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1. Introduction

The advancement of modern astronomy requires telescopes that are able to ac-
curately resolve distant celestial objects. The fainter and more distant the light
sources are, the larger telescope mirror is required to collect enough photons.
While, in general, the bigger the mirror is, the greater will the resolution of
the telescope be. However, the turbulence in the Earth’s atmosphere will de-
grade the resolution of all telescopes using a mirror with a diameter larger
than ∼10 cm because the atmospheric turbulence produces distortions of the
stellar wavefronts. To minimize any influence the atmosphere might have tele-
scopes are built in regions with as clear skies as possible, usually on mountain
peaks with thin and dry air, far from populated areas where there are low wind
speeds and little cloud cover.

It is clear that the optical turbulence, the perturbation of the wavefronts
caused by the atmospheric turbulence, will not have any effect on space tele-
scopes. Their resolution is only determined by the diameter of the telescope
mirror. On the other hand space telescopes have some disadvantages. They
cost billions of euros to construct and maintain and any necessary repairs or
upgrades will require space missions. The size of the telescope mirror will also
be comparatively small, with respect to ground-based telescopes, thus having
a more limited maximum resolution. In order to overcome the problem of the
optical turbulence ground-based telescopes use adaptive optics to minimize
its effects. Ground-based astronomical facilities are cheaper to construct and
allow for far bigger mirrors, giving a wider field of view and better resolution.
The future James Webb Space Telescope (JWST) will have a mirror with a
diameter of 6.5 m whereas the E-ELT (European Extremely Large Telescope)
is designed with a 42 m mirror. As ground-based telescopes are more easily
accessible they are also much easier to repair and the installation of required
upgrades is much easier.

In order to exploit the full potential of the ground-based telescopes they
must all have a successfully implemented adaptive optics system to make them
competitive to space telescopes. The deformation of the wavefront caused by
the atmosphere is analysed by a wavefront sensor and the information is sent to
a deformable mirror that attempts to correct the perturbations of the wavefront.
One deformable mirror can correct the effects of the optical turbulence at just
one plane (typically the pupil plane). In order to correct for the effects of the
optical turbulence at different heights more sophisticated systems exist using
several deformable mirrors. The design of an efficient adaptive optics system
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requires a good understanding of where, when and how the optical turbulence
is formed.

The optical turbulence is a small-scale phenomena caused by the fluctua-
tions in the index of refraction of the air. It is hard both to measure and to
simulate on such a small scale. Measurements of the optical turbulence usu-
ally focus on estimating the integrated effect, from the ground up to the top of
the atmosphere, of the image degradation using, for example, a DIMM. Mea-
surements using vertical profilers, such as SCIDAR or MASS, can provide an
estimate of the vertical distribution of the optical turbulence, with a varying
degree of resolution. The instrument providing the highest vertical resolution
is a radiosonde equipped with microthermal sensors, which is able to measure
with a vertical resolution of 6-7 m.

The use of meteorological models to characterize and forecast the optical
turbulence was first proposed by Coulman et al. (1986). Using a meteorologi-
cal model has the advantage of being able to produce a 3D map of the optical
turbulence for the entire model domain, not just for a single location, as is the
case with measurements. A model is able to reconstruct the past, making it an
excellent tool for long-term site testing. A model can also be used to forecast
the optical turbulence and thus be an important help for flexible scheduling,
i.e. to more efficiently plan the use of a telescope.

The first attempt at simulating the optical turbulence was performed by
Bougeault et al. (1995) using the PERIDOT hydrostatic model. They were
able to find a good correlation in time between observed and simulated values
of the seeing but only in a qualitative way. To produce quantitatively reliable
seeing measurements the resolution of the model must increase, which im-
plies that the hydrostatic approximation would no longer be valid and it will
be necessary to use a non-hydrostatic model.

The first simulations using a non-hydrostatic model was performed by
Masciadri et al. (1999a,b), using the mesoscale model Meso-NH to simulate
the optical turbulence at Cerro Paranal, Chile. This was the first time the
optical turbulence was simulated in 3 dimensions. The model output was
checked against measurements and they agreed well with each other.
The model was also proven to be sensible to orographic effects, which is
important considering that most observatories are located on mountain peaks
where orographic phenomena, such as lee waves, can have a large impact on
the atmospheric circulation.

Masciadri and Jabouille (2001) introduced a calibration method that partic-
ularly improved the ability of the model to simulate the optical turbulence in
the high part of the atmosphere. Masciadri et al. (2004) has shown that the
dispersion between the Meso-NH model and measurements is equal to the
dispersion between different methods of measurements. Another important
advancement was the study of Masciadri and Egner (2006) who was the first
to show the seasonal differences in the optical turbulence.
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The first topic of this thesis will try to answer the questions on how the clas-
sic meteorological parameters (e.g. wind speed, potential temperature, ther-
modynamic stability) can be used for site testing and how these parameters
and the optical turbulence interact with each other. What impact do they have
on the different astroclimatic parameters and how can they be used for site
characterization? This thesis will explore the possibilities of using the analy-
ses data from the GCM (General Circulation Model) of the ECMWF (Euro-
pean Centre for Medium-Range Weather Forecasts) to investigate the potential
for astronomical applications of the sites on the Internal Antarctic Plateau that
are the most interesting for astronomy (Dome A, Dome C and the South Pole).

The second topic of this thesis is the ability of the Meso-NH mesoscale
model to simulate the conditions at Mt Graham, site of the LBT (Large Binoc-
ular Telescope) using a statistical sample much richer than what has been used
so far. These measurements are the result of an extensive measurement cam-
paign with a total of 43 nights of measurements of the optical turbulence with
a vertical profiler in different seasons of the year. This data will be used to
characterize the optical turbulence at Mt Graham and to validate the simula-
tions with the Meso-NH model at this site. This large sample of measurements
makes it possible to study the ability of the Meso-NH model to simulate the
seasonal differences in the optical turbulence. The measurements of the opti-
cal turbulence are used to calibrate the model to see how this can improve its
performance. The vertical distribution of the wind speed is also an important
parameter for the characterization of an observatory site and is investigated in
further detail.
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2. Optical Turbulence

The optical turbulence affects all ground-based telescopes with a mirror di-
ameter larger than 10 cm. If the optical turbulence is not compensated for, the
image taken by the telescope of, for example, a star will break up into a pat-
tern of fluctuating irregular spots (a speckle pattern) or, if the exposure time
is long enough, the speckle pattern will merge and form a blurry image of a
single star, whose radius is proportional to the inverse of the Fried parame-
ter (defined in Section 2.3.1) or the inverse of the diameter of the telescope
mirror, depending on which is the largest. Generally the inverse of the Fried
parameter is the largest.

The deformation of the stellar wavefronts is caused by small-scale changes
in the index of refraction of the air. These changes are caused by temperature
fluctuations because the index of refraction of the atmosphere changes with
temperature. These fluctuations can seriously deteriorate the resulting images.
The effect is more pronounced at shorter wavelengths.

Optical turbulence forms when two conditions are met. The atmosphere
needs to have a stable stratification (∂θ/∂ z > 0, where θ is the potential tem-
perature and z is the height) and dynamic turbulence needs to be present.

2.1 Turbulence theory

The probability of turbulence formation in the atmosphere can be determined
by the Richardson number as described in Eq. 2.1. The Richardson number is
determined by the ratio of the buoyant suppression (or enhancement) of the
vertical displacement of air parcels and the generation of turbulence through
the wind shear.

Ri =
g
θ

∂ θ/∂ z
(∂v/∂ z)2

(2.1)

Where g is the gravitational constant 9.8 m/s2 and v is the horizontal wind
speed. If the Richardson number is smaller than the critical value (usually
0.25) the atmosphere is considered to be dynamically unstable and turbulence
will form. This will happen when there is an thermally unstable atmosphere,
the numerator ∂θ/∂ z < 0, or when the wind shear is strong enough to out-
weigh any stabilizing buoyant forces. If the Richardson number is greater
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than the critical value then the atmosphere is considered dynamically stable
and the atmospheric flow will no longer be turbulent, instead it may become
laminar. There is an uncertainty in the value of the critical Richardson number
and it has been suggested that there is a hysteresis-effect, where laminar air
flow must drop below a Richardson number of 0.25 to become turbulent, but
turbulent flow can exist up to a higher Richardson number before becoming
laminar. In general the Richardson number, as defined in Eq. 2.1, is not easy to
calculate since the exact gradients are hard to measure. As an approximation
the bulk Richardson number, based on the finite differences across layers with
a finite height, Δz, is used. When the layers become small the bulk Richardson
number approaches the gradient Richardson number (Eq. 2.1) and its critical
value (0.25). However the critical value of the bulk Richardson number is not
well defined.

The turbulence in the atmosphere consists of eddies of different sizes. Kol-
mogorov’s theory of turbulence assumes that energy is only entering the sys-
tem in the form of large-scale eddies produced by the wind shear. The large-
scale eddies breaks down into smaller eddies that carries less energy, which in
their turn will break down to even smaller eddies, which in their turn will break
down further. When the eddies has become small enough they are destroyed
by the viscous dissipation. The largest eddies are anisotropic, but at some point
in the cascade process (the breakdown of bigger eddies into smaller ones), the
eddies become sufficiently small to become isotropic. When the turbulent ed-
dies are isotropic the distribution of the energy can be described as a function
of the wavenumber (k) and the rate of dissipation (ε). The distribution of the
energy (E) can be derived using dimensional analysis, and the result is Eq. 2.2.

E =Cε2/3k−5/3 (2.2)

The constant C is referred to as the structure constant. This equation is only
valid in the inertial subrange, the range of which is determined by the outer
scale (L, the size of the largest isotropic eddies) and the inner scale (l, the size
of the smallest eddies dissipated through the molecular viscosity).

The optical turbulence and all the astroclimatic parameters depend on the
structure constant of the index of refraction of the air, C2

N . The typical vertical
distribution of the C2

N is characterized by a layer with strong values near the
surface and a second smaller peak at the height of the jetstream. This variable
will be described in greater detail in the next chapter which describes the
parametrization of the optical turbulence.
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2.2 Stability and optical turbulence

The optical turbulence is dependent on both the thermal stability (∂θ/∂ z > 0)
and the generation of mechanical turbulence by the wind shear ((∂v/∂ z)2),
therefore the Richardson number is a good qualitative indicator on where and
when optical turbulence might be triggered since the Richardson number is
determined by a ratio of both of the terms (Eq. 2.1). During the night, when
astronomical observations usually are made, the atmosphere is generally sta-
bly stratified with a positive gradient of the potential temperature and Richard-
son numbers well over 0.25. Variations in the Richardson number serve as an
indication of where the optical turbulence might be triggered. A sudden wind
shear and the subsequent drop in the Richardson number would indicate the
formation of optical turbulence, provided the gradient of the potential temper-
ature is positive. The vertical profile of the Richardson number can be a useful
tool to have an indication of when and where the turbulence is most likely to
form. The profiles can be used to compare different sites with each other and
to study the seasonal differences (Paper I, Geissler and Masciadri, 2006).

A mechanism to explain the vertical small-scale structure of the optical
turbulence has been proposed by Coulman et al. (1995). In a stable stratified
atmosphere the presence of gravity waves causes vertical displacement of the
air. If the amplitude of the gravity wave is large enough to displace a parcel
of air a sufficient height, Δz, so that the Richardson number (∝ 1/(Δz)2) is
reduced to below its critical value, this will trigger a hydrodynamical insta-
bility. The local mixing within the instability layer will modify the profile of
the potential temperature. The turbulent motions within the instability layer
will efficiently mix the air so that ∂θ/∂ z approaches zero and the air inside
the instability layer will thermally have a neutral stratification. At the edges
∂θ/∂ z will become even sharper than before because a region of transition
will form, from the inner edge of the instability layer where ∂θ/∂ z = 0 to the
outside of it where the gradient is unchanged and > 0. In these two sublayers,
at the upper and at the lower boundary of the instability layer, there will be a
very sharp gradient of the potential temperature (caused by the transition from
the neutral stratification within the instability layer to the stable stratification
outside of it in a very small region) in combination with the turbulent mixing
will produce a pair of sharp peaks in the C2

N-profile. Fig. 2.1 shows a sketch of
the process, before the instability occurs the stratification is thermally stable
and there is little or no optical turbulence, but at some time, t1, an instability
layer is passing and the resulting mixing changes the profile of the potential
temperature and in the areas where there is a much sharper gradient of the
potential temperature there will also be two peaks of optical turbulence.

It is difficult to estimate the size and the duration of these thin laminae of
optical turbulence. Coulman et al. (1995) did not estimate the life-time of the
laminae since no measurements (soundings) were available with a sufficiently
small time lag. The size of the laminae was estimated, and the typical size of
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Figure 2.1: The formation of the double sublayers of C2
N due to the change in ∂θ/∂ z.

The left hand sketch shows the situation before the instability layer. The right hand

sketch shows the impact of the dynamic instability layer and the resulting changes in

the vertical profile of the potential temperature and the C2
N .

the region characterized by dynamic turbulence was 140±100 m and the size
of the pair of laminae with strong optical turbulence was estimated to 28±36
m.

2.3 Astroclimatic parameters

2.3.1 Seeing

The most important astroclimatic parameter used to characterize the optical
turbulence in astronomy is the seeing (ε) which describes how much optical
turbulence there is from the top of the atmosphere to the focus of the tele-
scope. The seeing is defined as the Full Width Half-Maximum of the image
taken at the focus of the telescope. The larger the seeing is, the more distorted
is the wavefront. At a good observatory site the seeing is of the order of 0.4-1.0
arcsec. The seeing depends on the Fried parameter and in which wavelength
the observations are performed. The standard wavelength for site characteri-
zations is in the visible, at 500 nm, and this value will be used throughout this
thesis.

The Fried parameter (r0) describes the length over which the perturbated
wavefront can be considered coherent and does not generate perturbations on
the resulting image. The smaller the Fried parameter is, the more distorted is
the wavefront, whereas a bigger Fried parameter indicates a less perturbated
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wavefront and smaller amounts of optical turbulence in the atmosphere. The
typical size of the Fried parameter (using the standard visible wavelength, 500
nm) is 5-20 cm. If the mirror of a telescope is smaller then the Fried parameter
the observation will be unaffected by the optical turbulence.

The expression for calculating r0 is given in Eq. 2.3. The Fried parameter
depends on the integral of the structure constant C2

N along the height, h and the
wavelength (λ ). This equation is only valid when looking at zenith, otherwise
it needs to be divided by the cosine of the zenith angle. This expression would
then only be valid if the vertical distribution of the C2

N is uniform, however as
shown by Masciadri et al. (2002) the horizontal size of the optical turbulence
is finite.

r0 =

⎛
⎝0.423

(
2π
λ

)2 ∞∫
0

C2
N(h)dh

⎞
⎠

−3/5

(2.3)

The seeing is then calculated as the ratio of the wavelength and the Fried
parameter multiplied by a constant, Eq. 2.4.

ε = 0.98
λ
r0

(2.4)

2.3.2 Wavefront coherence time

The wavefront coherence time (τ0) is the time over which the wavefront can be
considered to be coherent. If one presumes that the atmosphere contains only
one turbulent layer that is moving with a speed v, the wavefront coherence
time is the time it takes for the turbulent layer to move a distance r0. As there
never is only one turbulent layer the equivalent velocity V0, defined in Eq. 2.5,
is needed.

V0 =

⎛
⎜⎜⎝

∞∫
0

V (h)5/3C2
N (h)dh

∞∫
0

C2
Ndh

⎞
⎟⎟⎠

3/5

(2.5)

The shorter the τ0 the faster the adaptive optics system will have to work
as there is less time for it to analyse the wavefront and send this information
onwards to the deformable mirror.

As seen in Eq. 2.6 τ0 is governed by the vertical distribution of the wind
speed and the C2

N .
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τ0 = 0.057λ 6/5

⎛
⎝

∞∫
0

V (h)5/3C2
N(h)dh

⎞
⎠

−3/5

(2.6)

also equivalent to:

τ0 = 0.31
r0

V0
(2.7)

2.3.3 Isoplanatic angle

This is the angle over which the perturbations of the wavefront can be con-
sidered to be correlated. The isoplanatic angle (θ0) is an important parameter
for adaptive optics as it determines the maximum angular separation between
the science object and the guide star. If there are no (natural) guide stars close
enough (i.e. closer than θ0) to the science object the adaptive optics system
will not be able to compensate for the optical turbulence in a satisfactory way.
For this reason, if θ0 is larger it is easier to find a guide star and apply adaptive
optics. If there are no natural guide stars close enough to the science object it
is possible to create artificial guide stars using lasers.

The height of the turbulence has a strong influence on the isoplanatic angle.
As seen in Eq. 2.8 the height (h) scales to the power of 5/3. A layer of strong
optical turbulence in the upper part of the atmosphere will greatly diminish the
isoplanatic angle whereas a layer of optical turbulence with the same strength
near the ground will have a negligible influence on the isoplanatic angle.

θ0 = 0.057λ 6/5

⎛
⎝

∞∫
0

h5/3C2
N(h)dh

⎞
⎠

−3/5

(2.8)

2.3.4 Scintillation

The intensity fluctuations of the star is determined by the rate of scintillation.
The scintillation only creates variations in the intensity of the light, not of the
phase. The energy of these fluctuations are determined by the variance, σ2

I
(Eq. 2.9). The characteristic scale of the scintillation is very small, typically
in the order of a few millimetres to centimetres, much smaller than the phase
variations. The scintillation is not critical for a standard adaptive optics system
but it influences photometry.

σ2
I = 19.12λ−7/6

∞∫
0

h5/6C2
N(h)dh (2.9)
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2.3.5 Spatial coherence outer scale

The spatial coherence outer scale, L0, determines the size of the coherence
of the phase fluctuations associated with the largest eddies. The variance of
the phase fluctuations between two points of the wavefront is proportional to
the distance, d, to the power of 5/3 if d < L0. If d ≥ L0 the variance be-

comes saturated and approaches ∼ L0
5/3. The outer scale is calculated using

Eq. 2.10,

L0 =

⎛
⎜⎜⎝

∞∫
0

L(h)−1/3C2
N(h)dh

∞∫
0

C2
N(h)dh

⎞
⎟⎟⎠

−3

(2.10)

where L is the geophysical dynamical scale of the turbulence. The smaller L0

is, the weaker is the turbulence at low spatial frequencies to be corrected.
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3. Modelling the optical turbulence

As mentioned in the introduction, the first attempt to simulate the optical tur-
bulence with a numerical model was performed by Bougeault et al. (1995). In
this study the PERIDOT model, an operational hydrostatic limited-area model
developed by Météo-France, was used to simulate the optical turbulence over
two mountain sites. Despite quantitative differences between the model and
the measurements at the two sites, the model clearly was able to discrimi-
nate between the two sites in terms of seeing. The authors cite the need for
an increased resolution to better take into account the topography (the model
was run with a horizontal resolution of 10 km and 3 km respectively) so that
small scale phenomena such as lee waves can be studied. A higher resolu-
tion also means that the hydrostatic approximation is no longer valid and a
non-hydrostatic model must be used.

Simulations of the optical turbulence with the Meso-NH model
(Lafore et al., 1998), a non-hydrostatic mesoscale model, was first performed
by Masciadri et al. (1999a,b) who developed the code for the optical
turbulence in the Meso-NH model, the Astro-Meso-NH package. The authors
used the model to simulated the optical turbulence at Cerro Paranal in Chile.
The Meso-NH model is able to produce profiles as well as 3D maps of the
C2

N and calculate all the astroclimatic parameters. The model was proven
to be sensitive to orographic effects as well as showing a good agreement
between the C2

N-profiles from the model and the profiles measured with a
Scidar. The Meso-NH was also able to discriminate between the worst and
the best seeing of the measurement campaign.

An important improvement in the ability of the Meso-NH model to simulate
the optical turbulence has been acheived with the calibration method proposed
by Masciadri and Jabouille (2001), a method that will be explained in greater
detail in Section 6.3.1. The calibration reduced the systematic errors in the
model and improved the simulations of the C2

N in the free atmosphere.
Further studies have investigated the ability of the Meso-NH model to

simulate the optical turbulence by looking at the wavefront coherence
time (Masciadri and Garfias, 2001), the horizontal size of the turbulence
(Masciadri et al., 2002) and the ability of the model to reconstruct the
near ground wind speed (Masciadri, 2003). Masciadri et al. (2004) proved
that the dispersion between the simulations of the Meso-NH model and
measurements is equal to the dispersion between different methods of
measuring the optical turbulence.
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A seasonal study of the optical turbulence at San Pedro Mártir Observa-
tory by Masciadri and Egner (2006), covering 80 nights evenly distributed
throughout a year, was the first study to put in evidence the seasonal variabil-
ity of all principal astroclimatic parameters using the Meso-NH model. The
seasonal variability of the C2

N showed a weaker secondary peak in the vertical
profile, which was also located at higher altitudes, during the summer-autumn
period. The seasonal trend in the seeing was mainly influenced by the seeing
in the boundary layer. All astroclimatic parameters showed more favourable
conditions during the summer-autumn period than during the winter-spring
period.

Lascaux et al. (2009b, 2010b) have used the Meso-NH model at a site with
more extreme weather, Dome C on the Internal Antarctic Plateau. The model
was proven reliable in reconstructing both the meteorological parameters as
well as the optical turbulence. The authors were also able to provide a good
estimate of the height of the surface layer, a critical parameter for astronomy
in Antarctica (see Section 4.1).

In Paper IV the Meso-NH is used to simulate the optical turbulence at Mt
Graham. The model was compared to a very rich sample of measurements:
41 nights of vertical profiles measured by a Generalized Scidar. The results
of these measurements are presented in Chapter 5 and the simulations are
presented in Chapter 6.

3.1 Parametrization of the dynamical turbulence

As described by Masciadri et al. (1999a) the turbulence in the Meso-NH
model is parametrized since the scale at which it occurs is too small to
be modelled explicitly. In this study the 1D turbulent scheme, that takes
into account only the vertical turbulent fluxes, is used. It is based on the
turbulence kinetic energy (e) (Eq. 3.1).

De
dt

=−w′u′
∂u
∂ z

−w′v′
∂v
∂ z

− 1

ρ
∂ ρw′e′

∂ z
+

g
θv

w′θ ′ − ε (3.1)

where the first two terms on the right hand-side describe the shear production
of turbulence, the third term represents the vertical diffusion, the fourth term
is the buoyancy term and the last term is the dissipation. The variables denoted
with an apostrophe are the fluctuations of the variable in question around the
mean, following Reynold’s averaging.

The parametrization of the turbulence follows the eddy diffusivity approach
where the flow of a parameter, for example θ , is described as a function of the
gradient of the mean of the parameter θ and the exchange coefficient Kh.

w′θ ′ = Kh
∂θv

∂ z
(3.2)
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Where θv is the virtual potential temperature and Kh is the exchange coeffi-
cient of heat which is defined as:

Kh = 0.16L
√

eφ3 (3.3)

where φ3 is the inverse of the non-dimensional Prandtl number and L is
the Bougeault-Lacerrere mixing length defined as the distance an air parcel
at height z can move up (lup) or down (ldown) before being stopped by
the buoyancy forces. The mixing length, L, is mathematically defined as
L =

√
lupldown. This permits a parametrization of the model at different

scales of motion. Using the dry 1D option of the turbulent scheme φ3 is
defined as in Eq. 3.4

φ3(x,y,z, t) =
1

1+C1
L2

e
g
θv

∂θv
∂ z

(3.4)

where C1 = 0.139.
Substituting Eq. 3.3 in Eq. 3.2, one obtains the relation between the micro-

scopic quantities and the macroscopic variables L, e and φ3.

w′θ ′ =−0.16L
√

eφ3
∂θv

∂ z
(3.5)

3.2 Parametrization of the optical turbulence

The optical turbulence is estimated by the calculation of the constant of the
structure function of the temperature fluctuations (Wyngaard et al., 1971;
Coulman et al., 1986).

CT = 1.6εθ ε−1/3 (3.6)

where εθ is the rate of temperature variance destruction by viscous processes
and ε is the rate of the energy dissipation related to the characteristic length
of the turbulence L and the energy e by Kolmogorov’s law of the energy dis-
tribution

ε =Cε
e3/2

L
(3.7)

where Cε = 0.7. This theory is based upon the correlation between the veloc-
ity fluctuations and the concentration of a passive scalar in a turbulent flow.
Equation 3.6 assumes that θ is a passive additive constituent. This is not gen-
erally true since the buoyancy forces are associated with temperature inhomo-
geneities. The dimensionless function φ3 (Redelsperger and Sommeria, 1981)
is introduced in the model code to correct for this. Following the law that links
the microscopic and the macroscopic parameters in the prognostic equation of
the potential temperature variance and assuming that the triple correlation and
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the radiative dissipation can be ignored (André et al., 1978) Eq. 3.6 can then
be rewritten as a function of macroscopic parameters only.

C2
T = 0.58φ3L4/3

(
∂θ
∂ z

)2

(3.8)

The structure constant of the refraction index is then obtained using Glad-
stone’s law.

C2
N =

(
8 ·10−5P

T 2

)2

C2
T (3.9)
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4. Meteorological parameters as a tool
for site characterization

When deciding whether a site is suitable for astronomical applications a first
estimate of its potential can be to consider the standard meteorological param-
eters (wind speed, potential temperature and thermodynamic stability). These
parameters can easily be recovered from General Circulation Models (GCM).
These models have the advantage that they cover the whole Earth so any site,
no matter how remote, can be studied. They also provide records of analy-
ses that may cover several decades. Models that can be used for this kind of
study are the operational analyses of the European Centre for Medium-Range
Weather Forecasts (ECMWF) or of the National Oceanic and Atmospheric
Administration (NOAA).

This chapter summarizes and discusses the results of Paper I. The purpose
of this paper was to investigate a new approach to site testing, comparing
the meteorological parameters from the ECMWF analyses in order to present
a ranking of different sites with respect to the investigated parameters and
also to investigate up to which point the analyses can be used for this type of
study. The method is applied to the Antarctic sites that, at present, are the most
interesting for astronomical applications (Dome A, Dome C and the South
Pole).

4.1 Astronomy in Antarctica

The Internal Antarctic Plateau is one of the best places on the Earth for
ground-based astronomy because of the unusually thin and dry atmosphere
with a very stable stratification. The surface layer, where most of the
turbulence is concentrated is also very shallow. The surface winds of the
Internal Plateau are generally very low and are created by the katabatic
forcing caused by the sloping terrain in combination with a stable temperature
inversion. Furthermore the dryness of the atmosphere opens up the possibility
of observations in the far infra-red in wavelengths that elsewhere are blocked
by the water vapour in the atmosphere. Antarctica is not experiencing any jet
streams which may lead to the conclusion that there are very low wind speeds
in the free atmosphere over Antarctica. However, the general circulation of
the atmosphere may still create strong wind speeds at higher altitudes over
Antarctica (see Section 4.5).
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In particular the summits of the Internal Antarctic Plateau are expected to be
well suited for astronomy because the katabatic forcing of the surface winds
is absent here, as there is no slope that might trigger them. It is also expected
that the surface layer, where most of the optical turbulence is concentrated, is
much thinner at the summits. Measurements from Dome C, one of the sum-
mits on the Internal Antarctic Plateau and site of the French-Italian Concordia
station, has confirmed that the surface layer of optical turbulence is much thin-
ner here than at the South Pole (which is situated at a slope). The surface layer
at Dome C has been measured by Agabi et al. (2006) to 36 ±10 m whereas
the surface layer at the South Pole is between 220 m (Marks, 2002) and 270 m
(Travouillon et al., 2003). Potentially Dome A, the highest peak of the Inter-
nal Antarctic Plateau, has an even thinner surface layer. Measurements made
with PLATO (Yang et al., 2009) indicates that the properties of the surface
layer at Dome A is similar to the surface layer at Dome C. No measurements
from winter of the height of the surface layer were available when Paper I was
written, nor were there any measurements available of the seeing at Dome A.
Previous measurements from the South Pole and Dome C indicates that while
Dome C has a stronger seeing in the surface layer the seeing in the free at-
mosphere is comparable to the South Pole. At Dome C the total seeing is 1.6
arcsec (Agabi et al., 2006), but the seeing in the free atmosphere is exception-
ally good, 0.27 arcsec (Lawrence et al., 2004) or 0.36 arcsec (Trinquet et al.,
2008). Measurements from the South Pole indicate a stronger total seeing,
1.86 arcsec, but the seeing in the free atmosphere is comparable to Dome C,
0.37 arcsec (Marks et al., 1999). It has been proposed that a future telescope
at Dome C (see e.g. Lawrence et al., 2009) should be placed on top of a 30
m tower so that the telescope will get above the turbulent surface layer and
benefit from the excellent free atmosphere seeing.

4.2 General Circulation Models in Antarctica

A comparison of the reliability of the ECMWF operational analyses is pre-
sented in Paper I regarding the wind speed and the temperature in the free
atmosphere at Dome C and in the surface layer at both Dome C and the South
Pole. The vertical profiles of wind speed and temperature from the analyses
are compared to radiosonde data for both summer and winter. The result is
that in the free atmosphere there is an excellent agreement between the two
data sets. However it is worth mentioning that during the winter the balloons
rarely reach heights over 10 km above the surface since the balloons tend to
explode at these altitudes due to the low pressure and the increased frailty of
the material because of the very low temperatures. From the analysis in Paper
I, it is clear that during the winter the ECMWF analyses do not accurately
resolve the strong temperature inversion nor the wind shear near the surface.
The temperature is overestimated by 6 K and the wind speed by 3 m/s. During
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the summer there are virtually no gradients in temperature or wind speed near
the surface and there is a much better agreement between the radiosoundings
and the analysis.

In Paper I the operational analyses from the ECMWF MARS archive are
used. They are downloaded from the grid point closest to the sites (Dome A,
Dome C and the South Pole) for the year 2005. Dome F is also studied, but
only with regards to the wind speed in the free atmosphere in this paper. The
results of Paper I have also been discussed in Hagelin et al. (2008b, 2009),
where additional analysis regarding the gradient of the potential temperature
and the wind speed near the surface are presented. These results are also added
to this chapter.

4.3 ∂θ/∂ z and (∂v/∂ z)2 from the ECMWF analyses

The strong temperature inversion near the ground on the Internal Antarctic
Plateau during the winter is caused by the absence of sunlight and the conse-
quent strong radiative cooling of the snow surface. Fig. 4.1 shows the gradient
of the potential temperature in the first 150 m for the four Antarctic sites, at the
synoptic hour closest to local midnight in order to get the most stable values,
00 UTC at the South Pole and Dome F and 18 UTC at Dome A and Dome C.
These times correspond to 23 LT1 for Dome A, 02 LT for Dome C and 03 LT

for Dome F. During the period October to February the stratification is neutral
or weakly stable at all sites. During the darker period of the year (March to
September) there is a strong stability closest to the surface at Dome A. Dur-
ing May a very strong stability is also present at Dome F. Dome C shows a
weaker stability than the other two domes, but Dome C still has a clear stable
stratification near the surface. The stability at the South Pole is the weakest of
these four sites.

It is much harder to see any trends in the gradient of the wind speed
((∂v/∂ z)2) as it is very similar at the three sites investigated for this
parameter (Dome A, Dome C and the South Pole). It is hard to see any clear
difference between the sites (Fig. 5 of Paper I) even though Dome A appears
to have a slightly stronger gradient closest to the surface.

1Local Time
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Figure 4.1: The gradient of the potential temperature at Dome A (dark blue line),

Dome C (green line), Dome F (light blue line) and the South Pole (red line) at the

synoptic hour closest to 00 LT.

4.4 The surface wind speed

It is expected that the surface winds over the summits of the Internal Antarctic
Plateau are weaker than elsewhere on the plateau because the principal trig-
gering effect of the surface winds, the katabatic forcing, is not present. The
ECMWF analyses are not accurate enough to study the surface winds because
of their low resolution so radiosounding data were used instead in Paper I.
From both the South Pole and Dome C there are radiosondes launched daily.
Fig. 4.2 shows the median wind speed in the first 150 m from April to Novem-
ber, as to cover all the winter months, at Dome C (solid lines) and the South
Pole (dashed lines). Closest to the surface, due to the absence of the katabatic
forcing, the wind speed at Dome C is lower than the wind speed at the South
Pole, but there is also a strong wind shear in the first 10-20 m at Dome C.
Above this height the wind speed at Dome C is stronger than, or comparable
to, the wind speed at the South Pole.

In the core of the winter (June, July and August) the wind speed above
Dome C reaches 8 m/s at 20 m and 9 m/s at 30 m. This sharp gradient of
the wind speed in the first 10-20 m is a necessary condition to justify the
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Figure 4.2: The median wind in the first 150 m above ground at Dome C (solid lines)

and the South Pole (dashed lines).

presence of the optical turbulence in the surface layer (Trinquet et al., 2008;
Agabi et al., 2006) in spite of very stable thermal conditions.

Travouillon et al. (2008) found similar results measuring the wind speed
with sonic anemometers mounted on a tower. Measurements were made from
the surface up to 30 m. The good agreement between the radiosoundings and
the independent measurements from Travouillon et al. (2008) shows that there
were no bias in the radiosounding data. The mechanical vibrations, that strong
wind speed at low altitudes or a large wind shear might induce, are more
critical at Dome C than at the South Pole and should carefully be taken into
account when designing astronomical facilities.

4.5 The wind speed in the free atmosphere

The vertical profile of the wind speed is different over Antarctica than over
a mid-latitude site because of the absence of the jet stream. Looking at the
monthly median wind speed at the four Antarctic sites in Fig. 4.3 no site shows
a jet stream circulation during any month. Instead the wind speed is almost
constant with height during the local summer (Dec - March). A small peak can
be seen at 8 km above the sea level but the median wind speed does not exceed
15 m/s anywhere during this period. As the winter approaches the wind speed
above 10 km starts to increase. The increase of the wind speed with height
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Figure 4.3: The monthly median of the wind speed at Dome A (dark blue line), Dome

C (green line), Dome F (light blue line) and the South Pole (red line).

during the winter is monotonic, though the rate of increase differs from site to
site. The largest increase rate is observed above Dome C whereas the South
Pole is affected the least by the increase of the wind speed at higher altitudes.
The difference between the site with the strongest wind speed (Dome C) and
the other three is quite large, particularly in September and October, where at
the highest altitude the wind speed at Dome C is more than twice the wind
speed of any of the other sites.

The large-scale circulation over Antarctica is dominated by the polar vortex
that during the winter creates strong high altitude winds circulating the polar
high. The location of the centre of the polar vortex is somewhere near the
centre of the continent. The profiles in Fig. 4.3 indicate that the South Pole,
which have calm wind speeds in the upper atmosphere, is located closest to
the centre of the polar vortex and that the Domes are located further away
and therefore experience higher wind speeds in the upper atmosphere. From
these profiles one can draw the conclusion that the further a site is situated
from the centre of the polar vortex the higher will the wind speed in the upper
atmosphere be. Knowing the distance of a site from the centre of the polar
vortex could provide a useful tool to estimate the wind speed above 10 km
in the winter a priori. Lascaux et al. (2009a) showed that the position of the
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centre of the polar vortex fluctuates both with height and in time making it
difficult to analyse the exact distance of a particular site to the centre of the
polar vortex.

4.6 The Richardson number

As previously explained (see Section 2.2), the Richardson number is an in-
dicator of the stability of the atmosphere and of the probability of the trig-
gering of turbulence. The smaller the Richardson number is, the higher is the
probability to trigger turbulence. Comparing the Richardson number between
different sites, as proposed by Geissler and Masciadri (2006), should give a
relative estimate of which site that is most likely to experience higher levels
of turbulence than another. The monthly median profiles of the Richardson
number for a typical mid-latitude site (Mt Graham), taken as a reference site
with a known vertical distribution of the turbulence (Paper II), was compared
to an Antarctic site (Dome C). The result (Fig. 4.4) clearly shows that the mid-
latitude site (thin lines) has a more turbulent atmosphere, as can be expected.
The only exception is the period in September and October were the influence
of the polar vortex creates very strong winds above 10 km at Dome C.

Comparing the Antarctic sites with one another (see Fig. 10 in Paper I) the
South Pole is the site with the most stable conditions, followed by Dome A.
Dome F was never investigated in this part of the study but since the wind
speed profiles of Dome A and Dome F are similar one can assume that the
Richardson profiles also would be quite similar. Dome C clearly is the site
with the least stable atmosphere of the Antarctic sites in this study.
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Figure 4.4: The monthly median of the inverse of the Richardson number at Dome C

(thick line) and Mt Graham (thin line).
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5. Measurements of the optical
turbulence at Mt Graham

The Mt Graham International Observatory is located in the south-east cor-
ner of the state of Arizona, USA. The observatory is situated at the Emerald
Peak, 3200 m above sea level, and is the home of three telescopes: the Vati-
can Advanced Technology Telescope (VATT), the Heinrich Hertz Millimetre
Telescope (SMT) and the Large Binocular Telescope (LBT). The LBT, with
its two mirrors each with a diameter of 8.4 m, is designed to work in the near-
infrared band using an adaptive optics system.

An extensive measurement campaign has been carried out here, presented in
Paper II, that aimed to characterize the optical turbulence as well as creating an
archive to be used as a reference in validating the Meso-NH model (Paper IV).
A total of 43 nights in different periods of the year have been studied, the dates
and the number of nights for each observation run is reported in Table 5.1. The
measurements were performed with a vertical profiler, a Generalized Scidar,
that measures the C2

N from the ground up to 20 km above. The Generalized
Scidar was mounted on the VATT (D = 1.83 m). This telescope is located 250
m east of the LBT and its primary mirror is located 35 m below the primary
mirrors of the LBT.

Table 5.1: The dates and number of nights of the measurement campaign at Mt Gra-
ham.

Obs. runs (UTC) Nights

27 April 2005 1

20-26 May 2005 6

7-16 December 2005 5

28 May - 4 June 2007 8

17-29 October 2007 11

24 February - 4 March 2008 10
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5.1 The Generalized Scidar

The Generalized SCIDAR (SCIntillation Detection And Ranging) is an opti-
cal instrument that is able to measure the C2

N and the wind speed as a function
of height. The Scidar measures the scintillation pattern of a binary star and the
C2

N is derived from the autocorrelation of the scintillation pattern. In the Gen-
eralized Scidar the detector plane is conjugated below the ground so that it is
possible to resolve the turbulence near the ground. For the sake of simplicity
imagine a layer of (optical) turbulence located at some height. The light from
the double star, with a known separation, passes the turbulent layer and results
in two identical but phase-shifted scintillation maps on the detector. The au-
tocorrelation of these scintillation maps is calculated and the result shows a
central peak and two smaller lateral peaks, referred to as a triplet. The ampli-
tude of the lateral peaks is proportional to the strength of the turbulence. The
distance between the central peak and the lateral peaks is used to calculate the
height of the turbulent layer. A vertical profile of the turbulence consists of a
number of triplets, one for every turbulent layer. To be able to monitor up to
20 km above the ground the pupil size of the telescope where the Generalized
Scidar is mounted needs to be larger than 1.5 m, otherwise the scintillation
maps at higher altitudes will fall outside of the pupil of the telescope.

5.2 Results from the measurement campaign

The measurements of the C2
N-profiles were done with the Generalized Scidar

(GS) in standard configuration with a vertical resolution of ∼1 km for typical
values of the observable binaries during all nights. (For further details on the
exact vertical resolution of the GS, please see Eq. 1 of Paper II.) The GS was
also run with a higher resolution near the ground for 15 nights each using
the WB (Wide Binaries, 200-250 m resolution) and HVR-GS (High Vertical
Resolution Generalized Scidar, 25-30 m resolution) techniques.

The measurements with the standard configuration show that the shape
of the C2

N-profile changes with season. During both summer and winter the
strongest optical turbulence is found in the first km above the surface, with
weaker turbulence during the summer than during the winter. In the winter
the strong secondary peak of the optical turbulence, associated with the jet
stream, is located at ∼10 km above the surface. During the summer this sec-
ondary peak becomes weaker and moves to higher altitudes, ∼14 km above
the ground. This effect, the α-effect, was fist put in evidence by the simula-
tions of Masciadri and Egner (2006) at San Pedro Mártir. The shift in altitude
of the secondary peak is associated with the change in the gradient of the wind
speed when the high-altitude winds decrease at the jet stream level during the
summer and above this level there is a steady increase in the wind speed. This
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inversion of the wind speed above the usual jet stream height could explain
the shift in altitude of the secondary peak in the optical turbulence.

The median values for all the nights of the total seeing (without dome-
seeing) is 0.72 arcsec (0.95 arcsec with the dome contribution), the median
wavefront coherence time is 4.8 ms and the median isoplanatic angle is 2.5
arcsec. The seasonal changes in the C2

N-profile is reflected in all the astrocli-
matic parameters. The median τ0 is 10.1 ms in summer and 3.8 ms in win-
ter. The isoplanatic angle is 3.8 arcsec in summer and 2.0 arcsec in winter.
The median total seeing in summer is 0.61 arcsec whereas during winter it is
1.19 arcsec (The dome seeing is included in both values). This confirms Mt
Graham as a good quality site for astronomical observations with turbulence
characteristics that are comparable to the best sites in the world.

Using the HVR-GS technique to measure the turbulence in the first kilome-
tre it is possible to demonstrate that the turbulence near the ground decays in
a much sharper manner than what was previously thought. The C2

N decreases
with an order of magnitude within the first ∼65 m. These measurements also
indicate that 50% of the turbulence is developed within the first 80 ±15 m
from the ground.
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6. Simulations with the Meso-NH
model at Mt Graham

This chapter presents the results of Papers III and IV in which the Meso-NH
model is used to simulate the area around Mt Graham.

The goal of Paper III, presented in Section 6.2, is to characterize the vertical
distribution of the wind speed at Mt Graham using the operational analyses of
the ECMWF and to verify the ability of the Meso-NH model to reconstruct
the wind speed profile from the ground up to 20 km.

In Paper IV the goal is to simulate the optical turbulence at Mt Graham
using the large sample of measurements from Paper II as a reference and a
subsample of these measurements are used to calibrate the model. This sample
is the largest ever used for this purpose and therefore it has been possible to
evaluate the ability of the Meso-NH model to simulate the seasonal differences
in the optical turbulence. These results are presented in Section 6.3.

6.1 The Meso-NH model

Meso-NH is a mesoscale non-hydrostatic model developed by Laboratiore
d’Aérologie in Toulouse and the Centre National des Recherches
Météorologiques (CNRM) to be used in research (Lafore et al., 1998). The
model is based on an anelastic approximation allowing for an effective
filtering of acoustic waves. The model is capable of running in a two-way
nesting mode using several imbricated models. The temporal scheme
is an explicit three-time-level leap-frog scheme. The surface exchanges
are computed in an externalized surface scheme (SURFEX) which
includes the package ISBA (Interactions Soil Biosphere Atmosphere)
(Noihlan and Planton, 1989) that controls the budget of the air/surface
turbulent fluxes.

6.1.1 Model configuration

The Meso-NH model is run in a grid nesting mode using three imbricated
models with different resolutions. They are centred on the location of the Mt
Graham International Observatory (32.70◦N, 109.89◦W). The size of the out-
ermost model is 800x800 km, using 80x80 grid points with a grid size of 10
km (Fig. 6.1 top). The middle model covers 160x160 km, using 64x64 grid
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points with a size of 2.5 km (Fig. 6.1 centre). The innermost model has a res-
olution of 500 m and uses 120x120 grid points thus covering an area of 60x60
km (Fig. 6.1 bottom). The vertical resolution is the same for all three models.
The first vertical grid point is located 20 m above the ground and thereafter
the vertical grid is determined by a logarithmic stretching of 20% up to 3.5 km
above the surface. Higher vertical levels are fixed, with a difference of 600 m
between each level. The uppermost level reaches 20 km above the peak of the
mountain. In total 54 vertical levels are used.

The analyses from the GCM of the ECMWF provide both the initialization
data and the boundary conditions for the Meso-NH model. The Meso-NH
model is initialized at 00 UTC and is run for 12 hours. The first two hours
of every simulation are rejected because the model is still adapting to the
atmospheric flow. The remaining 10 hours (corresponding to 19-05 LT) are
used for the characterization of the optical turbulence. The Meso-NH model is
configured to provide an output of the prognostic variables (e.g. wind speed,
potential temperature and pressure) once every hour for the duration of the
simulation. The model also provides an additional output every two minutes
of the vertical profile of C2

N in the grid point at the location of the observatory.

6.2 The vertical distribution of the wind speed

The wind speed is an important parameter for astronomical site evaluation
for several reasons. The strength of the wind speed and the wind shear are
indicators of a turbulent atmosphere, which in combination with a stable strat-
ification creates optical turbulence. Also the higher the wind speed, the higher
the speed with which the turbulent layers cross the telescope, the higher is
the frequency at which the adaptive optics system needs to work to correct
the perturbated wavefront. The wind speed near the ground may also create
vibrations in the telescope structure.

The astroclimatic parameter that directly depends on the wind speed is the
wavefront coherence time (τ0), which depends on the integral of the vertical
distribution of the wind speed and of the C2

N (Eq. 2.6). Sarazin and Tokovinin
(2002) proposed a method to estimate the equivalent velocity (Eq. 2.5) using
only a combination of the wind speed at the ground and the wind speed at 200
hPa in an empirical relationship, V0 = max(Vground,0.4 ∗V200). However, as
discovered by Masciadri and Egner (2006) and García-Lorenzo et al. (2009)
the value of the constant 0.4 is not universal, but varies from place to place.
Masciadri and Egner (2006) showed that the method of Sarazin and Tokovinin
(2002) introduces a relative error in the estimation of τ0 as large as 20-50%
and concluded that it is necessary to use the whole wind speed profile in order
to calculate V0 and τ0.

Measuring the vertical distribution of the wind speed at an astronomical
observatory is complicated. One option is to estimate the wind speed using
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Figure 6.1: The area covered by the models. The black squares indicate the location

of the sub-model. The top panel shows the outermost model with a resolution of 10

km. The middle panel shows the sub-model with 2.5 km resolution. The bottom panel

shows the innermost model with a 500 m resolution. The colour scale to the right

indicates the height of the ground above sea level.
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a Generalized Scidar, which is able to measure the wind speed at all heights
where there is a turbulent layer (Avila et al., 2001). This instrument is not
well-suited for routinely monitoring the wind speed as it needs to be placed at
the focus of a telescope with a pupil diameter of at least 1.5 meters.

The wind speed can also be retrieved from general circulation models (ei-
ther from the ECMWF or NOAA), where the data can be requested for any site
in the world. The resolution of these models is too low to accurately describe
the boundary layer (here defined as the first kilometre above the surface) be-
cause the orography is smoothed out, thus the atmospheric flow in areas with
steep topography, such as mountains where most observatories are situated, is
not accurately described in these models.

Much more detailed estimates of the wind speed near the ground can be
provided by meso-scale models. Masciadri (2003) proved that the Meso-NH
model can provide much better estimates than GCMs. The Meso-NH model
was able to discriminate the wind speed near the ground between two observa-
tory sites (Paranal and Maidanak) characterized by a difference in the median
wind speed of 4-5 m/s when the GCMs were not.

6.2.1 Monthly median wind speed

An estimation of how well the ECMWF analyses perform in the Mt Graham
region is made by comparing the vertical distribution of the wind speed in the
model with radiosoundings. The GCMs perform better in regions where the
distribution of meteorological stations is denser. The meteorological station
nearest to Mt Graham, which also perform radiosoundings, is located ∼120
km south-west from Mt Graham, at Tucson International Airport.

The ECMWF analyses are downloaded from the MARS catalogue at
the grid point closest to Mt Graham using the 0.25◦ resolution (32.75◦N,
110.00◦W). The wind speed from the analyses is compared to the wind
speed from the radiosoundings, at 00 UTC for the year 2005. Fig. 6.2 (left)
shows the vertical distribution of the median wind speed for the entire year.
The middle panel shows the difference of the median (radiosoundings -
ECMWF). The right most panel shows the statistical uncertainty σ/

√
N

where N=328 is the number of radiosoundings used in this comparison. The
remaining 37 days of this year are excluded from the analysis because the
radiosoundings did not reach the height 20 km a.s.l. or were missing. The
difference of the median is small, 1-2 m/s for most of the 20 km. The largest
discrepancy is found at 17 km, ∼4 m/s, but at this height the wind speed
is ∼ 1/3 of the value at the jet stream and the effects on the astroclimatic
parameters are small.

The monthly median wind speed from the ECMWF analyses, using data
from 10 years (1998-2007) at 06 UTC (corresponding to 23 LT), is shown in
Fig. 6.3. There is a large difference in height between the closest grid point
and the peak of Mt Graham, ∼2 km, so only the wind speed above 4 km a.s.l.
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Figure 6.2: Left: The median wind speed during 2005. Middle: Difference of the

median, radiosoundings minus ECMWF. Right: Statistical uncertainty, where N=328

is the number of nights considered.
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Figure 6.3: The monthly median wind speed at Mt Graham 1998-2007. The dashed

lines show the first and the third quartile. The dotted line indicates the height of the

200 hPa-level.
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will be considered, i.e. roughly 1 km above the ground of Mt Graham (3200
m a.s.l.). The vertical distribution of the wind speed at Mt Graham is typical
of a mid-latitude site with a wind speed maximum at 11-12 km a.s.l. almost
all of the year. During July and August the maximum wind speed is not found
at the height of the jet stream, but at much higher altitudes, above 20 km well
into the stratosphere. The wind speed at the 200 hPa level, at Mt Graham
situated slightly above the peak in the wind speed profile, is comparable to
those above other major astronomical sites (Carrasco et al., 2005). The full
table of the monthly mean of the wind speed at 200 hPa is found in Table 2
in Paper III. The strongest wind speed at 200 hPa is found in February (37.2
m/s) and the weakest in July (11.2 m/s). The mean wind speed and its standard
deviation is very similar to what has been reported by Carrasco et al. (2005)
over San Pedro Mártir using the reanalysis from NOAA. This is not surprising
considering that the two sites are located close to one another.

The yearly monthly median wind speed profile (Fig. 4 in Paper III) shows
that the difference in the vertical distribution of the wind speed between dif-
ferent years is smallest during the summer, when the strength of the wind
speed is also the weakest. The largest difference between individual years
occurs during the autumn (October and November) and spring (March and
April). The difference between the strongest and the weakest maximum aver-
age wind speed exceeds 20 m/s during these months. This dispersion of the
wind speed in the same month during different years is a clear indication that
studies looking for seasonal trends in the wind speed or the optical turbulence
(which depends on the wind speed) should be carried out on a time scale of
several years to filter out the effects of this intrinsic variability.

The horizontal resolution of the ECMWF model has increased during these
years (1998-2007). An investigation of the difference in the monthly median
wind speed profile from the grid points closest to the summit of Mt Graham
using two different resolutions (0.25◦ and 0.5◦) shows that the difference is
very small and the changes in horizontal resolution do not introduce any bias
in the calculations. This analysis is presented in further detail in Appendix A
of Paper III.

6.2.2 The wind speed from the Meso-NH model

In order to verify the ability of the Meso-NH model to simulate the wind speed
above 1 km, the wind speed from the Meso-NH model has been compared
to the wind speed from the ECMWF at the four grid points surrounding Mt
Graham (see Fig. 5 of Paper III). The wind speed from the Meso-NH model
is well correlated with the ECMWF analyses for all four grid points.

In order to investigate if the temporal evolution is well described by the
model two nights were chosen, one characterized by a strong wind speed and
one characterized by a weak wind speed. The wind speed of the Meso-NH
model was compared to the wind speed from the ECMWF analyses at the
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Figure 6.4: The vertical distribution of the wind speed from the Meso-NH model

(solid line) and the ECMWF analyses (dashed line) at the start (00 UTC and the end

(UTC) of a simulation for May 29, 2007 (left hand side) and Feb. 26, 2008 (right hand

side)

start (00 UTC) and at the end (12 UTC) of the simulation. This comparison is
shown in Fig 6.4. At the start of the simulation the two profiles match well. At
the end of the simulation the wind speed has increased during the night with
the weaker wind speed and has decreased during the night with the strong
wind speed. Both changes are well simulated by the Meso-NH model. The
only notable difference is at 4 km a.s.l. during the night with the weak wind
speed, where there is a low level jet in the wind speed in the Meso-NH model
that is not reproduced by the ECMWF analyses. Highly probably this is a
result of the better resolution of the Meso-NH model.

The reliability of the Meso-NH model to simulate the wind speed in the
boundary layer is investigated comparing the data from the Meso-NH model
against the vertical wind speed profile obtained from the GS-data and the mea-
surements of the anemometer mounted on the roof of the VATT, the same
telescope where the GS is mounted.

To my knowledge, no-one has yet done a detailed study of the reliability of
the wind speed obtained with a GS in the boundary or surface layers therefore
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the measurements from the anemometer are also includeed in order to have an
independent reference near the surface.

The average profile of the wind speed during 39 of the nights1 in Table 5.1
is shown in Fig. 7 in Paper III together with the average profile during the
same nights from the Meso-NH model. Remembering that the GS is mounted
on the focus of the VATT and is only able to measure the wind speed above
∼20 m from the ground, the Meso-NH model is well correlated with the GS
in the first kilometre above 30 m, with a deviation of less than 1 m/s. Closer
to the ground the wind speed measured by the GS is stronger than the wind
speed of the Meso-NH model. This is probably because the GS measurements
have a vertical error bar of ∼25 m. It might be that the GS is detecting the
wind speed also from thin layers flowing at a slightly higher altitude above
the dome that are not resolved by the instrument and therefore result in a
too strong wind speed in the GS data. The temporal evolution of the average
wind speed near the ground from the GS, from the Meso-NH model at 20
m above the surface and from the anemometer mounted on the roof of the
VATT is shown in Fig. 6.5. From a qualitative point of view the evolution
of the wind speed is well reconstructed by the model and is well correlated
to the measurements from the anemometer. The wind speed increases and
decreases during the same nights. The average wind speed during these nights
is 7.4 m/s using the GS, 5.2 m/s in the Meso-NH model and only 2.4 m/s
in the anemometer data. The wind speed calculated by the model fits well
into the range of the measurements. The weaker wind speed reported by the
anemometer is probably due to the position of the anemometer, behind the
dome of the telescope (for certain wind directions) and also well below the
top of the trees, which result in friction forces on the atmospheric flow that
drastically can reduce the wind speed.

All in all, the wind speed at Mt Graham is well reproduced by the Meso-NH
model, in the boundary layer as well as in the free atmosphere.

1The wind speed profiles from the GS are only available for 39 of the nights.
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6.3 Simulating the optical turbulence at Mt Graham

6.3.1 Calibration procedure

When the model initially is run for all nights in Table 5.1 without using any
calibration the model is overestimating the C2

N near the surface whereas the
C2

N in the free atmosphere is underestimated. It was evident even before this
first set of simulations that the measurements from two of the nights (March
2 and 3, 2008) are showing unrealistically high values. These two nights are
excluded from the sample and will not be studied in any further detail.

When calibrating the Meso-NH model the whole sample of 41 nights is not
used, the calibration is based on 34 of the nights. The seven nights which are
excluded all show unusual results in some way2 which might influence the
calibration negatively.

The overestimation of the C2
N near the ground is adjusted using the ratio of

the J between the measurements and the simulations in the first 400 m above
the ground and the constant deciding the value of C2

T is modified accordingly.
The height 400 m was chosen because this is the height where the average C2

N-
profile from the GS crosses the average C2

N-profile from the Meso-NH model.
The calibration of the model above 400 m is based on the idea presented in

Masciadri and Jabouille (2001) who found a relationship between the strength
of the C2

N and the initialization energy (Emin) of the Meso-NH model during
stable conditions. In the model the Emin is a free parameter that can be con-
sidered a sort of background climatological noise. In the regions with a stably

stratified atmosphere the C2
N ∝ E2/3

min . Under unstable conditions with well de-
veloped dynamic turbulence the model quickly forgets the value of Emin and
the turbulent kinetic energy changes according to the development of the dy-
namic turbulence.

The atmosphere is divided into several regions where one can assume that
the turbulence conditions are similar and for each region a constant, ak where
k denotes the vertical region, is calculated so a new Emin is obtained using
Eq. 6.1.

E∗
min,k = Emin ·a3/2

k (6.1)

Using this relationship the Emin can be changed for each vertical region and
by doing this the model is provided with a higher or lower inertia to trigger
turbulence. The constants ak are determined by minimizing the differences
between the measured and the simulated vertical distribution of the C2

N .
For these simulations the atmosphere is divided into six vertical layers3

and an ak is calculated for each layer. The size and number of these layers is
chosen arbitrarily and the layers are placed where the turbulence seems to be

2An extremely high J near the surface in the model or a J in the first 400 m of the measurements

that was larger than the J of the dome seeing. J is the turbulent energy defined as C2
N(h)Δh and

is used in the calibration procedure because it is a linear parameter.
30-0.4 km, 0.4-2 km, 2-7 km, 7-11 km, 11-13 km, 13-20 km
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characterized by similar trends. The coefficient is calculated for every layer
except the first (0-400 m) where the influence of the Emin is negligible. The
model is initialized with the new E∗

min and is rerun for all nights.
Instead of dividing the atmosphere into several layers another method is

also tested in which the calibration constant ak is calculated for every height
of the model. From a pure mathematical point of view this method should
provide a better estimate of the C2

N since it imposes more constraints, but it
is based on the questionable physical assumption that the Emin is different for
each model level yet it should remain constant for each night. However, taking
advantage of the large sample of measurements, it was possible to test if this
method actually provides a better estimate of the C2

N than the other calibration
method. Another interesting question is how well will the model simulate the
C2

N using the two different calibration methods when the nights not used in the
calibration also are added. Following the notation in Paper IV the calibration
based on dividing the atmosphere into several layers will hereafter be referred
to as MJ01 and the calibration using every model level will be referred to as
MJ01∗.

6.3.2 Vertical distribution of the optical turbulence

Fig. 6.6 is included as an example of the difference in output between the sim-
ulations and the measurements. The temporal evolution of the C2

N is shown for
two nights, one in summer and one in winter, and also the average profile of
each night for both measurements and simulations. The spatial and temporal
resolution of the Meso-NH model and the measurements have the same order
of magnitude. The temporal evolution of the model is smoother than the mea-
surements making it difficult to use the model to predict the C2

N at a precise
time, instead the average profiles from each night from the simulations and
the measurements are considered. Looking at the profiles in Fig. 6.6 (right
hand panels) the C2

N-profile from the measurements (red line) extends below
the ground, this is caused by the limited resolution of the GS that spreads the
optical turbulence also below the ground.

The vertical profile of the C2
N simulated by the calibrated Meso-NH model,

averaged over all the studied nights, fits well with the average of the mea-
sured profiles in Fig. 6.7. This figure a good illustration of the impact of the
calibration of the model. The uncalibrated model (green line) is clearly under-
estimating the C2

N in the free atmosphere up to 14 km above the ground when
compared to the profile from the measurements. The shape of the profiles is
well reconstructed by both of the calibration methods even though between
4 and 8 km the MJ01∗ method fits better with the GS-data than the MJ01
method.
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Looking at the average of all 41 nights (the top panel in Fig. 6.8) there
are no major differences in the shape of the average C2

N-profiles. Taking ad-
vantage of the rich statistical sample of measurements, it can also be divided
according to season into summer (April to September, 15 nights) and winter
(October to March, 26 nights) and the resulting C2

N-profiles are plotted in the
bottom panels of Fig. 6.8. The winter profiles are well reconstructed by the
Meso-NH model but during the summer the C2

N in the high part of the at-
mosphere is overestimated by the model. Looking at the summer profiles the
MJ01 method agrees better with the measurements than MJ01∗ up to 8 km,
above this height both methods give a similar result. The shift in altitude of
the secondary peak of the C2

N , the α-effect, is well reconstructed, though the
strength of the secondary peak is overestimated.

The sample of measurement is biased towards the winter since there are
more measurements from the winter season. Among the 34 nights used in
the calibration there are 20 winter nights and 14 summer nights. This bias
in the measurements favours the vertical distribution found during the winter
and in combination with the small variability of the Meso-NH model in the
upper atmosphere, this leads to an overestimation of the optical turbulence in
the upper atmosphere during the summer. Using a sample evenly distributed
throughout the year in the calibration should result in a smaller overestimation
of the C2

N in the free atmosphere during the summer and an underestimation of
the C2

N during the winter in the same region. Looking at the individual nightly
profiles of the C2

N it is clear that the model reactivity needs to be improved
in the upper part of the atmosphere in order to be able to more accurately
simulate the situations with very strong or very weak optical turbulence in
this region. It appears that the higher the altitude, the higher is the model
inertia and consequently the model has more difficulties in reconstructing the
extreme values (maximum and minimum) in the high part of the atmosphere.
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Figure 6.7: The average profile of C2
N during the 34 nights used in the calibration from

the GS (red line) and Meso-NH (green line - uncalibrated, clear blue line - MJ01, dark

blue line - MJ01∗).
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Figure 6.8: The average profiles of the C2
N from the GS (red lines) and the Meso-NH

model, MJ01∗ (dark blue lines) and MJ01 (clear blue lines). The top panel shows the

average of all 41 nights, the bottom left panel shows the average of the summer nights

and the bottom right panel shows the average profiles of the winter nights.
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6.3.3 The astroclimatic parameters

In order to better quantify the ability of the Meso-NH model to simulate the
optical turbulence the three most important astroclimatic parameters are pre-
sented in this section (the seeing, the isoplanatic angle and the wavefront co-
herence time).

6.3.3.1 Seeing
The seeing is calculated for the whole atmosphere (0-20 km) as well as divided
into seeing in the boundary layer (0-1 km) and in the free atmosphere (1-20
km). The dome seeing is removed from both the total seeing and the seeing
in the boundary layer in the GS data and the first 20 m, corresponding to the
height of the telescope, is removed from the Meso-NH data.

The average seeing is reported in Table 6.1 using both only the nights in the
calibration procedure (34 nights) and the total sample (41 nights). Looking at
the seeing for the nights used in the calibration both methods give compara-
ble results, the MJ01 method is better at simulating the total seeing and the
seeing in free atmosphere while the MJ01∗ method gives a better result of the
boundary layer seeing. When the calibration sample is divided into seasons
the MJ01∗ method gives better results in the winter while the MJ01 method
is better during the summer. The relative error for the total sample is under
9.2% for the MJ01 method and under 17.6% for the MJ01∗ method, well un-

Table 6.1: The average of the total seeing, seeing in the boundary layer and the free
atmosphere for both the samples the sample used in the calibration (34 nights) and
the whole sample (41 nights). In the calibration sample there are 14 summer nights
and 20 winter nights. In the whole sample there are 15 nights in summer and 26 nights
in winter.

34 nights 41 nights

GS εTOT εBL εFA εTOT εBL εFA

Total 0.69 0.50 0.41 0.71 0.51 0.43

Summer 0.46 0.26 0.34 0.45 0.26 0.34

Winter 0.85 0.66 0.46 0.87 0.67 0.48

MJ01 εTOT εBL εFA εTOT εBL εFA

Total 0.66 0.45 0.41 0.76 0.56 0.41

Summer 0.52 0.29 0.37 0.51 0.28 0.41

Winter 0.76 0.56 0.43 0.91 0.73 0.43

MJ01∗ εTOT εBL εFA εTOT εBL εFA

Total 0.74 0.49 0.48 0.84 0.59 0.48

Summer 0.60 0.32 0.47 0.60 0.31 0.47

Winter 0.84 0.60 0.43 0.98 0.76 0.49
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Figure 6.9: The measured seeing plotted against the simulated seeing from the Meso-

NH model using the whole sample of 41 nights. MJ01 - stars, MJ01∗ - circles. Left:

the total seeing. Centre: the seeing in the boundary layer (0-1 km). Right: the seeing

in the free atmosphere (1-20 km).

der the 20% dispersion found between different measurement techniques by
Masciadri et al. (2004).

Looking at the total sample of 41 nights, the MJ01 method is in more agree-
ment with the measurements than the MJ01∗ method, which tends to overes-
timate the seeing, considering both the total sample and the seasonal values.
The relative errors for all of the nights remain similar to the values found for
the 34 nights (9.0% for MJ01 and 18.0% for MJ01∗). It is also very encour-
aging that the model is able to identify the season with the lowest seeing in
all layers (summer) using both the calibration sample and the whole sample,
with both methods.

The seeing for the individual nights is shown in Fig. 6.9 where the total
seeing, the seeing in the boundary layer and the seeing in the free atmosphere
for all 41 nights using both calibration methods are plotted against the mea-
surements. Looking at the total seeing (left hand panel) there is a generally
good agreement between measurements and simulations. The correlation co-
efficient between the measurements and the Meso-NH model is 0.61 (regard-
less of the calibration method), which is lower than what is found for the 34
nights (0.81 MJ01 and 0.82 MJ01∗). This, however, is hardly surprising as
the extra nights all have some atypical behaviour which is difficult to simu-
late correctly. The boundary layer seeing (middle panel) behaves similarly to
the total seeing, the correlation coefficient drops from 0.78 (MJ01) and 0.80
(MJ01∗) for the 34 nights to 0.60 (MJ01) and 0.61 (MJ01∗) using the whole
sample (41 nights). The seeing in the free atmosphere shows a poorer correla-
tion between simulations and measurements than the other two seeing values.
The correlation for the 34 nights is 0.58 (MJ01) and 0.47 (MJ01∗), but drops
to 0.47 and 0.40 respectively for the whole sample. The weaker correlation
in the free atmosphere seeing is due to the smaller variability of the model in
the upper part of the atmosphere. The average value of the seeing in the free
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atmosphere is well predicted by the model, but it lacks the variability of the
measurements.

6.3.3.2 Isoplanatic angle
The average isoplanatic angle of the simulations is 2.06 arcsec for MJ01 (1.82
arcsec for MJ01∗) and 2.65 arcsec in the measurements. The offset between
model and measurements (0.6 arcsec) is quite small and is probably due to a
small off-set in the calibration. The isoplanatic angle depends very much on
the height of the optical turbulence (see Eq. 2.8) and the bias in the sample
with more winter nights contributes to the underestimation of the isoplanatic
angle in the model as the summer nights are under-represented in the sam-
ple and they all show a very weak turbulence in the free atmosphere (which
implies a larger isoplanatic angle).

The model shows a small variability in the isoplanatic angle as is illus-
trated by Fig. 6.10, which shows the isoplanatic angle from the model plotted
against the measurements. The difference in the isoplanatic angle between the
best and the worst night is as small as 0.4 arcsec in the model, whereas the
difference between the best and the worst night in the GS-data is 4.7 arcsec.
The correlation coefficients are considerably lower than for the seeing (0.33
MJ01 and 0.23 MJ01∗).

The underestimation of the average isoplanatic angle can be reduced by
using a more homogeneous sample of nights in the calibration. The lack of
variability in the C2

N in the high part of the atmosphere needs to addressed in
the future in order to improve the ability of the model to correctly simulate the
nightly values of the isoplanatic angle.
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Figure 6.10: The isoplanatic angle simulated by the Meso-NH model plotted against

the GS-measurements for the whole sample of 41 nights. MJ01 - stars, MJ01∗ - circles.
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6.3.3.3 Wavefront coherence time
The wavefront coherence time (τ0, defined in Eq. 2.6) calculated using the
GS-data is plotted against τ0 calculated from the Meso-NH model is shown
in Fig. 6.11 (MJ01 - stars, MJ01∗ - circles). All values are calculated using
the same wind speed obtained from the Meso-NH model, as this is the most
reliable method available to estimate the vertical distribution of the wind speed
at the summit of Mt Graham (see Section 6.2).

There is an excellent correlation between the model and the measurements
(0.95 MJ01 and 0.96 MJ01∗). The model appears to more accurately simulate
the nights with a shorter wavefront coherence time whereas for the nights with
weak optical turbulence the model tend to underestimate the τ0 with respect
to the GS.

The wavefront coherence time is less dependent on the C2
N in the upper

atmosphere than the isoplanatic angle. Calculating the wavefront coherence
time in two layers of the atmosphere (0-10 km and 10-20 km) shows that the
simulated and the measured values agrees well with each other in the lower
layer (0-10 km) whereas in the upper layer (10-20 km) the model underes-
timates the τ0. However, the contribution of the upper layer to the total τ0

is small. The small bias in the C2
N in the upper atmosphere does have some

influence on the τ0, but this effect is negligible.
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Figure 6.11: The wavefront coherence time from the Meso-NH model plotted against

the GS-data. MJ01 - stars, MJ01∗ - circles for 41 nights. The τ0 is plotted in millisec-

onds.
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7. Summary and Conclusions

The characterization of the optical turbulence is necessary for the success of
ground-based astronomy. In order to correct for the deformation of the wave-
front caused by the optical turbulence using adaptive optics astronomers need
to know where and when the optical turbulence forms and the effects it might
have.

The first topic of this thesis was the investigation of the classic meteorolog-
ical parameters which the optical turbulence depends on. This topic was in-
vestigated in Paper I, which compared the meteorological parameters at three
sites on the Internal Antarctic Plateau that are the most interesting for as-
tronomers (Dome C, Dome A and the South Pole) using the operational anal-
yses of the ECMWF. The wind speed in the free atmosphere is influenced
by the polar vortex that during the winter creates strong high-altitude winds.
Paper I shows that the influence of the polar vortex is strongest at Dome C
whereas the South Pole has the weakest wind speeds in the free atmosphere.
The strong wind speed gradient at Dome C also influences the Richardson
number, which indicates that the probability of the triggering of turbulence is
the highest at Dome C. The ECMWF analyses cannot accurately resolve the
boundary layer, but a qualitative comparison of the gradients of potential tem-
perature and wind speed shows that the strongest gradients are found at Dome
A, indicating conditions of an extreme thermal stability that can be associated
with a high level of optical turbulence when a thermodynamic instability oc-
curs, possibly even higher than at Dome C. To determine the thickness of the
turbulent surface layer the resolution of a GCM is not large enough and it is
necessary to use a mesoscale model.

The second topic of this thesis was the ability of the mesoscale model Meso-
NH to simulate the optical turbulence and the wind speed at Mt Graham (AZ,
USA), site of the LBT.

The results of an extensive measurement campaign at this site are presented
in Paper II. The measurement campaign has provided a total of 43 nights of
measurements of the optical turbulence with a Generalized Scidar (GS), which
provides vertical profiles of the C2

N , during different periods of the year. The
measurements show seasonal changes in the vertical distribution of the optical
turbulence, confirming the simulations of Masciadri and Egner (2006) which
showed that the secondary peak in the C2

N-profile is weaker and located at
higher altitudes during the summer than during the winter. The astroclimatic
parameters derived from these measurements show Mt Graham to be an excel-
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lent site for astronomy with median seeing of 0.72 arcsec (no dome seeing),
median isoplanatic angle 2.5 arcsec and median wavefront coherence time 4.8
ms. All astroclimatic parameters show that the optical turbulence is weaker
during the summer than during the winter.

In Paper III the evolution of the monthly median wind speed at Mt Graham
during ten years (1998-2007) was presented, using the ECMWF analyses from
the grid point closest to the mountain peak. The wind speed vertical distribu-
tion at Mt Graham is that of a typical mid-latitude site with a peak in the
wind speed at ∼12 km a.s.l. except during the summer when the maximum
wind speed is located at higher altitudes. The strongest variability between
different years is found when the wind speed is also the strongest, in spring
and autumn. Studying the wind speed at 200 hPa (usually the height of the jet
stream) the strongest average wind speed is found in February (37 m/s) while
the weakest average wind speed is in July (11 m/s).

In the same paper the ability of the Meso-NH model in simulating the wind
speed was also investigated and it was shown that the Meso-NH model pro-
vided reliable estimates of the vertical distribution of the wind speed from the
ground up to 20 km above. This is particularly important for the forecasting
of the wavefront coherence time.

The rich statistical sample of measurements from the GS was used to cal-
ibrate the Meso-NH model and to study the model performance in different
seasons in Paper IV. The calibration is based on a fitting of the simulated and
measured C2

N-profiles on a finite number of vertical layers. A variant to the
standard calibration (MJ01) based on the fitting for each model level is also
tested (MJ01∗).

The shape of the average profile of the C2
N is well described by the model,

both for the 34 nights used in the calibration and the whole sample of 41
nights. The model also reproduces well the C2

N-profile in winter whereas dur-
ing the summer the secondary peak in the C2

N is correctly located at higher
altitudes but the strength of the optical turbulence in this region of the atmo-
sphere is overestimated. This overestimation is a result of the large model in-
ertia in the upper atmosphere in combination with a calibration sample which
is biased towards the winter.1

The total seeing and the boundary layer seeing from the model is well cor-
related with the measurements. The seeing in the free atmosphere is less cor-
related to the measurements due to the small variability in the model in the
upper atmosphere. The average seeing from the 34 nights used in the calibra-
tion is equally well predicted by both calibration methods whereas the MJ01
method, based on a more solid physical assumption than the MJ01∗ method,
produces better results if the whole sample of 41 nights is used.

The average isoplanatic angle of the model, particularly the MJ01 method,
is in good agreement with the measurements. However, the Meso-NH model

1Among the 34 nights used in the calibration there are 14 nights in summer and 20 nights in

winter.
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lacks the varability of the measurements in determining the nightly values of
the isoplanatic angle. The weakest and the strongest isoplanatic angles are not
well described by the model.

The wavefront coherence time is very well described by the model. The
correlation coefficient of the model and the measurements is as high as 0.95.
The bias in the C2

N in the upper atmosphere has a negligible effect on the
wavefront coherence time.

All in all, the Meso-NH model is able to accurately describe the optical
turbulence at Mt Graham showing small relative errors with respect to the
measurements for most of the astroclimatic parameters. The MJ01 method
shows better results than the MJ01∗ method when the whole sample of 41
nights is considered. The most pressing issue in order to improve the ability
of the Meso-NH model to simulate the optical turbulence is to increase the
variability of the model in the high part of the atmosphere.

57





Acknowledgements

First and foremost I would like to thank Elena Masciadri, my supervisor at
INAF-OAA and team leader of the ForOT project. I could not have done this
without you, grazie infinite. I am also very grateful for all the help from the
rest of the ForOT-team, Franck Lascaux, for all his help in explaining the
mysteries of the Meso-NH model to me, and Jeff Stoesz, for the hard work
getting the data from the Generalized Scidar. A big thanks also to Luca Fini
for much needed computer support.

I am also very grateful to my supervisor at Uppsala University, Anna Rut-
gersson. I could not have done this without you either.

Thank you also to the rest of the staff (current or former) of the Adaptive
Optics group at INAF-OAA, especially Daniela Zanotti (alchemist extraordi-
naire), Alfio Puglisi and my former office-mates Francesca Pieralli, Alessan-
dro Cavallaro and Juan-Carlos Guerra for interesting discussions, moral sup-
port and providing various insights into the Italian way of life. Of course I
am equally grateful to all the people at the Department of Earth Sciences in
Uppsala. Thanks for everything.

Thank you to all my friends and family for all your support, patience and
understanding.

Furthermore I would like to thank the team behind the Meso-NH model in
Toulouse for providing support of the model. Thank you also to the staff at Mt
Graham Observatory for support during the observations with the GS.

The major part of this work has been funded by the Marie Curie Excellence
Grant (FOROT) MEXT-CT-2005-023878.

During the course of a PhD you get to meet a lot of people, who all con-
tributed in their own way. It is not possible to mention everyone by name here,
but I am very grateful to all of you nevertheless.

59





8. Summary in Swedish

Astronomiska observationer gjorda av teleskop på marken påverkas
av jordens atmosfär. Små-skaliga fluktuationer i luftens brytningsindex
perturberar vågfronterna från avlägsna objekt och de resulterande bilderna
blir suddiga. Atmosfärens degradering av bildkvaliteten orsakas av den
optiska turbulensen, som uppstår då det förekommer dynamisk turbulens i
samband med en termiskt stabilt skiktad atmosfär (∂θ/∂ z > 0). Inflytandet
av den optiska turbulensen minimiseras med hjälp av system för adaptiv
optik som med hjälp av en deformerbar sekundär-spegel kompenserar för
vågfrontens perturbationer. För att kunna bygga ett effektivt system för
adaptiv optik för ett större teleskop är det viktigt att veta var det bildas mest
optisk turbulens.

Simuleringar av den optiska turbulensen kan ge värdefull information om
turbulensens struktur i förväg och på så sätt underlätta planeringen av obser-
vationer så att teleskopet används på ett optimalt sätt. De observationer som
kräver exeptionellt goda förhållanden planeras in när atmosfären förväntas
uppnå ställda krav på de astroklimatiska parametrarna.

Analyserna från ECMWF kan användas till att ge en första uppskattning
om hur väl en plats är lämpad för att bygga ett teleskop genom att studera
de meteorologiska parametrarna (vind, potentiell temperatur, Richardsons tal,
osv). I artikel I jämfördes de tre platser på den inre Antarktiska platån som
anses mest intressanta för astronomi (Dome A, Dome C och Sydpolen) med
hjälp av de operationella analyserna från ECMWF. Antarktis är intressant för
astronomer framför allt eftersom atmosfären där är väldigt tunn och torr och
att det mesta av den optiska turbulensen är koncentrerad till ett tunt skikt nära
marken. En jämförelse av vindstyrkan över dessa tre platser visar att i den fria
atmosfären är vinden i stort sett konstant med höjden under sommaren medan
under vintern ökar den monotont ovanför ca 10 km över marken. Den här
ökningen av vinden är störst under slutet av vintern, i synnerhet över Dome
C medan vinden över Sydpolen är svagast. Orsaken till ökningen av vinden
är polarvirveln, som bildas över Antarktis under vintern, och desto längre en
plats befinner sig från virvlens mitt desto starkare blir vinden i den övre delen
av troposfären/lägre stratosfären. Richardson tal visar också att sannolikheten
för att turbulens formas är högst över Dome C, medan de lugnaste förhål-
landena återigen finns över Sydpolen. Upplösningen i ECMWF-analyserna
är för grov för att de ska kunna användas till att i detalj studera förhållan-
dena i gränskiktet. En kvalitativ jämförelse av gradienterna av den potentiella
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temperaturen och vinden visar att de skarpaste gradienterna finns över Dome
A, vilket innebär att den extremt skarpa temperaturinversionen skulle kunna
skapa stark optisk turbulens här.

För att den optiska turbulensen ska kunna simuleras på ett realistiskt sätt
krävs mesoskaliga modeller. Den franska mesoskaliga icke-hydrostatiska
modellen Meso-NH har anpassats för att kunna simulera den optiska
turbulensen av Masciadri et al. (1999a). I den här studien har Meso-NH
modellen använts för att simulera förhållandena över Mt Graham (AZ, USA).
Vid samma observatorium har en omfattande mätkampanj genomförts som
resulterade i 43 nätter med mätningar av den vertikala strukturen av den
optiska turbulensen under olika tider av året (artikel II). Dessa mätningar
innebär att det är möjligt att verifera modellens förmåga att simulera
skillnaderna i den optiska turbulensens struktur under året.

Mätningar av den optiska turbulensen, utförda med en Generalized Scidar
(GS), visar att förhållanden vid Mt Graham är utmärkta för astronomiska ob-
servationer. Medianvärdena för de astroklimatiska parametrarna under dessa
43 nätter är seeing (ε) 0.72 bågsekunder (den seeing som skapas av teleskopets
kupol har exkluderats), vågfrontens koherenstid (τ0) 4.8 ms och den isopla-
natiska vinkeln (θ0) 2.5 bågsekunder. Samtliga av dessa parametrar visar på
lägre optisk turbulens under sommaren än under vintern. Mätdatan visar att
de skillnader i den vertikala strukturen av den optiska turbulensen som först
presenterades av Masciadri and Egner (2006) också observeras i GS-datan.
Masciadri and Egner (2006) visade med hjälp av simuleringar av den optiska
turbulensen med Meso-NH modellen att det under sommaren förekom lägre
nivåer av optisk turbulens nära marken och att det mindre maximat av den
optiska turbulensen vid höjden för jetströmmen blev svagare och befann sig
högre upp under sommaren jämfört med vintern.

Vinden vid Mt Graham har studerats i detalj eftersom det är en viktig
parameter då höga vindhastigheter och skarpa vindgradienter indikerar en
turbulent atmosfär och ju högre vind desto snabbare passerar den optiska
turbulensen över teleskopet så systemet för adaptiv optik behöver arbeta
snabbare. Artikel III behandlar den vertikala fördelningen av vinden över
Mt Graham. En analys av den månatliga fördelingen av vinden under en tio
års-period (1998-2007) visar att vindens vertikala struktur vid Mt Graham
har ett typiskt betende för en plats på mellan-latituder med de högsta
vindhastigheterna ca. 12 km ö.h., utom under sommaren när vindmaximat
befinner sig högre upp. Den här delen av studien har utförts med hjälp av
de operationella analyserna från ECMWF, från den gridpunkt (32.75N,
110.00W) som befinner sig närmast toppen av Mt Graham (32.70N,
109.89W). De operationella analyserna har valts eftersom de har högre
upplösning än åter-analyserna. De ändringar som gjordes av den operationella
modellen under den studerade tio års-perioden bedömdes ha litet eller inget
inflytande över slutresultatet.
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Meso-NH modellen har använts för att simulera atmosfären över Mt Gra-
ham under samtliga nätter som det finns mätningar med GS, som även kan
användas för att uppskatta vindprofilen genom att undersöka hastigheten av
de turbulenta skikten. En jämförelse av vinden simulerad med Meso-NH mod-
ellen och vinden från ECMWFs analyser visar att de båda modellerna stämmer
väl överens i den fria atmosfären. I gränsskiktet (här definierat som den första
kilometern över marken) har medelprofilen av vinden från Meso-NH mod-
ellen jämförts med GS-data och även mätdata från observatoriets anemometer,
vilka visade att den marknära vinden simuleras väl av Meso-NH modellen.

I artikel IV undersöktes Meso-NH modellens förmåga att simulera den
optiska turbulensen över Mt Graham. För att bättre kunna simulera den op-
tiska turbulensen har modellen kalibrerats m.h.a. mätdatan från GS enligt den
metod som presenterades av Masciadri and Jabouille (2001). För att undvika
att nätter med ovanlig turbulens-struktur påverkade kalibreringen valdes 34
nätter ut. Genom att dra nytta av det stora antalet mätningar av den optiska
turbulensen kunde två olika metoder för kalibreringen studeras. Standard-
metoden (MJ01) innebar att atmosfären delas upp i flera vertikala nivåer, inom
vilka man kan anta att den optiska turbulensen har liknande fysikaliska egen-
skaper, varefter en minimiseringskoeffiecient beräknas för varje nivå. En vari-
ant av MJ01-metoden testades också där minimiseringskoefficienten beräk-
nades för varje vertikal nivå i modellen (MJ01∗).

Den genomsnittliga vertikala fördelingen av den optiska turbulensen åter-
skapas väl av modellen. Även de årstidsbundna skillnaderna i den vertikala
fördelningen syns i simuleringarna, även om den optiska turbulensen högre
upp i atmosfären under sommarhalvåret överskattas av modellen, oavsett kali-
breringsmetod. Överskattningen beror antagligen på att modellen har en låg
variabilitet i den övre atmosfären och att fler vinternätter än sommarnätter
användes vid kalibreringen så att modellen påverkas mer av dessa.

Modellens uppskattning av seeingen under de 34 nätter som användes i kali-
breringen är likvärdig för båda kalibreringsmetoderna. Seeingen från alla 41
nätter visar att MJ01-metoden ger bättre resultat än MJ01∗-metoden. Den to-
tala seeingen (0-20 km) och seeingen i gränsskiktet (0-1 km) återskapas väl av
modellen medan seeingen i den fria atmosfären (1-20 km) återskapas väl vad
gäller dess medelvärde medan variabiliteten från natt till natt inte återskapas
tillräckligt väl.

Den dåliga variabiliteten på höjd återspeglas också i den isoplanatiska
vinkeln, som är starkt beroende av den optiska turbulensens höjd. Modellens
medelvärde av den isoplanatiska vinkeln stämmer väl överens med
mätningarnas medan variationen av de nattliga värdena är alldeles för låg.

Vågfrontens koherenstid uppskattas mycket väl av modellen, både med
avseende på de nattliga värdena och medelvärdet. Under nätter med mycket
lite optisk turbulens underskattas vågfrontens koherenstid något av modellen.

Sammanfattningsvis så simulerar Meso-NH modellen den optiska turbu-
lensen vid Mt Graham på ett realistiskt sätt både vad gäller den vertikala
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fördelningen och de flesta astroklimatiska parametrarna. Ett mer homogent
dataset att använda vid kalibreringen skulle minska modellens överskattning
av den optiska turbulensen under sommaren, men samtidigt kommer det att
medföra att turbulensen underskattas under vinterhalvåret. För att ytterligare
kunna öka modellens träffsäkerhet bör modellens variabilitet i den övre at-
mosfären förbättras.
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