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ABSTRACT

Aims. Within the framework of site qualification for the future European large telescope E-ELT, a campaign of measurements was
carried out for ten nights in December 2007 at Paranal using six independent instruments.
Methods. To characterize the optical turbulence, two techniques were used: the statistical analysis of the fluctuations of the angle of
arrival and the scintillation of the observed objects which are, in this case, a single star for DIMM, GSM, and MASS, a double star
for Cute-SCIDAR, and Moon limb for MOSP and LuSci.
Results. The optical parameters measured in this campaign and presented here are the seeing, the isoplanatic angle, the coherence
time, and the outer scale. We obtain a good agreement with the value measured in previous campaigns. We also extracted the vertical
profile of the turbulence given by C2

n(h), and the profiles of the outer scale for the first time at Paranal. A comparison of the different
results that we present here allows the determination of the energy distribution in the free atmosphere, on the ground layer as well as
in the first meters above ground. This reveals a significant contribution of the surface layer to the degradation of the global seeing.

Key words. instrumentation: detectors – atmospheric effects – site testing – methods: data analysis – techniques: high angular
resolution

1. Introduction

The atmospheric turbulence induces a random distortion of the
wavefront, which limits the performance of the high angular res-
olution observations. Adaptive Optics (AO) and fringe tracking
(FT) systems were developed to compensate the optical effects
of the atmosphere. These techniques need however a quantitative
spatiotemporal and angular characterization of the wavefront.
Thus, in addition to the measurement of the seeing, which is
responsible for the image spread, it is necessary to characterize
the variation of the wavefront behavior in the decametric range.
This is crucial for the new generation of large telescopes such as
the European Extremely Large Telescope and the Thirty-Meter
Telescope.

Classical parameters that describe the optical turbulence en-
ergy are the seeing ε0 or Fried parameter r0. The seeing is mea-
sured in most observatories by means of differential image mo-
tion monitors (DIMM). The isoplanatic angle θ0 determines the
angular coherence field of view. The coherence time τ0 is the
characteristic time of the turbulence evolution that is relevant
to AO and FT systems. Finally, the outer scale of the spatial
coherence of the wavefront L0 becomes of importance for the
telescopes of growing apertures and for long baseline interfer-
ometers.

In this paper we present the results of the Paranal cam-
paign conducted by three teams working in collaboration
(Dali-Ali et al. 2009). The advantage of this campaign is the
use of several instruments to measure simultaneously the optical

parameters and the turbulence profiles. This allowed us to col-
lect quantitative data, including the extraction of the first profiles
L0(h) for the Paranal site, and gave the possibility to separate the
contributions of free atmosphere, ground layer, and surface layer
from the whole turbulence effect.

In Sect. 2, we give the description of the different instruments
used during this campaign. Their localization and the conditions
of observation for ten nights is given in Sect. 3. In Sect. 4, we
present the results of measurements of each parameter night by
night, followed by a mean value for the whole campaign. A com-
parison of the results is given in Sects. 5 and 6, where we sepa-
rate the surface layer contribution from the whole atmosphere.

2. Instruments of the Paranal site-testing campaign

Two important aspects were considered in this campaign, the
first one is the value of each parameter integrated at the ground
level; this determines the global turbulence characteristics of the
Paranal site. The second one is the vertical distribution of this
turbulence from the ground to the top of the atmosphere.

2.1. Integrated turbulence monitors

2.1.1. The ESO-DIMM (differential image motion monitor)

The ESO-DIMM is placed on a tower at 6m above the ground.
It was the main element of the instrumentation developed for the
VLT site evaluation campaign (Sarazin 1986). It works in robotic
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mode at Paranal since 1998. It is a 35 cm telescope masked with
two 11 cm circular sub-apertures. A thin-wedge prism is placed
at one aperture to separate the two images of the observed star in
the focal plane. A CCD detector takes series of images with 5 ms
exposure time. The measurement of the differential image mo-
tion will separate the effect of atmospheric turbulence from the
telescope vibrations. Using the Kolmogorov model, the seeing
defined as the full width at half maximum (FWHM) of the point
spread function (PSF) is related to the variance of the differen-
tial image motion (Sarazin & Roddier 1990). The coherence time
and isoplanatic angle are estimated by the method of Sarazin &
Tokovinin (2002).

2.1.2. The GSM (generalized seeing monitor)

The GSM is dedicated to the measurement of optical parame-
ters that are deduced from angle of arrival (AA) spatio-temporal
statistics. Parameters of interest are seeing, outer scale of tur-
bulence, isoplanatic angle, and coherence time for AA fluctua-
tions τAA. The experiment consists of independent synchronized
10 cm telescopes modules measuring the AA fluctuations at dif-
ferent points of the wavefront. The modules are mounted in a
non-redundant configuration. This allows the determination of
the outer scale parameter from the AA covariance. Usually GSM
is composed of four separate modules with six baselines. Six
modules were used for a better sampling of the AA covariance
with 15 baselines exclusively for this campaign. This also en-
abled us to validate the atmospheric model (Maire et al. 2008).
Two modules were placed on the same mount to measure the
seeing with the DIMM method (see Ziad et al. 2004).

2.2. Turbulence profilers

2.2.1. The Cute-SCIDAR (scintillation detection
and ranging)

An upgraded version of a generalized SCIDAR has been used.
It has been developed for Paranal by the IAC (Vazquez Ramio
et al. 2008). New features during this campaign were the real-
time measurement of turbulence profiles and the remote con-
trol of the instrument. It was mounted on the VLTI Auxiliary
Telescope 4 (AT4). Cute-SCIDAR provides the vertical profile
of the turbulence energy C2

n(h) by measuring the scintillation of
double stars with a CCD. It is deduced from the spatial auto-
correlation functions of the scintillation in two directions, paral-
lel and perpendicular to the double stars separation (Avila et al.
1997). The vertical resolution depends on the double star angu-
lar separation; for the Cute-SCIDAR it was about 300 m. The
integrated optical parameters, seeing and isoplanatic angle, are
deduced from the profiles.

2.2.2. The MASS (multi aperture scintillation sensor)

In MASS, the light of a single star is received by a system of
four concentric apertures, with 2 cm inner aperture and 13 cm
for the outer one. The beam splitting between annular apertures
is done by internal optics (Kornilov et al. 2003). Scintillation,
which depends on the altitude of the turbulence, is detected in
each aperture using photomultipliers with 1 ms exposure time.
The apertures and their combinations act as spatial filters, sepa-
rating the contributions from different altitudes. The MASS mea-
sures a coarse turbulence profile C2

n(h), the coherence time and
the isoplanatic angle. However, MASS does not sense the near-
ground turbulence and does not work under strong scintillation
(Tokovinin & Kornilov 2007).

2.2.3. The LuSci (lunar scintillometer)

The LuSci is used to probe the turbulence in the ground and
surface layer. Its principle is the measurement of Moon scintil-
lation. Over a set of detectors at fixed separations (baselines),
a normalized scintillation covariance is measured. Each covari-
ance is related to C2

n(h) with its proper weighting function, which
depends on detector configuration (size, baseline separation and
orientation) as well as on the lunar phase (Rajagopal et al. 2008;
Tokovinin 2007; Tokovinin et al. 2010). In this campaign, LuSci
had four detectors spaced linearly from 2 cm to 38 cm. A smooth
profile is fitted to the measured covariances. Turbulence integrals
to the heights from 6 m to 256 m are calculated from the fitted
profiles. During the campaign, the instrument was almost totally
automated.

2.2.4. The MOSP (monitor of outer scale profile)

The MOSP is the only instrument able to extract the outer scale
profiles. It is a 29-cm telescope with a impressive focal length
(10 m). The principle of the instrument is based on the mea-
surement of AA fluctuations by observation of the moon limb.
The spatioangular correlations of the AA in different angular
separations depends on the vertical profiles of the turbulent en-
ergy C2

n(h) and on the vertical profiles of outer scale L0(h).
Determining both profiles by inversion leads to unstable re-
sults. Instead, we used the C2

n(h) simultaneously measured by
the Cute-SCIDAR and determined only L0(h) by the simulated
annealing algorithm. MOSP is equipped with a PixelFly CCD
and a Barlow lens to extend the focal length. This increases the
sensitivity of the monitor to the fluctuations of the moon limb.
The exposure time was set to 1 or 2 ms in order to freeze the
atmospheric effects on image motion (Maire et al. 2007).

3. Campaign setup

The instruments GSM, MOSP, MASS, and LuSci were installed
at a height of 1.5 m from the ground. They were located near the
ESO-DIMM tower of 6 m height at the northern side of the VLT
platform. The Cute-SCIDAR was mounted some distance a part
in the AT dome of 5 m height, as shown in Fig. 1.

The observations started on 2007 December 17, and contin-
ued for ten nights until December 26. Most instruments were
simultaneously in operation. This allowed us to collect a sub-
stantial database for cross-comparisons of the results produced
by each instrument. A common list of targets was provided for
the instruments observing single stars.

We collected data from the meteorological station located
near the ESO-DIMM (Fig. 1). The sampling intervals were 2 s
for digital sensors (wind speed and direction) and one minute for
analogic sensors measuring temperature, relative humidity, and
pressure (T, Rh, P).

4. Integrated characteristics of atmospheric
turbulence

4.1. Seeing

The relation between seeing ε0, Fried parameter r0, and the tur-
bulence integral is given by Roddier (1981),

ε0 = 0.98λ/r0, (1)

r−5/3
0 = 16.7λ−2(cosγ)−1

∫ ∞

0
C2

n(h)dh, (2)
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Fig. 1. Setup of turbulence monitors at the Paranal site. GSM, MOSP,
LuSci and MASS-DIMM were located at the northern side of the plat-
form near the ESO-DIMM tower. The Cute-SCIDAR was located in the
south-eastern side of the platform at the AT4 station.

where λ is the wavelength, C2
n(h) is the optical turbulence en-

ergy profile and γ is the zenith angle of the observed object.
Below, all atmospheric parameters are given for λ = 500 nm at
zenith. As we note from Eqs. (1) and (2), the contributions of
the different layers to the seeing must be summed as 5/3 power
(ε5/30 =

∑ j(ε5/3j )), where ε j is the seeing corresponding to the
layer at the altitude h j.

We present in this section the nightly seeing values cor-
responding to the total turbulence (TOT) measured simultane-
ously by Cute-SCIDAR, GSM, and ESO-DIMM (Fig. 2). We
plot the seeing (and all other parameters) with a 10-min binning.
In Fig. 3, we show the mean value of the seeing averaged on all
data measured with each instrument for the ten nights. The mean
values of the seeing and other parameters are calculated for each
instrument using all its data, so the time periods sampled by vari-
ous instruments during this campaign are slightly different. This
can bias the mean values as we can note by comparing Fig. 2
with 3 (e.g. the first night) where the DIMM agrees well with
other instruments, but started measuring late.

Figure 2 shows that most of the time, the global seeing val-
ues measured by GSM and Cute-SCIDAR agree well but the
values given by ESO-DIMM are slightly lower. In Fig. 3 we
show the mean value of seeing introduced by the free atmosphere
(h ≥ 500 m) and measured by MASS; it is always less than
the global seeing. We also note that the seeing produced by the
first 256 m above ground, as measured with LuSci, is compara-
ble to the FA turbulence, especially on the night of December 20.
Comparing the thickness of the free atmosphere (FA) (�15 km)
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Fig. 2. Seeing measured with ESO-DIMM (asterisks), GSM (diamonds)
and Cute-SCIDAR (circles) for ten nights at Paranal, with 10 mn time
sampling for all instruments.

Fig. 3. Mean value of seeing computed on all data delivered by Cute-
SCIDAR, ESO-DIMM, GSM, MASS, and LuSci for ten nights at
Paranal.

with the layer of 0−255 m, we note that much of the turbulence
is concentrated in the first few hundred meters. This point will
be further discussed in Sects. 5 and 6.

The mean value of the total seeing during this campaign
is 1.07′′ for GSM and Cute-SCIDAR and 0.93′′ for the ESO-
DIMM. It is slightly worse than 0.88′′ measured in the previous
campaign at Paranal in 1998 (Martin et al. 2000). That last cam-
paign was carried out at about the same time of the year.
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4.2. Isoplanatic angle

Fried (1976) defined the AO isoplanatic angle θ0 as

θ−5/3
0 = 2.91

(
2π
λ

)2

(cosγ)−8/3
∫ hmax

0
C2

n(h)h5/3dh. (3)

We note that θ0 depends only on the C2
n profile. On the other

hand, it was established that the scintillation index σ2
I (the

normalized intensity variance) is also related to the C2
n profile

(Roddier 1982)

σ2
I =

∫ hmax

0
W(h)C2

n(h)dh, (4)

where W(h) is a weighting function that depends on the wave-
length λ, the aperture characteristics, and the turbulence spec-
trum. For λ = 0.5 μm, D � 10 cm and h � 10 km, W(h) re-
sembles the h5/3 dependence. Then θ0 can be derived from the
scintillation index as (Ziad et al. 2000)

θ−5/3
0 = Kσ2

I , (5)

where K is a constant depending on λ and the aperture charac-
teristics.

For the profilers such as Cute-SCIDAR and MASS, θ0 is
calculated using the measured C2

n(h) (Eq. (3)), whereas for the
ESO-DIMM and GSM it was deduced from the scintillation in-
dex (Eq. (5)), taking for each instrument the adequate weighting
function. Measurement of θ0 from the scintillation index is often
biased by the finite exposure time. This bias is removed in the
data processing for both ESO-DIMM and GSM.

Nightly measurements of isoplanatic angle are plotted in
Fig. 4. Obviously, the values given by the ESO-DIMM, GSM
and MASS are agree well with those of Cute-SCIDAR for all
nights. The mean value of 2.4′′ found here (Fig. 5) is close to the
2.6′′ measured with the ESO-DIMM in the campaign of 2000
(Sarazin & Tokovinin 2002), whereas in 1998, 1.9′′ was found
by Martin et al. (2000).

4.3. Coherence time

Atmospheric coherence time τ0 is another important parameter
measured in this campaign. The AO coherence time τ0 (Roddier
1981) is related to the Fried parameter r0 and the average veloc-
ity of the turbulence V0 as

τ0 = 0.314
r0

V0
· (6)

For the ESO-DIMM, the coherence time τ0 can be esti-
mated from the seeing and the instantaneous values of the
wind velocity. The wind speed at the 200 mb level V200 mb
is retrieved from the european center for medium range
weather forecasts (ECMWF) data products refreshed every
6 h. We substituted in Eq. (6) the maximum velocity V0 =
Max(V30 m, 0.4 V200 mb) following Sarazin & Tokovinin (2002).

For MASS, the τ0 measurement is based on the temporal
analysis of the scintillation signal in the smallest aperture. It
does not include the ground layer (GL) turbulence. The co-
herence time is then corrected for the GL contribution by us-
ing the data of the DIMM associated to the MASS as τ−5/3

0 =

(τGL
0 )−5/3 + (τMASS

0 )−5/3 with

τGL
0 =

0.314rGL
0

V30 m
(7)
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Fig. 4. Isoplanatic angle measured with Cute-SCIDAR (circles), ESO-
DIMM (asterisks), GSM (diamonds) and MASS (squares) for ten nights
at Paranal with 10 mn time sampling for all instruments.

Fig. 5. Mean value of isoplanatic angle computed on all data deliv-
ered by ESO-DIMM, GSM, Cute-SCIDAR and MASS for ten nights
at Paranal.

and

(rGL
0 )−5/3 = (rDIMM

0 )−5/3 − (rMASS
0 )−5/3. (8)

For GSM, the method used to estimate a characteristic time, de-
noted here as τAA, consists of processing the structure function
of the temporal fluctuations of AA Dα(r, τ), where α indicates
the AA measured with GSM with time difference τ. This tempo-
ral structure function saturates for high values of τ, and the point
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DIMM.

at which the structure function reaches the 1
e of this maximum

corresponds to the GSM τAA (Ziad et al. 2004).
We plot in Fig. 6 the nightly value of the coherence time

measured with ESO-DIMM, GSM, and MASS-DIMM with the
time sampling of 10 mn for ESO-DIMM and 5 mn for MASS-
DIMM and GSM. The mean value computed for all data of each
instrument for each night is given in Fig. 7. We note a difference
in the τ0 mean values that can be explained by the use of different
methods and definitions of this parameter. The mean value of the
coherence time measured by the ESO-DIMM, 4.06 ms, agrees
with 3.90 ms measured in 2000. For the GSM, the mean value of
τAA is 3.54 ms, while for the MASS the mean τ0 is 5.17 ms. Note
here that the mean values of the coherence time in some nights,
e.g. first night, stand quite different because the instruments did
not observe exactly in the same periods of the night.

4.4. Outer scale measurements

For the first time at Paranal vertical profiles of the outer scale are
provided by the dedicated instrument MOSP. The L0 estimation
using GSM consists of the measurement of the normalized co-
variance of the AA fluctuations on two pupils separated by the
baseline B. The adjustment of the normalized covariance curve
to the precalculated theoretical covariance gives the L0 value.

Fig. 7. Mean value of coherence time computed on all data delivered by
ESO-DIMM, GSM, and MASS for ten nights at Paranal.
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Fig. 8. Normalized histograms of outer scale measured with GSM, the
curve with solid line shows the fit of the distribution by a sum of three
log-normal functions. The separation of the three peaks is presented
with three curves (a), (b), and (c) in dotted lines. The mean values,
standard deviations, and fraction of each component are listed.

The normalized histogram of L0 measured during the whole
campaign is presented in Fig. 8. The histogram was fitted by
a sum of three log-normal distributions (a), (b), and (c), plotted
separately. For each of these components we give the mean value
of L0 and its standard deviation. Therefore, we can suppose that
each log-normal distribution corresponds to a specific turbulent
regime (mode). The mode (a) corresponds to the case of small
outer scale (∼12 m), the mode (c) to the high value (∼33 m) and
(b) to the intermediate value (∼22 m). Low values of L0 occur
in 51% of the entire data set, 29.5% for high values and 19% for
intermediate values.

We show in Fig. 9 the mean values ofL0(h) night by night as
measured with MOSP, in addition to the mean values measured
by the GSM. The value averaged over the whole campaign is
20.3 m for MOSP and 23.1 m for the GSM. This agrees with
20.0 m measured in 1998 at Paranal (Martin et al. 2000).

The outer scale L0 is a parameter of the Von Karman tur-
bulence model. A combination of several turbulent layers with
different L0 does not result in the Von Karman spectrum. For
this reason, a definition of the integrated or equivalent L0 in the
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Fig. 9. Nightly outer scale mean value computed for all data delivered
by GSM in dark bars and by MOSP in white bars. The outer scale com-
puted in the overlapping time of GSM and MOSP is given as grey bars.

multi-layer case is ambiguous. A general formula was proposed
by Maire et al. (2007):

Ln
0 =

∑
δhiC2

n(hi)Ln
0(hi)∑

δhiC2
n(hi)L0(hi)

· (9)

Borgnino (1990) found that for AA fluctuations n = −1/3 is ap-
propriate. Here we find that the n = 11/3 exponent gives the best
match between the GSM and MOSP outer scale values (Fig. 9),
which agree with the suggestion of Maire (2007) and Maire et al.
(2007).

5. Vertical distribution of turbulence at Paranal

In this section, we present both outer scale and energy profiles
of turbulence at Paranal during the December 2007 campaign.

5.1. Outer scale profiles at Paranal

The profiles of L0(h) determined with MOSP are shown in
Fig. 10. As we can see, the outer scale values in the ground layer
are typically a few meters (∼10 m), the maximum value (∼35 m)
appears in the boundary layer at 1 km, after it decreases again
to a few meters at around 3.5 km, above this layer it increases
with height with an average value of ∼20 m. If we compare this
distribution, which shows three typical layers to the outer scale
measured with GSM in Sect. 4.4, one can note an interesting co-
incidence with the three modes of the outer scale. Thus, we can
suppose that each mode occurs when the turbulence in one of
these three layers is dominating. Therefore, the low value of the
outer scale given by the mode (a) in Fig. 8 can be related to the
case where the turbulence in the ground layer is dominant, as
was previously observed by Ziad et al. (2008) at Dome C.

5.2. Turbulence profiles at Paranal

The turbulence energy in each range of altitudes is described by
the integral

∫
C2

n(h)dh over this range.
First we sub-divide the total path (TOT) in only two zones,

the ground layer (GL) below 500 m and the free atmosphere (FA)
above 500 m. For this task, we consider all values of the total
energy measured by the ESO-DIMM, GSM, and Cute-SCIDAR
during the whole campaign in one block, and calculate the cor-
responding histograms. For the FA turbulence, we consider the
values measured by the MASS and those given by the Cute-
SCIDAR above 500 m. This increases the data count for a bet-
ter statistics and also alleviates the difference in time-acquisition
sampling between the instruments, if considered separately.
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Fig. 10. Outer scale profiles measured with MOSP for four nights at
Paranal, the mean value in solid lines, minimum value in dotted lines,
and maximum value in dashed lines.

Once normalized, the histograms can be compared. We note
from Fig. 11a that the energy distribution shows a log-normal
behavior with two peaks, one at 5.49 × 10−13(m1/3), this cor-
responds to a seeing of 0.88 arc-sec, and the second peak at
1.95 × 10−12(m1/3) which corresponds to a seeing of 1.87 arc-
sec. Despite the low probability (5.4%) to get this bad seeing
value, it biases the mean value of the seeing, as we can see by
comparing with the value given in Sect. 4.1.

The histogram of the FA energy is given in Fig. 11b. From
each histogram we calculate average values of energy of the cor-
responding layer, which we show in Fig.11c. Thus, the differ-
ence between the average energy value of TOT and FA turbu-
lence corresponds to the energy of the GL. Furthermore, the ratio
GL/TOT and FA/TOT corresponds to the energy contribution of
GL (respectively FA). Therefore, the contribution of FA is 28%.
This means that 72% of the total energy is concentrated in the
first 500 m above ground.

6. Surface layer identification

We focus here on the energy distribution below 500 m. We an-
alyzed the LuSci data, which give C2

n(h) profiles at h < 256 m.
We also estimated indirectly the turbulence energy by comparing
the results of two independent instruments that are located at dif-
ferent heights – the ESO-DIMM and the GSM. In the following

Page 6 of 8

http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201015178&pdf_id=9
http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201015178&pdf_id=10


W. Dali Ali et al.: Multi-instrument measurement campaign at Paranal in 2007

0 1 2 3 4

x 10
−12

0

0.5

1

1.5

2

Turbulence energy integrals  (m1/3)

F
re

qu
en

cy
 (

%
)

 

 

0 0.5 1 1.5

x 10
−12

0

2

4

6

8

10

TOT (>2m) FA
(>500m)

a b

0

1

2

3

4

5

6

7

8
x 10

−13

Paranal 17−26 December 2007

A
ve

ra
ge

 tu
rb

ul
en

ce
 e

ne
rg

y 
(m

1/
3 )

FA (28%)

GL (72%)

TOT (100%)

h> 500m

h< 500m

c

Fig. 11. a) normalized histogram of the total turbulence energy TOT
integrated above ground; b) normalized histograms of the FA energy.
The average energy for TOT and FA turbulence is calculated from the
corresponding histograms and shown in c). The energy of the ground
layer GL is given by the difference between TOT and FA energies.

we assume that these site monitors do not introduce additional
turbulence themselves, which may be not quite true.

In this campaign, we had the advantage of setting LuSci and
GSM near the ESO-DIMM tower. This allowed us to compare
the energy integrated from 2 m upward with GSM and from
6 m up with ESO-DIMM. The returned histograms are shown
in Fig. 12a. We compare this with the energy integrated from
1–6 m measured by LuSci (Fig. 12b). The difference of the av-
erage values of energy between GSM and ESO-DIMM given in
Fig. 12c is similar to the value measured by LuSci. This confirms
that the difference between ESO-DIMM and GSM is caused by
turbulence located below 6 m; this layer alone contributes 18%
to the total energy.

From Figs. 11a,b and 12a,b we note that the histograms
present three distinct distributions as in case of the outer scale
given in Sect. 4.4. One can assume that this is due to the SL,
as was noted at Dome C by Aristidi et al. (2009). Their study
was built on a longtime series of measurements during several
years and for a complete night’s covering. The data collected
during the ten nights of our campaign did not allow us to reach
the same conclusion about the seeing regimes.

We can evaluate the mean turbulence profile C2
n(h) at Paranal

during this campaign by combining the results from five inde-
pendents instruments (Table 1). We then obtain good altitudes
sampling including the GL and FA, as well as the SL turbulence.

In Fig. 13 we show the reconstructed mean profile of C2
n(h).

Let us compare it to the existing models. We note a good agree-
ment with the Hufnagel-Valley model, except for the first 100 m

0 2 4

x 10
−12

0

1

2

3

4

5

F
re

qu
en

cy
 (

%
)

0 2 4 6

x 10
−13

0

5

10

15

20

Turbulence integrals (m1/3)

lusci(1−6m)

gsm(>2m)

a b
dimm(>6m)

0

0.2

0.4

0.6

0.8

1
x 10

−12

Paranal 17−26 December 2007

A
ve

ra
ge

 tu
rb

ul
en

ce
 e

ne
rg

y 
(m

1/
3 )

gsm−dimm
    (2−6m)

  lusci
 (1−6m)

gsm (> 2m)

dimm (> 6m)

c

Fig. 12. a) Normalized histograms of the total turbulence energy TOT
integrated from 2 m above ground by GSM and above 6 m with DIMM.
b) shows the energy of 1 to 6 m layer given by LuSci and the corre-
sponding average energy in figure c), we also compare the difference of
the total energy between DIMM and GSM and the energy of the same
layer measured by LuSci.

Table 1. Mean value of C2
n(h) at different altitudes for the December

2007 campaign at Paranal.

h(m) log10 C2
n(h) h(m) log10 C2

n(h)
1.5 –13.68 3000 –16.89
3.0 –13.74 5000 –17.23
4.5 –13.82 6000 –17.37
16 –14.84 7000 –16.86
64 –14.83 8000 –16.96

128 –15.05 12 000 –17.22
143 –15.39 12 500 –16.66
250 –15.04 15 000 –16.94
700 –15.88 20 000 –18.75

2000 –16.43 25 000 –18.40

above ground, where C2
n(h) exhibits a power-law dependence on

height as h−0.85. The power law dependence of C2
n(h) on height

was noted in the previous campaigns at Paranal with h−0.87 in
1998 (Martin et al. 2000). Recently Chun et al. (2009) proposed
an exponential dependence of turbulence on height in the surface
layer at the Mauna Kea site.

Assuming that C2
n(h) ∝ h−0.85, the turbulence integral in the

SL (from h = 0) becomes proportional to h−0.85+1. For example,
80% of the energy in the first 100 m is concentrated below 25 m
because (25/100)0.15 = 0.8. The power-law profile does not al-
low for any reasonable definition of the SL thickness or upper
boundary.
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Fig. 13. Reconstructed C2
n(h) mean profile at Paranal for the December

2007 campaign using the simultaneous measurements of the energy at
different altitudes and different height sampling plotted in squares. We
show the Hufnagel-Valley model in solid line and the adjustment of the
first meters layer to a power law of height h−0.85 in dotted lines.

In consequence, the SL turbulence strongly affects the ATs
and the UTs much less because of their 30 m high enclosures.
Nevertheless, there might be an indirect effect owing to the inter-
action between these enclosures and the SL. This occurs when
the wind screens and louvers are opened during observations,
particularly when observing far from the zenith. This exposes
the primary mirror to a part of the surface layer.

7. Conclusion

Statistics of optical turbulence parameters – seeing, isoplanatic
angle, coherence time, and the outer scale of wavefront – are pre-
sented in this paper. We compared our results with the previous
campaigns at Paranal and found a good agreement.

For the first time, we were able to measure the profiles of
the outer scale at Paranal. They show a low value for the ground
layer. We could not measure the outer scale near the ground; it
will be interesting to do this in the future.

By comparing the statistical results of the outer scale mea-
sured by GSM and the profiles given by MOSP, we identified
three typical values of the outer scale and related them to the
dominating turbulence in the ground layer, in the boundary layer
(1 km), and above 3.5 km.

Finally, the statistical analysis of the energy profiles reveals
a significant contribution of the surface layer to the seeing degra-
dation. The mean profile of the turbulence energy given in this
paper is representative of only the period of this campaign. It
will be very useful to see the seasonal and annual characteristic
of the turbulence profile at Paranal by making a long series of
measurement.
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