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Abstract

A method for simulations of atmospherically corrupted wavefronts is proposed.
The method and the possibility of building both spatial and temporal mod-
els of the atmosphere are discussed. The method was used for modeling the
Kolmogorov’s turbulent atmosphere without Taylor’s assumption of “frozen”
atmospheric distortions.

1. Introduction

Although the theory of optical waves propagations in the turbulent atmosphere
is well developed now, some parts of it still occasionally investigated, mainly
experimentally. Particularly this is related to temporal properties of atmo-
spherically corrupted wavefronts. The influence of the corrupted wavefronts on
optical imaging systems is an important aspect of understanding the perfor-
mance of these systems. That is why, development of atmospheric simulation
procedures is still relevant.

The most direct way for simulations is spatial filtering for white noise, pro-
posed by McGlamery (McGlamery 1976). But this approach has some limi-
tations due to low-frequency inadequate samples. The methods of simulations
based on wavefronts approximations with Zernike polynomials or Karhunen-
Loeve functions, as well as the methods based on random generators of pro-
cesses with the known covariance matrix have been described in details (Roddier
1990, Roggemann et al. 1995, Peterson & Mozurkewich 2003). In this paper we
present a new method for simulations both spatial and temporal atmospheric
wavefronts variations based on Kolmogorov turbulent model without “frozen”
atmosphere assumption.

2. Simulations of spatial variations

The Weiner spectrum ®(k) of the phase fluctuations due to Kolmogorov turbu-
lence is given by (Noll 1976)

&(k) = 0.023 k~11/3 5573, (1)

where k is the spatial frequency, and 7o is Fried parameter. And the phase
structure function

D, () = 4n° / Bk [1 — Jo(2mkr")]dk, )
0

where Jy is Bessel function. Using the characteristic size [ = 1/k of inhomo-
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Figure 1. Generation of a function ¢;(r'). An increment Ap; has a Gaussian
distribution, the mean-square deviation of which is equal to o; and the mean
value is equal 0.

geneities, we find that

D, (r') = 0.092 7ry >/ / 231 = Jo(2mr' /1)) 3)
0

Changing the integral in (3) to integral sum yields

o0
Dy(r') = 0.092 7 (Al/ro)** Y~ /% [1 = Jo(2mr" [ (FAL))]. (4)
j=1
The equation (4) only means, that the random process to describe atmospheric
phase fluctuations may be present as a sum of random processes ¢;(r') associ-
ated with inhomogeneous size jAI. Structure functions of the processes ¢;(r')
are equal to

Di(r') = 0.092 7 (Al/ro)*/32/3 [1 — Jo(2mr' | (JAL))]. (5)

Following algorithm can be used to simulate a one-dimensional function ¢, (r'),
supposing that ¢;(r’) values are correlated for points spaced-apart less than
jAl in distance and uncorrelated for other points. The phase increment Ay; for
points spaced-apart with jAl distance have the Gaussian distribution, dispersion
of which is equal

02 = 0.092 72 (Al/ro)*/3j2/3 [1 — Jo(2r)]. (6)
Let ¢;(0) = 0, then
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Figure 2. Simulation of spatial variations of atmosphere wavefronts.



where

. \/1 — Jo(2x[r' — Al(n — 1)]/(JAD)
1-— J0(27r) ’

n is natural number, and r' € [Al(n — 1), Al n] (Figure 1). The structure
function of the sum

J
() =" 0", (8)
7j=1
is approximately equal to the theoretical phase structure function
Dy (r') = 6.88(r" [ro)3. 9)

In equation 8 JAI is the outer scale of turbulence. To create two-dimensional
phase distributions we should generate a set of one-dimensional functions (@),
where a is a set of angles, which have the uniform distribution between 0 and
27, and build two-dimensional phase distribution as

o', y') = Z o (2 cosa + ' sin ). (10)

a

The theoretical (line) and model (crosses) structure functions for a set of
two-dimensional phase distributions (rg = 1lcm) are presented on Figure 2(a) to-
gether with an example of phase distribution generated using the above method
(Figure 2,b). The diffraction limited PSF and a model of instantaneous PSF
(D /1o = 20) are also shown on the Figure 2(c,d).

3. Temporal variations

The above approach to atmosphere wavefronts generations make it possible
build both spatial and temporal models. Let motions at spatial scale L have a
characteristic velocity V. Taking into account Kolmogorov low, we may estimate
timescales 77, of spatial inhomogeneities, whose spatial scale is equal L, as
(Roddier 1981),

Ty, o L)V e 7 L3, (11)

where ¢ is the rate of energy dissipation. The equation (11) only means, that
lifetime 77, of inhomogeneities with spatial scale L is proportional to L3 and
depends only on L and the viscosity of air.

Suppose that correlation coefficient Ré (1) between atmosphere phases due
to inhomogeneities with spatial scale L, taken at the moments ¢t and ¢t + 7 at a
point on a telescope pupil, can be expressed as

Loy 1=l |r[ <
By () = { 0 Il > 71 (12)

This model assumes that equal number of inhomogeneities with spatial scale L
disintegrate during the same time intervals and all inhomogeneities with spatial
scale L are completely disintegrating through time interval 77, = CtLg, where
we set a timescale of temporal phases variations using a constant Cj.

In this way we can expand the above method of spatial atmosphere phases
simulations to the case of temporal variations. Let Ag;(nA7) is the phase
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Figure 3. An example of time evolution of atmosphere wavefronts and associ-
ated point spread functions (D/ro = 8). Realizations numbers are shown.




increment for inhomogeneities with spatial scale jAl at the time moment nA~r
(look to equation (7)). To calculate wavefront at this time moment, we should
generate time set of correlated phase increments Ag;(iA7) for each natural
number i range from 1 to n. These values have a Gaussian distribution with the
covariance matrix C, which can be written in according to equation (12) as

2 _ . _ . . _ .
C[l,k] = { gj (1 |Z kl/zmam) IZ _ ]]z; § 2222 (13)

where iy = Cij FAl g/AT. The problem of calculating a set of variables
consistent with the covariance matrix C has been described by Roggemann et
al. (1995) and Peterson & Mozurkewich (2003).

As an example, a set of time varying atmosphere phase screens is shown on
Figure 3 together with associated point spread functions (D/ro = 8).

4. Summary

A method of simulating atmospherical phases screens have been proposed. The
method was tested by comparing with well known theoretical Kholmogorov tur-
bulent model. The method includes building of spatial-temporal models, which
can be developed for either testing and studying different optical astronomi-
cal layout or atmospherical wave propagation. Note that, at present, complete
spatial-temporal models of turbulent atmosphere are not exist yet. Proposed
algorithms is a way to obtain a simple example of such model. Composing the
method with simplified methods (Peterson & Mozurkewich 2003) gives appro-
priate way to study astronomical imaginary systems, including adaptive optics
and long-base interferometers.
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