the simulations and the measurements are
well correlated and (3) for the first time, we show that the model can reproduce observed seeing values that vary
as much as 0.50′′ during the same night. This definitely shows that the numerical simulations are a useful tool in
the context of the turbulence characterization for astronomical applications. Finally, we discuss the implications
that a finite horizontal size of the turbulent layers could have on new adaptive optics techniques, particularly in
applications to the extremely large size telescopes.
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1. Introduction

It is well known (Dalaudier et al. 1994; Marks et al. 1996;
Marks et al. 1999) that the optical turbulence (C2

N) is con-
centrated, with respect to the vertical direction, in thin
layers placed at different altitudes in the troposphere (up
to ∼20 km) and having a vertical size of some tens of me-
ters. Such a structure is resolved by instruments such as
those carried aboard the balloons that have a resolution of
some meters. Optical instruments such as the Generalized
Scidar (GS) cannot resolve such thin layers because their
typical resolution is of about 1 km. This fact has to be
taken into account when the measurements provided by
the two instruments are compared. It is usual to make a
convolution of the balloon C2

N profiles so as to obtain a
lower resolution similar to that of the Scidar. In this way,
spatial turbulent distributions having equivalent charac-
teristics can be compared.
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This means that we have to distinguish between the
real structure of the turbulence and the structure resolved
by different instruments (an important point that is fre-
quently omitted). In the context of the adaptive optics
applications it is extremely important to define the typi-
cal spatio-temporal characteristics of such layers. Many
studies were done on the impact of the vertical struc-
ture of the turbulence on high angular resolution tech-
niques. The multi-conjugated adaptive optics (MCAO),
for example, is based on the hypothesis that the turbu-
lence energy is localized in a few layers (Beckers 1988;
Tallon & Foy 1990; Tallon et al. 1992). This technique
is based on the idea that a more efficient wavefront cor-
rection can be obtained by conjugating a small number
of deformable mirrors (DM) to a few turbulent layers
in the atmosphere. The principal advantage is that the
residual isoplanatic angle obtained after wavefront correc-
tion is larger than that obtained with a classical proce-
dure (Racine & Ellerbroek 1995). The Laser Guide Star
(LGS) technique, proposed to attain a large sky coverage
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Fig. 1. Orographic model of San Pedro Mártir region. A do-
main of 60 km× 60 km corresponding to 150× 150 grid points
is shown. The horizontal resolution is 400 m. The black point
represents the San Pedro Mártir site. The color table shows
the graduation in altitude.

for the correction of the wavefront perturbations, depends
strongly on the number of turbulent layers (Tallon & Foy
1990). More precisely (Ragazzoni et al. 1999b), the num-
ber of LGS cannot be lower than the number of turbulent
layers (or the DMs necessary for a full wavefront correc-
tion) to invert the system of equations that describe the
3D maps of the atmospherical perturbations. We precise
here that the residual turbulence located far away from
the DMs can have a non-negligable effect on the correc-
tion of the wavefront. Curiously, not much is known about
the typical horizontal size of the turbulent layers and the
implications that this characteristic could have on adap-
tive optics techniques. In previous studies (Masciadri et al.
2000; Masciadri 2001a) it was shown, using a numerical
simulation (Meso-Nh model), that the integration of the
C2

N profile along lines of sight different from the zenith
gives seeing differences that can be larger than 0.50′′. This
is a sizable quantity that suggests the need for a deeper
investigation.

In this paper (Sect. 2) we intend to attack this problem
following two approaches. (1) We compare measured and
simulated C2

N profiles along the same lines of sight. The
measured profiles are provided by a Generalized Scidar
(Fuchs et al. 1998; Avila et al. 1997; Avila et al. 1998)
at the focus of a 2.1 m telescope during a site test-
ing campaign on 16−21 May 2000 in the Observatorio
Astronómico Nacional de San Pedro Mártir (Mexico)
(31.0441 N, 115.4569 W) and the simulations are provided
by the Meso-Nh model (Masciadri et al. 1999a; Masciadri
et al. 1999b). (2) We compare C2

N profiles retrieved with
the GS from the scintillation of different binary stars ob-
served during the same night (21/22 May 2000) at dif-
ferent lines of sight. To support the comparison be-
tween measurements and simulations, further integrated

and local measurements provided by DIMM (Differential
Image Motion Monitor) balloons launched near by the
Observatory and a mast of 16 m are used.

In order to give a reliable comparison between mea-
surements and simulations we modified the code so as to
give averaged estimations of the optical turbulence calcu-
lated over simulations of some hours. We recall that the
previous results (Masciadri et al. 2000; Masciadri 2001a)
were not the result of an average. They were retrieved by
outputs obtained at an instant t∗ during the simulation
(usually t∗ was at about 3 hours after the start of the
simulation). Finally, for the first time, we show that the
Meso-Nh model reproduces different seeing values (vary-
ing as much as 0.50′′) observed during the same night.
In Sect. 3 we discuss the potential implications that the
results of this study could have on adaptive optics tech-
niques and in Sect. 4 we present the conclusions of this
study.

2. Horizontal spatial variability of the optical
turbulence C2

N

During the site testing campaign in San Pedro Mártir
Observatory, measurements expressly planned for the val-
idation of the Meso-Nh model were done. C2

N profiles were
provided by a Generalized Scidar above the astronomical
site and, almost simultaneously, meteorological balloons
adapted to the measurement of classical meteorological
parameters (T, p, V ) were launched about 80 km from the
Observatory in an upstream position with respect to the
principal wind direction. The place (Pta. Colonet) where
the balloons were launched was chosen near the coast (to
the west of the Observatory) so that the soundings sample
the whole vertical atmosphere [0−20] km. These last mea-
surements are used to initialize the Meso-Nh model. More
details on the site testing campaign will be presented in a
forthcoming paper. Figure 1 shows the orographic model
over which we simulate the optical turbulence. The com-
putational region extends over a surface of 60 km×60 km
and the horizontal resolution of the model is of 400 m.

2.1. Numerical validation

The measurements obtained during the night of
16−17 May are analyzed. Figure 2 (on the left) shows the
temporal evolution of the C2

N profiles measured by the GS
during this night. Figure 2 (on the right) shows the see-
ing measured by a DIMM and a 16-m-high mast placed
at about 600 m from the 2.1 m telescope. The seeing re-
trieved from the mast is calculated in the [2−16] m inter-
val (Sánchez et al. 2000). We select two time intervals in
which we have both measurements of C2

N profiles provided
by the GS and seeing estimations provided by a DIMM. In
the time interval [7/8] UT the DIMM measures an aver-
aged seeing of about 1.70′′ and in the time interval [11/12]
UT a seeing of about 0.91′′. In the following we will call
[7/8] interval A and [11/12] interval B. At 06:58 UT a
balloon was launched from the Observatory. This balloon
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Fig. 2. On the left: temporal evolution of the C2
N profiles measured by the GS during the night 16/17 May 2000. The intervals A

and B are marked with vertical lines. On the right: seeing measured by a DIMM (upper line) and by a 16-m-high mast (bottom
line). The seeing measured by the mast is calculated in the interval [2−16] m.

measured the classical meteorological parameters and was
adapted to measure the C2

N too. As in the case of the GS,
we compare the C2

N profile measured by this balloon with
the simulations.

We initialize the Meso-Nh model with the radiosound-
ings launched from Pta. Colonet at 05:09 UT to simu-
late the C2

N in the interval A and with the analysis of
the European Centre for Medium Weather Forecasting
(ECMWF) calculated at 12:00 UT in the coordinates
(31.5 N, 118.0 W) to simulate the C2

N in the interval B.
The availability of the initial conditions for the Meso-Nh
model are a further criterion in the selection of the inter-
vals A and B. The binary star observed during the inter-
val A is ζUMa (α2000 = 13h23′55′′, δ2000 = 54◦55′14′′)
and the binary observed during the interval B is 95Her
(α2000 = 18h1′31′′, δ2000 = 21◦35′43′′).

The polar sky map of Fig. 3 shows the path in the
sky of the two binary stars (ζUMa and 95Her) during
the observation of the night 16/17 with respect to the
azimuth (0 degrees at the North, 90 degrees at the East)
and to the zenith distance θ. The centre of the polar sky
maps is the zenith. Each circle selects the points above the
same angle θ. The circle with the maximum radius is the
horizon. The black points mark the position of the stars
during the intervalA and B (see Fig. 2 on the left). During
the interval A, the GS was scanning the atmosphere at
about θ = 32 degrees, and during the interval B at about
θ = 10 degrees.

Figure 4, on the left, shows the C2
N profiles measured by

the GS (bold line) and simulated by the Meso-Nh model
(thin line) during the interval A. The C2

N profile provided
by the balloon launched from the Observatory is shown
with the dotted line. Figure 4, on the right, shows the C2

N

measured by the GS (bold line) and simulated by Meso-Nh
(thin line) during the interval B. The simulation outputs
are averaged over 3 simulation hours. Table 1 lists the val-
ues of the seeing calculated in the intervals A and B in

Fig. 3. Polar sky maps representing the path in the sky of the
binary stars observed during the night 16/17 in the intervals A
and B (see text). The centre of the polar maps is the zenith.
Each circle (increment of 10 degrees) selects the points above
the same angle θ. The largest circle is the horizon.

the first 10 km (ε [0−10]), between 10 km and the top of
the atmosphere (ε [10−20]) and over the whole atmosphere
(ε TOT). In the Cols. 5–7 are shown the values of the see-
ing estimated by the DIMM, the mast and the subtraction
(DIMM – mast). This last value is calculated linearly with
respect to the C2

N. The last four columns show the differ-
ence of the seeing calculated between the Meso-Nh model
and the GS (MG), the Meso-Nh model and the DIMM
(MD), the GS and the DIMM (GD) and the GS and the
balloons (GB). We note that the balloon was launched
from Vallecitos (at an altitude of 2400 m), a tree-clear area
close to the Observatory at about 3 km from the 2.1 m
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Fig. 4. On the left: C2
N vertical profiles measured by the GS (bold line), the balloon (dotted line) and the C2

N simulated by
Meso-Nh (thin line) during the A interval. On the right: C2

N vertical profiles measured by the GS (bold line) and simulated by
Meso-Nh (thin line) during the interval B.

Table 1. Summary of the seeing values obtained integrating the measured and simulated C2
N in the interval A and B (see

Fig. 4). ε[0−10] is the integration in the first 10 km, ε[10−20] is the value obtained integrating between 10 and 20 km. εTOT is
the seeing integrated over the whole atmosphere. The mast values are related to the interval [2-16] m. The (DIMM–mast) value
is calculated linearly with respect to the C2

N. The last four columns shows the difference of the seeing calculated between the
Meso-Nh and the GS (MG), the Meso-Nh and the DIMM (MD), the GS and the DIMM (GD) and the GS and the balloons.

Time (UT) Parameter GS Meso-Nh DIMM mast [2–16] m DIMM–mast ∆εMG ∆εMD ∆εGD ∆εGB

(′′) (′′) (′′) (′′) (′′) (′′) (′′) (′′) (′′)

[7-8] ε[0−10] 1.32 1.35 0.03 -

” ε[10−20] 0.58 0.28 0.30 0.28

” εTOT 1.51 1.41 1.7 0.28 1.60 0.10 0.29 0.20 -

[11-12] ε[0−10] 0.86 0.88 0.02 -

” ε[10−20] 0.45 0.28 0.17 -

” εTOT 1.02 0.96 0.91 0.19 0.87 0.06 0.05 0.11 -

Fig. 5. On the left: vertical wind velocity profile measured by the balloon launched from the coast (Pta. Colonet, bold line) and
from San Pedro Mártir (thin line). On the right: vertical profile of the absolute temperature.
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Fig. 6. On the left: polar map of the seeing simulated above the site during the interval A. The centre is the seeing integrated
along the zenith. Each circle (increment of 5 degrees) is the seeing calculated at the same angle θ respect to the zenith. On the
top is the geographic North, on the left, the geographic West. The color table shows a large seeing with the color black and
a low seeing with the color yellow. The arrow indicates the direction and the amplitude of the angle θ of ζUMa as shown in
Fig. 3. On the right are shown the C2

N profile measured by the GS (dotted line), the C2
N profile simulated by Meso-Nh along

the zenith (bold line) and along the same azimuth and elevation as shown in this same figure on the left (thin line).

Fig. 7. C2
N profiles simulated along the zenith (thin line) and

at (270 degrees, θ = 40 degrees) (bold line) during the 16/17
night.

telescope (2800 m). Thus, it is not possible to calculate
a reliable ε[0−10]. We find that the seeing estimated by
the GS and Meso-Nh is well correlated with the (DIMM
– mast) measurements, that are equivalent to the integra-
tion of the C2

N between the telescope dome and the top of
the atmosphere. The shape of the GS and balloon C2

N pro-
files is well correlated with that provided by Meso-Nh and
the intensity of the turbulence in each layer is comparable.
In the interval A, above about 10 km, the simulated C2

N

profile seems to be more similar to the balloon than to
the GS profile. After a detailed analyses of all the mea-
surements it seems that the GS might have overestimated
the C2

N at this altitude. We note, in favor of this hypoth-
esis, that the vertical profiles of the absolute temperature
and wind velocity of the two balloons launched from the
site and from the coast are exceptionally well correlated
above 10 km (Fig. 5). The C2

N depends directly on the gra-
dient of the temperature and the wind velocity (Coulman
et al. 1995) so we deduce that the meteorological parame-
ters and probably the optical turbulence during this night
were relatively uniform above 10 km. This is consistent
with a good correlation between the simulated C2

N and
that measured by the balloon. From this set of analyses
we are confident in the Meso-NH simulations. Moreover,
in the last four columns of Table 1, we note that the differ-
ences estimated for the seeing between the model and the
different instruments are comparable. This assure a suffi-
cient level of reliability of the model. Interestingly, we note
that Meso-Nh can discriminate two time intervals of the
same night characterized by strongly different turbulent
conditions.

A question remains without answer: could the sus-
pected GS overestimation at about 12/13 km in reality
be due to the fact that the observations line of sight is
strongly different from the zenith direction?

To investigate this we simulate, in the interval A, the
C2

N along the same line of sight as the observed one.
Figure 6 (on the left) shows the polar seeing map (PSM).
The centre corresponds to the integration of the C2

N with
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Fig. 8. Polar maps of seeing obtained at different instants (starting from the left: t1 = 950 s, t2 = 2150 s and t3 = 2163 s).

respect to the zenith. Each circle represents the seeing
integrated at the same angle θ from the zenith. The incre-
ment in θ (that is the radius of the circles) is of 5 degrees.
On the top is the geographic North, on the left, the West.
The arrow indicates the direction and the amplitude of
the angle θ of ζUMa as shown in Fig. 3. We note that the
air mass factor ((cos θ)−5/3) is considered in the calcula-
tion of the seeing in the polar maps. In this way we can
appreciate the total fluctuations provided both by the air
mass factor and by the turbulent horizontal distribution.
Figure 6 (on the right) shows the C2

N profile measured by
the GS (dotted line – (a)), the C2

N profile simulated by
Meso-Nh along the zenith (bold line – (b)) and along the
same azimuth and elevation as shown by the arrow in this
same figure on the left (thin line – (c)). We observe that
the shape of the two simulated C2

N profiles is similar and
that the quantitative estimation of the two C2

N profiles is
comparable. This suggests that on this night, and along
the direction fixed by the ζUMa position, the horizon-
tal size of the turbulent layers is large and the horizontal
structure is fundamentally uniform. This result confirms
the hypothesis expressed above about the overestimation
of the GS in the higher part of the atmosphere. We there-
fore think that the fluctuations of the seeing observed in
the PSM (Fig. 6 on the left) are due to a different tur-
bulent distribution in the lower part of the atmosphere.
By comparing the seeing values in the East (270 degrees)
and West (90 degrees) direction (Fig. 6 on the left) we
find differences of about 0.10′′ at about θ = 40 degrees.
These fluctuations cannot be due to an air mass factor.
Unfortunately, the strongest difference in the seeing on the
PSM occurs along directions that are different from those
of the observations. Figure 7 shows (bold-line) a simulated
C2

N in the East direction (270 degrees) and (thin-line) a
simulated C2

N along the zenith. The turbulence in the first
10 km seems effectively stronger in the East direction than
respect to the zenith. Because of a lack of measurements
at the 270 degrees direction we cannot confirm this re-
sult, but the simulations indicate that the horizontal size
of turbulent layer in the first 10 km is finite and that the
turbulent structure is not uniform, at least during this
night.

For the adaptive optics application it is fundamental
to know what is the order of magnitude of the horizontal
spatial modulations of the PSMs. Figure 6 (on the left)
shows the result of an average calculated over 3 simulation
hours. This is the correct procedure to compare measure-
ments with simulations but, in this way, we lose the max-
imum and minimum of the fluctuations. Figure 8 shows
PSMs calculated at different instants during the 3 hours.
Starting from the left we have t1 = 950 s, t2 = 2150 s and
t3 = 2163 s. It can be seen that the seeing modulation is
different in each PSM but a general common feature is ob-
served in all of the maps: a strong turbulence production
is seen on the East side. The sequence of these maps repro-
duces in a better way the real temporal evolution of the
turbulence. We note that the amplitude of the seeing mod-
ulation can attain values of 0.50′′ over 40 degrees (Fig. 8,
PSM on the left). This is a large modulation that cannot
be due only to the air mass factor. This means that, in
the real temporal evolution of the turbulence, large fluc-
tuations of the seeing would be probably observed. This
supports the thesis of a finite horizontal size of the turbu-
lent layers, at least in the first 10 km.

2.2. Experimental validation

An alternative possibility for inferring information on the
horizontal size of the turbulent layers is the analysis of
measurements provided by a GS. These measurements
were expressly planned for such a study: we chose a set
of different binary stars in order to scan different regions
of the sky, and we averaged the measurements over time
intervals that are sufficiently long to have a reliable statis-
tical estimation of the turbulence in a fixed direction and
sufficiently short to consider that the measurements are
almost instantaneous.

The measurements of the night 21−22 May are ana-
lyzed. We analyze the [3.16/5] UT and the [7/9.16] UT in-
tervals. Figure 9 (on the left) shows the temporal evolution
of the C2

N measured by the GS during the [7/9.16] UT in-
terval. Three different binary stars were observed: ζUMa,
ζCbr (α2000 = 15h39′24′′, δ2000 = 36◦38′3′′) and 95Her.
Figure 10 (on the right) shows the position of the three
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Fig. 9. On the left: temporal evolution of the C2
N profiles measured by the GS during the night 21/22 May 2000 in the [7−9.16]

UT time interval. The different binary stars observed by the GS are marked on the top of the figure. On the right: vertical C2
N

profiles corresponding to the 4 time intervals selected in the same figure on the left. The values of the seeing are calculated in
the interval [10−20] km.

Fig. 10. Polar sky maps representing the path in the sky of the binary stars observed during the night 21/22 (see Fig. 3). On
the right: ζCbr, ζUMa and 95Her are observed during the interval [7/9.16] UT (1) and (2) refer to different temporal intervals
(see Fig. 9). Each black dot marks the mean of the corresponding temporal interval. On the left: ζUMa and γLeo were observed
during the interval [3.16/5] UT The black dots mark the sequence of the intervals shown in Fig. 11.

stars in the sky at the instants of the GS observations.
Figure 9 (on the right) shows the C2

N vertical profiles av-
eraged over each time interval selected on the left of the
same figure. We note that, in the direction of 95Her, the
turbulence has a vertical distribution which is strongly
different from the other cases. Looking at 95Her, the GS
measures a stronger turbulence near the ground and the
seeing integrated above 10 km is smaller than that calcu-
lated in the direction of ζUMa and ζCbr. The turbulent
layer detected in the cases (a) and (b) in Fig. 9 above
10 km is completely absent in the case (c). Above 15 km
a difference in turbulence profile also is observed between
the ζUMa and ζCbr directions. Above 10 km we mea-
sure a ∆εmax between the cases (a), (b) and (c) of 0.15′′.
Although this difference is not quantitatively high, some

parameters such as the isoplanatic angle would be affected
in a strong way by the measured ∆εmax.

Figure 11 is equivalent to Fig. 9 but the observed bi-
nary stars are γLeo (α2000 = 10h20′0′′, δ2000 = 19◦50′21′′)
and ζUMa. On the right hand side are shown two vertical
C2

N profiles. The bold profile is obtained averaging all the
measured C2

N profiles provided by ζUMa (see left hand
side of Fig. 11). The thin profile is obtained averaging all
the measured C2

N profiles provided by γLeo. We observe
that, in the first 5 km and above 15 km the shape of the
C2

N profile is clearly different in the two cases. We estimate
a ∆εmax = 0.26′′ in [0−10] km and a ∆εmax = 0.12′′ in
[10−20] km.

Table 2 shows the seeing values calculated in the
[0−10] km and [10−20] km regions related to all the inter-
vals shown in Fig. 11. We observe a systematic difference
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Fig. 11. On the left: as in Fig. 6 but in the [3.16/5] time interval. On the right: vertical C2
N profiles obtained averaging the

measured for the γLeo and ζUMa directions over the all 4 intervals.

Table 2. Summary of the seeing values calculated in [0–10] km and [10–20] km for each interval shown in Fig. 11.

Parameter (′′) γLeo ζUMa γLeo ζUMa γLeo ζUMa γLeo ζUMa

ε[0−10] 0.38 0.58 0.38 0.76 0.58 0.84 0.71 0.91

ε[10−20] 0.30 0.44 0.24 0.27 0.20 0.31 0.35 0.26

εTOT 0.52 0.78 0.48 0.84 0.63 0.93 0.83 0.97

in seeing estimations with respect to the γLeo and ζUMa
directions in the higher and in the lower part of the
atmosphere. This can be considered as a further proof of
the finite horizontal size of the turbulent layers. Contrary
to the case of the 16/17 night, it seems that this is detected
over the whole troposphere [0−20] km. We note that the
differences in vertical C2

N structure are observed, at least
in the 21/22 night, near the ground and in the higher
part of the atmosphere. Beside this, it has been shown
that the statistical noise, that intrinsically affects the GS
measurements, increases near the ground and in the high
part of the atmosphere (Vernin & Azouit 1983; Tokovinin
1997; Prieur et al. 2001). Therefore we performed a deeper
study to confirm that the seeing variations estimated in
our study are effectively due to a real different distribu-
tion of the turbulence and not to some noise. We refer the
reader to the Prieur et al. paper (2001) for more details
related to the following discussion. Here we note only that
the statistical noise is given by the uncertainty per frame
of the optical turbulence factor ∆J̃j (Eq. (14) of the paper
by Prieur et al. 2001):

∆J̃j =
5.23 · 10−2λ5/3 d

−5/6
j d

1/2
0 (C2 (0) +Nph)

B ·D ·
√
f (x)

(1)

where λ is the wavelength, C2(0) the normalized covari-
ance function of the irradiance evaluated in the origin,
dj the distance of the turbulent layers from the plane
where the scintillation is measured, d0 the distance from
the analysis plane to the layer that contributes the most
to the scintillation, Nph the mean number of photons
per coherence area, B is a function of the difference in
magnitude ∆m of the binary stars, D the pupil size,

x = βdj/D, β the angular separations of the binary stars
and f(x) = arccos(x) − x(1 − x2)1/2. For N independent
frames, ∆J̃j is multiplied by N−1/2. Figure 12 shows, on
the left, the function ∆J̃j calculated for ζUMa, ζCbr and
95Her of Fig. 9, on the right, the function ∆J̃j calculated
for ζUMa and γLeo of Fig. 11. We used a pupil size of
2.1 m corresponding to the telescope of San Pedro Mártir
and N = 2000 for all the cases. We underline that, during
the observations, we used N = 2000. Table 3 shows the
values of ∆m, (C2(0)+1/Nph) and d0 used for the different
binary stars to obtained the Fig. 12. On the abscissas is
shown the distance from the plane on which the scintilla-
tion is measured. The origin corresponds to 3000 m under
the ground. The pupil of the telescope is marked with
a vertical line at 3000 m from the origin in the Fig. 12.
On the ordinates is shown the statistical noise. We note
that, in the paper by Prieur et al. (2001), the origin corre-
sponds to the telescope pupil, in our case to 3000 m under
the ground. This is due to the fact that those measure-
ments were made with a Classical Scidar whereas ours are
made with a Generalized Scidar. We observe that, for all
the binary stars observed, the statistical error is smaller
than 10−15 m1/3 over the whole atmosphere. Knowing
that 10−15 m1/3 corresponds to about 0.02′′ we conclude
that the differences in seeing estimations found in Figs. 9
and 11 are not due to a statistical error and they can be
considered as real.

3. Implications for adaptive optics techniques

We report here only some of the contexts in which such
studies could be useful, basing our comments on the actual
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Fig. 12. Uncertainty of the optical turbulence factor ∆J̃j (in 10−15 m1/3) calculated (on the left) for the binary stars of Fig. 9,
(on the right) for the binary stars of Fig. 11. The vertical line marks the telescope pupil position.

Table 3. Summary of the values of ∆m, (C2(0) + 1/Nph) and
d0 used to obtain the curves of Fig. 12. See the text.

Binary Star ∆m (C2(0) + 1/Nph) d0 (m)

γLeo 1.06 0.11 4000

ζUMa 1.62 0.12 4000

ζCbr 0.96 0.07 3000

ζUMa 1.62 0.08 3000

95Her 0.38 0.07 3000

scientific debates and on the open problems related to the
new generation of adaptive optics techniques such as the
MCAO and the 3D turbulence tomography.
A. It was observed (Le Louarn et al. 2000; Hubin et al.
2000) that the spatio-temporal stability of the thin tur-
bulence layers in the atmosphere is extremely impor-
tant for an optimized application of the Multi-Conjugated
Adaptive Optics (MCAO). Moreover, we infer from a pre-
vious study (Ragazzoni 1999a) that the most critical sta-
bility is that of the highest layers. This is true in gen-
eral for all the classical Natural Guide Stars (NGS)-based
adaptive optics systems and in particular for the NGS-
turbulence tomography in which the highest turbulent lay-
ers affect in a stronger way the maximum corrected field
of view.

It is reasonable to think that the spatio-temporal fluc-
tuations of the turbulence at the high altitudes are smaller
than those at low altitudes because the orographic effects
principally affect the lower part of the atmosphere. Bursts
of thin turbulent layers at high altitudes are less frequent
and are generally produced by synoptic phenomena (i.e.,
by large scale perturbations). For the same reason we can
suppose that the typical horizontal size of the turbulent

layers is larger in the higher part of the atmosphere than
in the lower one.

Although these statements are in general true, the pre-
liminary results presented in this paper seem to indicate
that the modulations of the spatial distribution of the
turbulence can be large for angular separations of about
40 degrees and that this is observed not only in the first
kilometers above the ground but on the whole atmosphere
(20 km). We therefore deduce that the typical horizontal
size of the turbulent layer can be as important as the tem-
poral stability of the layers.
B. The turbulence tomography (Tallon & Foy 1990;
Ragazzoni et al. 2000a) is one of the most promising
techniques for the sensing and correction of the per-
turbed wavefront for the new class of large size tele-
scopes (Ragazzoni 1999a; Hubin et al. 2000). It was proved
(Ragazzoni et al. 1999b, Ragazzoni et al. 2000a) that the
wavefront perturbations at an altitude h can be described
by a modal tomographic matrix M that depends on the
altitude and the relative strength of the perturbed layers
in the whole atmosphere. This means that M = M(C2

N).
As remarked by the authors, the typical lifetime τM of
the matrix M and the time intervals to be used for its
best estimation are a new problem that has to be solved
for a real application of this technique. Our study would
help to answer the following question: is it enough to give
a characterization of the C2

N(z) or do we need a more
detailed characterization of C2

N(x, y, z)? In the latter case
we should probably define a τM depending on the direc-
tion of the line of sight. Just as an example, on the Roque
de Los Muchachos Observatory (Canary Islands), it is pos-
sible that the τM with respect to the southern direction is
smaller than with respect to a northern direction. Because
of the presence of the Caldera, the turbulence near the
ground is particularly strong in the southern direction
from the Observatory.
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C. If the results presented in this paper are confirmed, we
would conclude that the optical turbulence vertical pro-
filers (OTVPs) should have an extended sky coverage to
correctly support the adaptive optics techniques. For this
reason, a profiler that works with single stars would proba-
bly be more useful than a Generalized Scidar. As an exam-
ple, it is enough to remember that, during the San Pedro
Mártir site testing campaign on May 2000, only the north-
ern side of the sky sphere was scanned by the Generalized
Scidar (see Figs. 3 and 10) because of a lack of appropriate
binaries in other directions.
D. Recently, Ragazzoni (1999a) investigated the interest-
ing possibility, in the context of the turbulence tomogra-
phy, of avoiding the employment of LGS for the correction
of the wavefront in the case of large size telescopes. The
sky coverage of the NGS would be enough under particular
conditions. Using such a technique, the maximum size θ
of the tomographic corrected field of view is (Hubin et al.
2000; Le Louarn et al. 2000):

θD,hmax =
D

hmax

(
1− hmax

H

)
(2)

where D is the diameter of the telescope and hmax is the
height of the highest turbulent layer. H is the altitude of
the reference star (H = 90 km in the LGS case and H is
infinity in the case of NGS). The field of view is strongly
dependent on the altitude of the highest turbulent layer.
In Table 4 are shown the values of the corrected field of
view for different values of hmax. In the first two columns
the values of θ obtained are shown for a telescope of 100 m
and 8 m in the NGS case. In the third and fourth column
the values obtained for the LGS case are shown. In the last
line we report, for each case, the gain which is defined as:

G =
θD,15 km

θD,20 km
· (3)

We calculate that, for a 100 m pupil size, θ can gain (or
lose) a factor equivalent to 77% (in the NGS case) and 72%
(in the LGS case) if the hmax changes from 20 to 15 km
(or from 15 to 20 km). This means that the maximum
field of view could have different sizes (quantitatively not
negligible) for different regions in the sky. We note that, as
pointed out by Le Louarn et al. (2000), the value of θD,hmax

and G could change if we consider a different definition of
the FOV θ.

We finally note that, in a more recent papers (Rigault
et al. 2000), the authors observed that a field of view of the
order of those calculated in our paper should require a too
large number of DMs to correct the perturbed wavefront.
This is due to the fact that, the larger the FOV, the higher
the number of the DMs necessary to keep the MCAO er-
rors (generalized fitting and anisoplanetism errors) down.
Besides this, we think that it is not desirable to limit our-
self to such a technical obstacle. New techniques could be
proposed in the future by passing the limitation imposed
by the number of DMs. For example, alternative solutions
such as the layer oriented MCAO (Ragazzoni et al. 2000b;

Table 4. Maximum field of view obtained with the 3D to-
mographic technique (Ragazzoni et al. 2000a) calculated for
different pupil sizes and for different values of the altitude of
the highest turbulent layer hmax. The last line shows the gain
calculated using Eq. (2).

hmax θ100 m (′) θ8 m (′′) θ100 m (′) θ8 m (′′)

NGS NGS LGS LGS

20 17 80 13 62

18 18 89 14 71

15 22 106 18 89

Gain 77% 75% 72% 70%

Diolaiti et al. 2001) were recently proposed. The technique
seems to be stable (Diolaiti et al. 2001) and hopeful but
the sky coverage obtained with only NGSs has not yet
been calculated in this case. Unfortunately, it seems that
the problem of the large number of DMs necessary to cor-
rect a large FOV has still to be solved.

4. Conclusions

In this paper we try to validate, following different ap-
proaches, the thesis that the horizontal size of turbulent
layers is finite, and we discuss the implications that this
fact can have on adaptive optics techniques. C2

N numer-
ical simulations and measurements are used. To obtain
a more reliable comparison between measurements and
simulations we adapted the code in order to retrieve esti-
mations of the C2

N profiles simulated with respect to lines
of sight different from the zenith and averaged over some
hours. The conclusions are the following:

– We showed that the simulated C2
N profiles are well

correlated with the measured ones (GS and balloons)
from a qualitative and a quantitative point of view.
Unfortunately, the case studied (16/17 night) reveals
a general uniformity of the stratification of the turbu-
lent layers in the direction of the observed binary stars.
Beside this, our simulations show that the typical hor-
izontal size of the turbulent layers in the first 10 km is
finite and can produce, along different directions, vari-
ations of the seeing estimations that, quantitatively,
cannot be neglected. This last point cannot be con-
firmed by our measurements because there are regions
in the atmosphere which were not scanned by the GS.
On the other hand, as in a previous paper (Masciadri
et al. 2000), the simulations seem to indicate a finite
horizontal size of the optical turbulence.

– We quantified the intensity of the spatial fluctuations
of the seeing maps. For the night of 16/17 May 2000 we
find fluctuations of the order of 0.20′′ over a maximum
angle of 40 degrees. In the simulated instantaneous see-
ing maps the spatial modulations can attain the order
of 0.50′′.

– From a detailed comparison between simulations and a
set of measurements provided by different instruments
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we show that the simulations agree well with the mea-
surements. This proves the strength of the numerical
tool. Obviously, the principal challenge for the model
is to provide reliable estimations of the C2

N without a
systematic confirmation done with measurements.

– We showed that the C2
N profiles measured by a GS

at different angles from the zenith can have different
shapes (that means different vertical distribution of
the turbulence) and different total energies (a differ-
ence of 0.30′′ is estimated in the case of Fig. 11). After
a study of the statistical noise related to our measure-
ments, we conclude that the non-uniformity of the tur-
bulent layers estimated in our study cannot be due to
a statistical error and it has to be considered as real.
It would be interesting to verify, in the future, if such
a modulation is reproduced by the model.

– We show, for the first time, that Meso-Nh can re-
construct observed seeing values which differ by as
much as 0.50′′ during the same night. In principle, a
whole night can be covered by Meso-Nh simulations if
the model is initialized with ECMWF products every
6 hours.
This is an encouraging result for a realistic employ-
ment of Meso-Nh in the optimal selection of scientific
programs scheduled for observations in the new gener-
ation of large size telescopes.

– Further cross-correlations between measurements ob-
tained with different instruments is suggested. The
case of the night 16/17 presented in this paper shows
clearly that there are, sometimes, inconsistencies be-
tween them.

Because the results obtained in this study are encourag-
ing but not completely conclusive, we plan to carry out
a deeper investigation. Two approaches are suggested: (1)
to do 3D simulations of the atmosphere with the Meso-Nh
model and to calculate the typical size of decorrelation of
the turbulence with respect to the horizontal dimension.
(2) to measure C2

N profiles with respect to different direc-
tions using, at least, two Generalized Scidars. Moreover,
to better study the horizontal size of turbulent layers, we
planned to remove the air mass factor from the PSMs.

The good sensitivity of the Meso-Nh model in re-
constructing 3D maps of C2

N is now supported by many
studies (Masciadri et al. 1999a; Masciadri et al. 1999b;
Masciadri et al. 2001b). It is time to apply the numerical
technique to a concrete problem in the context of adaptive
optics techniques.
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