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Chapter 1

Introduction

1.1 Earth’s atmosphere

Figure 1.1: Average thermal structure of Earth’s atmosphere.
Figure adapted from: [3].

The atmosphere is the envelope which
surrounds the Earth, and it contains
several different chemical compounds
in the form of gas and particulates.
It is composed1 primarily of Nitro-
gen N2 (78.08%), Oxygen O2 (20.98%),
and Argon Ar (0.93%). There are
also the so-called greenhouse gases -
making up less than 0.1% of volume
in dry atmosphere-, including Carbon
Dioxide CO2 (0.039%), Methane CH4
(0.0017%), and Ozone O3 (0.00006%).
The solar radiation (that peaks in the
visible band, according to the Wien’s
law), passes through the atmosphere
and, apart from a small fraction that
is reflected back to space, reaches the
Earth’s ground, which re-radiates it in
the form of infrared (IR) radiation2.
Much of this long wave radiation is
trapped near the surface by the green-
house gases, keeping the Earth an aver-
age temperature of about +15◦C, warm
enough to sustain life as we know it.

The amospheric pressure and the density, therefore the atmospheric temperature, decrease with altitude
above the Earth’s surface, because the atmosphere gets progressively rarefied and the IR irradiance by
the Earth diminishes.
The atmosphere is vertically stratified in temperature in four main layers, each layer grading in the
adjacent one as indicated in Figure 1.1. We shall focus here on the Troposphere, since the light coming
from an object in the sky goes through all the atmospheric layers down to the Tropopause, which defines
the smooth transition from the Troposphere to the Stratosphere, almost unperturbed. In other words,
the atmospheric turbulence, which originates the astronomical seeing (see Sec. 1.2), mainly develops
in the first 20 km of height above the Earth’s ground; beyond the Tropopause, the air density declines
exponentially, the turbulence starts to be optically negligible, and the energy transfer between gas vol-
umes becomes less efficient.
The Troposphere represents the lowest atmospheric layer, in direct contact with the Earth ground, and
extending up to a mean altitude of 13 km. It contains 75% of the mass of the atmosphere, and it is
where clouds and weather occur. This layer is heated from the bottom by the convective motions in the

1Considering the average composition of the atmosphere below 25 km. The concentration of the chemical components
is expressed as volume percentage in dry air.

2The peak wavelength associated to the black-body spectrum of the Sun is: λ� = 2897/T� = 0.5012 µm. For the
Earth it is instead: λ� = 2897/T⊕ = 11.361 µm.
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atmosphere, IR radiation from Earth’s surface, and by a latent heat flux. The latter consists of the heat
released during the evaporation of the water at the surface, resulting in air parcels which rise and cool
down (building up the cooling gradient visible in Figure 1.1), in a way that the water vapor condenses
and forms clouds and precipitation.

Figure 1.2: Cartoon representation of an
inversion layer. Credits:
engineeredfiltrationsystems.com

Within the average thermal structure of the atmo-
sphere, we shall distinguish between the local and tem-
porary inversion layers, and the permanent inversion
layers. The former generally subtend the turbulence
layers: most of the atmospheric turbulence is in fact
confined to specific, narrow, layers that are either close
to inversion points of the temperature or that are in-
terested by strong wind shears generating turbulence.
The permanent inversion layers, instead, are relatively
stable over time, at least in height, and can damp ver-
tical air motions, since, as illustrated in Figure 1.2,
these layers are warmer than the surrounding ones.
This is due to, for example, the local orography of
the ground, that introduces mechanical turbulence by
wind shear mechanisms. It is worthwhile for the fol-
lowing discussion to introduce one particular atmo-
spheric permanent inversion layer: the ground layer,
which is the closest turbulence layer to the Earth’s
surface, caused by the combination of a temperature
inversion layer, wind velocity gradient, land orogra-
phy, and local meterological phenomena.

1.2 Astronomical Seeing
Ground-based astronomical observations in the visible and in the IR bands are mainly limited by the
seeing effect, which affects the telescope spatial resolution and the optical system throughput3.
The seeing is the degradation of the image of a point-like source in the sky onto the science instrument
detector, due to the fact that the incoming wavefront of the source must cross the Earth’s atmospheric
turbulence layers before reaching the telescope. The seeing manifests in general as a broadening of the
Point Spread Function (PSF), that is the distribution of the light intensity in the image of a given
point-like source. The seeing originates from the temperature fluctuations affecting the local index of
refraction of the atmosphere, therefore changing the direction of the light passing through it.
The index of refraction depends on the air density and on its chemical composition, according to the
Cauchy’s formula:

n− 1 = 77.6× 10−6

T

(
1 + 7.52× 10−3λ−2) (P + 4810 ν

T

)
(1.1)

where λ is the wavelength, P the pressure exerted by the atmosphere (mbar), T the atmospheric
temperature (K), and ν the water vapor pressure (mbar). Fluctuations in humidity are not usually
relevant to the seeing at astronomical sites, same for pressure fluctuations. Thus, the refractive index,
and so the seeing, are mainly affected by temperature fluctuations. These fluctuations result from
the natural convection or the mechanical turbulence that induce turbulent mixing of the atmospheric
layers, that are characterized by different temperatures. The fluctuations in the index of refraction are
therefore related to the structure of thermal turbulence in the atmosphere. In particular, the convection
is practically limited to the layers below the Tropopause, while the mechanical turbulence manifests
throughout the whole atmosphere, and it is associated to regions of high wind shear. The energy
spectrum of the turbulence, referred as Kolmogorov spectrum, can be divided into three ranges, as shown
in Figure 1.3 (a). The thermal fluctuations occur in the central one (the inertial sub-range), where the
spatial variation of the temperature has a spectrum ∝ k−5/3, with k being the wave number (inverse of
a wavelength), i.e. the spatial frequency of the turbulence spectrum. The Kolmogorov spectrum can be
expressed with a statistical structure function DT , that corresponds, in this context, to the temperature

3The etendue is a fundamental property of an optical system, that can be defined in two dimensions as the product,
which must be constant, between the area of the telescope entrance pupil and its subtended solid angle.
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structure function DT (r ), namely, the (averaged) variance over a spanr of the temperature �eld T(x):

DT (r ) = < (T(x + r ) � T(x))2 > = C2
T r 2=3 (1.2)

where C2
T is referred as theconstant of �ne structure of the atmosphere. Therefore, the atmospheric

turbulence is quanti�ed by measuring the di�erence in T between two points separated by a distancer .
Regardless, the turbulence vertical pro�le (as a function of the altitude h) is parametrized by the index
of refraction structure index C2

N (h):

C2
N (h) = C2

T (h)
�
77:6 � 10� 6 (1 + 7 :52� 10� 3 � � 2)

P(h)
T(h)2

� 2

(1.3)

The C2
N index pro�le does not show a monotonic behaviour as a function of the altitude: as illustrated

in Figure 1.3 (b) , and as we describe inSec. 2.4, there are evident bumps corresponding to di�erent
turbulence layers.

(a) The Kolmogorov spectrum. (b) Representative turbulence pro�le of C2
N (h).

Figure 1.3: (a) Figure adapted from [8]. (b) Figure adapted from [1].

The seeing pro�le originating from the atmospheric turbulence can be described using a single parameter,
the so-calledFried radius r 0, which is related to C2

N (h) by:

r 0 =
�
1:67 � � 2 (cos
 ) � 1

Z
C2

N (h) dh
� � 3=5

(1.4)

where 
 indicates the zenith angle. The Fried radius, in practice, quanti�es the size of an optically
coherent air bubble with a homogeneous index of refraction. Thus, the image quality depends only
on the integral of the C2

N index over the light path covered in the atmosphere. Another characteristic
variable of the seeing that we can de�ne is the apparent angle on the sky subtended byr 0, called
isoplanatic angle � 0, i.e. the angular distance within which two sources in the sky are a�ected by the
same atmospheric turbulence. It can be expressed as a function ofC2

T (h) as4:

� 0 = 0 :94
� Z

C2
T (h) dh

� 3=5

(1.5)

or, as a function of r 0, like:
� 0 ' 0:6

r 0

h
(1.6)

where h refers to the main turbulent layer above the telescope. Finally, we shall introduce also the
characteristic time of atmospheric turbulence, the so-calledcoherence time, � 0:

� 0 '
r 0

vwind
(1.7)

which is the crossing time of a coherent air bubble of diameterr 0 over the line of sight, given the wind
speedvwind at the height where the main turbulence takes place.

4The multiplicative factor in the formula is obtained by assuming a vertical direction, a � = 500 nm , and the typical
conditions of the astronomical mountain sites, that is, a pressure of 770 mbar and a temperature of 10� C.
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1.3 Seeing measure techniques

In this section we are going to review some of the methods that are used to estimate the seeing at
the astronomical sites. Remote sensors, like theSOnic Detection and Ranging, or SODAR (Sec. 1.3.1
below) instruments, and in situ measurements, as for radiosonde systems carried aloft by meteorological
balloons (Sec. 1.3.2 ), allow to scan, layer by layer, the turbulence structure of the air column above
the ground. Di�erential measurement methods (which exploit instruments that can be seen as remote
sensors), like theDi�erential Image Motion Monitor , or DIMM (see Sec. 1.3.3 ), and the Multi-Aperture
Scintil lation Sensor (MASS; described in Sec. 1.3.4 ), provide, instead, an integrated measure of the
seeing over the atmospheric column above the instrument, losing the information about the position
of the atmospheric turbulent layers that originate the seeing. Yet, this kind of methods involves only
parameters that are directly measurable, and the calibration procedure is mainly based on estimating
the instrumental noise and the system limitations.

1.3.1 SODAR

The SODAR is a technique to measure the wind speed, the direction, and the turbulence parameters
from the back-scattered acustic waves that get scattered back to the ground by �uctuations of the air
density. The time of �ight of these pulses determines the height of the turbulent eddy causing the back-
scatter. Larger density �uctuations of the atmosphere imply higher turbulence, thus, the back-scatter
strength is proportional to the turbulence. Nevertheless, in order to process this strength into the values
of C2

T (h) and C2
N (h), which are related by5:

C2
N (h) =

�
80� 10� 6 P(h)

T(h)2

� 2

C2
T (h) (1.8)

an estimate and a calibration of the variation of the temperature with the altitude are required.
Given that the air motion causes the returning signal to be Doppler shifted, this frequency shift is
proportional to the wind speed in the direction of the sound wave. In particular, when the target (a
turbulent eddy) is moving towards the SODAR instrument, the frequency of the returned signal is higher
than the frequency of the transmitted signal. Conversely, when the turbulent eddy is moving away from
the instrument's line of sight, the frequency of the returned signal is lower. The SODAR transmits a
sound beam straight up (along the vertical), as well as at angles slightly o� the vertical, to get a 3D
wind velocity map. The meteorological data are typically averaged over vertical layers with a depth of
45 � 75 m. The wind data, in particular, are typically averaged over 5 to 100 m intervals. In units
of time, the averaging interval is usually of the order of 15 � 60 min . By measuring the intensity and
the frequency of the returned signal as a function of time after the transmitted sound pulse, we can
determine the thermal structure and the radial velocity of the atmosphere at varying distances from the
transmission antenna of the SODAR instrument.
A mono-static SODAR system uses the same antenna for transmitting and for receiving, so that the air
scattering is associated to the temperature �uctuations alone, while abi-static system (whose example
is shown in Figure 1.4 ) uses separate antennas, adding the wind velocity �uctuations to the basis of
the measurement.

Figure 1.4: A three antenna SODAR for wind and turbulence pro�le measurements up to 1000 m above
ground. Figure adapted from [4].

5The temperature T is assumed to be in K , the pressure P in mbar , plus an index of refraction for light with a
wavelength in the visible range.

4



1.3.2 Meteorological balloons

Figure 1.5: General layout of a
meteorological balloon.
Credits: basicairdata.eu

Weather balloons, in�ated with Helium (see Figure 1.5 ),
can be used to carry aloft a radiosonde sounding system to
measure the vertical pro�les of the C2 indices, as well as
of the atmospheric pressure, temperature, humidity, wind
speed, and wind direction through dedicated sensors.
The temperature is typically measured using a small rod
or a bead thermistor; the altitude of the balloon is deter-
mined using thermodynamic variables or adopting satellite-
based Global Positioning Systems(GPS); the wind speed
components (horizontal and vertical ones), and the wind
direction, are estimated by measuring the position of the
radiosonde relative to the Earth's surface as the balloon as-
cends. In particular, we measure the temperature structure
function associated with the turbulence, DT (r ) (de�ned in
Sec. 1.2), so that C2

T (h) and C2
N (h) can be derived always

from Eq. (1.8) , given the average pressureP (mbar) and
the average temperatureT (K ). The vertical resolution of
the sensors is approximately� 5 - 6 m. The radiosonde also
includes some electronic subsystems that sample each sensor
at regular intervals of 2 to 5 s, and transmit the data to a
ground-based receiver and data acquisition system.

1.3.3 DIMM

The DIMM represents a standard and widely used method
of measuring the astronomical seeing. In the last few years,
some valuable variations of the DIMM have been designed, such as the SHIMM (Shack-Hartmann
DIMM) and the DIMM instrument built for the Telescopio Nazionale Galileo(the TNG-DIMM), but
the basic working idea remains the same.
The seeing is estimated from the variance� 2(d) of the di�erential image motion of a source, as caught by
two small circular apertures -of diameterD-, that are spatially selected through a mask in the entrance
pupil plane of the telescope (seeFigure 1.6 (a) for a schematic illustration in the upper right panel);
the two images of the target get separated by placing a wedge prism over one of the sub-apertures.
With such a setup is possible to realize an image of the two sources whose relative motion represents
local wavefront distortions. The variance � 2(d), as observed over a distanced � 2D between the two
sub-apertures, can be split in a longitudinal � 2

l (d) and a transverse� 2
t (d) component:

� 2
l (d) ' 2 � 2 r � 5=3

0

h
0:179D � 1=3 � 0:0968d� 1=3

i
(1.9)

� 2
t (d) ' 2 � 2 r � 5=3

0

h
0:179D � 1=3 � 0:145 d� 1=3

i
(1.10)

The di�erential motion is measured independently in these two directions, so, by reversing these formulas
we retrieve two independent estimates for the seeing, that reduces the statistical error and captures the
direction-dependent errors. The measurements are obtained at an average cycle frequency of5 Hz,
and � 2

l (d) and � 2
t (d) are calculated on 200 � 300 short exposures of5 � 20 ms on average, roughly

corresponding to a statistical estimate of the seeing every minute. At the end of each exposure, the
variance of the relative motion and the intensity are evaluated to compute the seeing and thescintil lation
index. This index is de�ned as the normalized variance of the source intensity distribution on the
image plane. In fact, the scintil lation e�ect, that consists of the image intensity variations due to the
atmospheric turbulence, strongly a�ects the images of the DIMM due to the small size of the sub-
apertures. Their relative large separation in the pupil plane is responsible for decorrelating the intensity
levels of the two images. A DIMM is only sensitive to wavefront perturbations on scales comparable to
the distance between the two sub-apertures: if the turbulent layer moves considerably during the single
exposures, the variance of the positions of the source is underestimated, leading to an underestimation
of the seeing. At the same time, the di�erential nature of the DIMM measurement realizes a robust
technique with respect to the vibrations induced by the wind shake, and the telescope tracking errors.
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