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A Astronomical seeingis the blurring of astronomical objects
caused by Earth's atmosphere turbulence and related
optical refractive index variations (air density fluctuations).

A It impacts the intensity
(scintillation) and the shape
(phase) of the incoming
wave front.

A This presentation will ignore
scintillation.
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Irl Wavefront and phase distortion
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An incoming plane wave is perturbed by the Earth
atmosphere turbulent structure leading to phase errors.

plane wave perturbed wavefront
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Irl Fluid dynamics
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The Reynol dsos (O. Reynol ds
patterns.

&

inertial forces  pvL
e = - —

viscous forces 7
P Density
V' Velocity
L Characteristic length
" Viscosity

40 < Re < 200,000

For air flow with velocity of few km/h and for length scales of
0.1km to 1km Re > 10°.
Therefore the atmosphere is almost always turbulent.
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Energy is transferred by a turbulence cascade form the outer
scale L, to the inner scale |, until heat dissipation (friction).
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Eddies exhibit different air density -> different refraction index
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I ?‘ Phase structure function
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The Kol mogorovos turbul ence m
assumes an infinite outer scale turbulence (OST) value L.

The related wave front phase error variance, known as the
phase structure function, is given by:
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- 1(251 )

r () 8 ()

| isknown asthe Fr i eatabnster,
or coherence length.
(David Fried 1960)
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The Fr i @atabnseteri isthe diameter for which the rms
wave front phase error is about 1 radian, or ~ 16/
|t 1 s the naverageo * 7

J
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z zenith angle, _ the wavelength and
0 (Q is the atmospheric turbulence
strength at the altitude /.

Scope aperture D > r0

i is a function of the wavelength and increases as _!



altitude (km)

STRATOSPHERE

distant, rarefiad tropopause

"7 high velocity turbulence

TROPOSPHERE

boundary layer

__ _ _proximate, dense
lowr welocity turbulence

1017 10718
turbulence structure (C2)

Aaltitude (k)

-160

24
Time (Hours, local)

-156 -152 -148 -144 -140 -136 -132 -128 -124
Log (' function of time and altitude.
IKT observatory, La Palma - Canary lslands, May 2013
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| is the equivalent diameter of a seeing limited scope of
aperture D>> | . FwHM[]
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r0 (Fried seeing parameter) Histogram

median r0 = 10 cm Seasonal Variation of Seeing
50 (2000-2002)
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W corresponds to the time for which the changes in the
turbulence becomes significant (1 radian rms, ~_j @).
One assumes that the turbulence pattern is moved by the
wind faster than it evolves:

We 8 = 4@7

where o Is the average wind speed
Typical o ~10m/s (~20mph)

Credit Tokovinin

> I I O W 8| O Telescope

T Is a function of the wavelength and increasesas _ )
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For exposure timest<<W't he seeing 1 s nfr

Nb. of specklex (O i )

Nb. of AO degree of freedomx (Qj 1 )

Oji decreases as_!

Diffraction limited operation is easier at longer wavelengths
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Atmospheric energy transfer goes from the largest (L,) down
to smaller scales (,), the strongest distortions are on the
lowest-or der Zerni kedos modes ( ~t

Aberrations and seeing

J .
¢ (L) _ (Noll, 1976) (%0 ) decreases as_ !
> _ g
L Typeof aberration | Residuarmsphase
. 1 removed (inclusive) errorve [ %]

— 1 } Tilt/tip 36%

£\ @ '-' Defocus 33%

) l‘ LENTLE S S Astigmatism 25%

T
ol N ( )z:h_z.c\ vz Coma (3 order) 23%
. 2 e V o 27N .
7 Trefoild (3" order) 19%

Zerni keds polynuviui ai o
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Long term seeing

t> W

For exposure times t >> W the seeing is averaged.
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The angle for which the wavefront error remains almost the
same (~| ©) is known as the isoplanatic angle:

> |
N |

| - 5km, P is usually few

arc-second across (@550nm):
» =50mm © ~ 0. 60 ;

>:200mm0~ 2. 60 h

ATMOSPHERE

P increases as_' ~TeiEscorE
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Irl Effect of the isoplanatic angle on AO
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AO operation is usually only effective in a very narrow FOV.

Lagoon Nebula imaged with PALAO / PHARO

Onen Loop IR bands: 1200nm, 1600nm, and 2200nm Closed Loop

FWHM =0 2

0 0.2
. . 5.5 0.3
FWHM = 33 0.45
GS offsat = 13 _
0.59
0.51
23

Credit R. Dekany, Caltec Palomar AO system

GS offset = 23.2°

0.68
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Temporal phase fluctuations derive from spatial fluctuations
under the nfr oz e nTubulence patteenn c e 0
moves Auntouchedo at the aver
aperture.

Isoplanatic angle and exposure time

Small cells contribute to the high frequency turbulences and
are eventually averaged during image exposition ( 4 . Lat the

expense of the resolution (larger star FWHM).

Large cells are related to low frequencies.
Long exposure times increase the apparent isoplanatic angle:

P .oP (:\i/v_)- EI"- D>»h <.
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Irl Temporal behavior of seeing
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o~ 10m/s (~ 20mph), |~ 5km, D=279mm (1160) @550
Diffraction | imit = 0.40

Tilt/tip corrections V.S . seeinq function of exposure time
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Some time a short exposure image can be close to the
diffraction limit. The probability P for a rms phase error at,
or below, ~ 1 /6 (one radian) is (Fried 1977):

Lucky imaging and seeing

8 ( [[ Lucky imaging probability versus D/ro
10°
>

fe 8 m

:rr >3.5, t<< W, inside isoplanatic patch

Example:

D=279mm (110
» =50mm @550nm
-2 0.04 (~1/25 frame)
» =84mm @850nm — | | | ; N
_>O_7 (~18/25 frame) 3 : 5 6 ? 8 D/r:(visible;:and)
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Irl Lucky imaging and PSF shape
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Set of 10 short exposure frames (tilt/tip removed):

Probability ~ 80%
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Irl Seeing and wavelength
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The seeing is wavelength dependent. It is worse at shorter
wavelengths and better at longer wavelengths.

Aw»@) © ¢l {8 coherence length (Fried)
Awqg) oy y 8  coherence time

AP @) o8¢ f 8 isoplanatic angle (patch)
A @) 8¢ ) ~¢ 8 wave front phase variance
A&7 (- 9y 1 ¢ 8 FullWidth at Half Maximum
Ariv»y 8¢ ' f 8 DL performance threshold

A |F) 6y 1 ¢ 8 Lucky imaging rate of success
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AThe Kol mogorovds maddeHandds© mnl

A When the outer scale turbulence (OST) 0 is finite the seeing
may exhibit a significant departure from the model.

A When the low level turbulence dominates 0 is small, around
10m, possibly down to about 1m.

A The resulting effect is the greatest for the first two (tilt/tip)
Zernike terms.

A The seeing usually exhibits a stronger dependency with |
comparedtot he st andard Kol mogor o\



FWHM extracted
Diffraction
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= 20
g w/ L, =22m

10.0

FWHM extracted
Diffraction

Eﬂ

g . w/ L, =10m

100.0

Telescope diameter (m) Telescope diameter (m)

Patrice Martinez
Johann Kolb

Source/credit: On the difference between seeing and image quality: When the turbulence outer scale enters the game. ESO "The messager 141", September 2010 Marc Sarazin
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The VK model depends on a new parameterv | i

[%] Long exposure FWHM improvement with VK model v.s. Lo/ro
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