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Atmospheric turbulence and its optical manifestations
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The results of long-term experimental studies of coherent turbulence of the mountain boundary layer of the atmosphere
using acoustic and optical methods are presented. The presence of regions of coherent (non-Kolmogorov) turbulence in
the atmosphere over the territories of mountain observatories, in which a single large coherent structure has a significant
influence, has been experimentally confirmed. In such regions of coherent turbulence, the attenuation of light fluctuations
is registered. This leads to a significant reduction in the jitter of astronomical images and to an improvement in their
quality. It is established that astronomical observations are accompanied by a frequent transition from Kolmogorov
turbulence to coherent turbulence. This change in the type of turbulence gives intermittency in the jitter of astronomical
images. This paper (which is of an overview nature) presents results of many years of experimental studies of the effect
of intermittent turbulence performed in high- mountain Russian astronomical observatories. © Anita Publications. All
rights reserved.
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1 Introduction

Scattering of light by turbulent inhomogeneities of the atmosphere is one of the main mechanisms
for the distortion of optical waves as they propagate through the atmosphere. Random spatiotemporal changes
in the refractive index of the atmosphere [ 1-4] lead to distortion of the structure of optical beams and images,
fluctuations in the intensity and phase of optical waves and are manifested, in particular, in blurring, jitter
and flickering of images of radiation sources, as well as in turbulent attenuation of the average signal power
received.

The study of these fluctuations has led to the development of methods for remote diagnostics of
atmospheric turbulence. Works on laser sounding of atmospheric turbulence have been greatly developed,
since the use of lasers for measuring the parameters of atmospheric turbulence has a number of advantages
[4-6]. In particular, optical measurements provide greater stability and reliability of the obtained statistical
data, since by their nature they are associated with additional averaging of the determined characteristic along
the propagation path.

This is the reason why serious studies of the structure of atmospheric turbulence have been carried
out for many years based on the analysis of fluctuations of optical waves that have passed through a layer of
a turbulent medium [ 1-7].
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And one of the pioneers of these studies is the professor of the University of Florence (Italy) Anna
Consortini. She carried out a number of important scientific studies in this area, we will single out here some
of them, for example [5-7].

2 Historical background and motivation for the study of the turbulence spectrum

It is known that the most developed method for measuring the energy spectrum of refractive index
fluctuations is the method of restoring the last of the measured statistical characteristics of fluctuations in the
parameters of optical waves that have passed through a layer of turbulent atmosphere.

To determine the spectra of fluctuations of the refractive index of the medium [3-4] one can use
the spectra and correlation functions of the fluctuations of the parameters of the optical wave propagating
in a turbulent atmosphere. It is admissible when the relative fluctuations of the refractive index are small. It
should be borne in mind that, as applied to light waves, one almost always considers temperature turbulence
and the similarity [2] of the spectra of fluctuations of the refractive index and temperature.

When studying the spectra of atmospheric turbulence by optical methods, the question arises
of the sensitivity of the measured characteristics of optical waves to the functional form of the spectral
density of refractive index fluctuations. The problem is to choose such a characteristic of an optical wave
that would ensure the simplicity of experimental measurements and would be extremely sensitive to the
form of the spectrum in one or another of its regions of the spatial frequencies of turbulent inhomogeneities.
The spectrum of atmospheric turbulence, even in the surface layer, has a large dynamic range (spatial
scales range from meters to fractions of millimeters), and therefore, due to the finite accuracy of the optical
measurements themselves, it cannot be reconstructed from measurements of fluctuations of any one of the
optical wave parameters. Studies of the sensitivity of various parameters of optical waves to the type of
turbulence spectrum in its various regions have shown that the characteristics associated with the phase of an
optical wave are mainly determined by low-frequency inhomogeneities of refractive index fluctuations, while
fluctuations in the intensity of optical radiation are determined by the high-frequency region of the turbulence
spectrum [3.4].

In other words, measurements of fluctuations in the phase of an optical wave can be used to study
the energy interval of the turbulence spectrum, and measurements of intensity fluctuations can be used to
study the equilibrium interval, which includes the inertial and viscous intervals of the turbulence spectrum
[6-10]. Measurements of fluctuations in optical radiation intensities are a simpler task than measurements
of phase fluctuations. Therefore, the first reconstruction of the turbulence spectrum from the data of optical
measurements was carried out precisely when measuring intensity fluctuations [4]. As a result, the turbulence
spectrum in the dissipation interval was reconstructed from the data of optical sounding of the atmosphere [ 3, 8].

2.1 Features of phase measurements

Phase measurements in the optical range in the atmosphere with a large dynamic range of spatial
separations of observation channels is a technically difficult task [8.9]. Therefore, only in the second half of
the 70s of the last century, for the first time, sufficiently correct experimental data were obtained [8.9] for
measuring the structure function of an optical wave at spatial separations of observation points comparable
to the height of surface atmospheric paths. These data, as well as the correlation functions of fluctuations in
the spatial position of the centers of gravity [3,10] of horizontally separated optical beams, contradicted the
available theoretical calculations [4] obtained by using the purely power-law Kolmogorov—Obukhov model
for the spectral density of fluctuations in the refractive index of the atmosphere.

It was in these publications [ 8,9] that the effect of the outer scale on the fluctuations of optical waves
propagating in a turbulent atmosphere was first reported. Almost simultaneously with these measurements,
similar studies were carried out in the USA [11] and in Italy [6,7]. The results of these works [5-7, 8-11] allow
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us to conclude that the phase structure function for an optical wave propagating in a turbulent atmosphere
deviates noticeably from the power dependence corresponding to the Kolmogorov model of the turbulence
spectrum.

It should be noted that for the well-known Kolmogorov model [1-4], the turbulence spectrum
corresponds to the “2/3 law” for the structural function of the atmospheric refractive index. For Kolmogorov
model of turbulence spectrum [ 1], the only structural phase function can be calculated correctly. Since other
statistical characteristics of phase fluctuations of the optical wave, such as dispersion and correlation function
of fluctuations for the Kolmogorov model are not determined due to the unusual behavior of the turbulence
spectrum in the low-frequency region.

However, this singularity in the behavior of the spectral density of atmospheric turbulence is
not significant when calculating intensity fluctuations of an optical wave propagating in a turbulent medium
[3.4].

2.2 Development of the models of turbulence spectra

The Kolmogorov model of refractive-index fluctuations is frequently used for calculations in
atmospheric optics [ 1-4]. However, this model is valid only in the inertial range of turbulence. In the early
70’s, the scientists in Italy (A Consortini, L Ronchi), USA (G Bouricious, S Clifford) and USSR (V Pokasov,
V Lukin) almost simultaneously discovered [6-11] the phenomenon of deviation from the power law and the
effect of saturation for the structure phase function. These discoveries meant that there is a correlation for
phase fluctuations, and therefore it is necessary to apply the turbulence spectrum with a finite outer scale of
turbulence L.

This paper deals with the experimental [12,13] and theoretical studies [14-18] of optical waves
fluctuations for comparing different models of the atmospheric turbulence spectra. Using the experimental
data, we proposed to study the behavior of the spectral density of atmospheric turbulence in the region of
large spatial scales. For practical calculations of the characteristics of optical waves fluctuations, the various
models are used to describe the spectrum in the large-scale region: von Karman, Greenwood-Tarazino,
and Russian model. These models have already had two parameters, one of which is called outer scale of
turbulence Ly:
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I have obtained in papers [ 14-16] the relationships between the scale for its models
Kot = 0270k , Kop = 0.36K0x , Kop = 1.33 K4

Thus, the calculations of the optical characteristics performed using one model of the spectrum can
be result in other models. Need to say, that Russian model (Eq 3) is more suitable for analytical calculations
of phase fluctuations and characteristics of images and beams random displacements of center of gravity
for optical wave in turbulent atmosphere. For practical calculations of the characteristics of optical waves
fluctuations, the various models are used to describe the turbulent spectrum of large scales for ground surface
atmospheric layer and for spectral density averaged over the entire atmosphere.

The many-year discussion on this subject demonstrated the importance of the parameter L, in
calculation of phase fluctuations of optical waves [6,7,12,19-26]. It should also be noted the works by A.
Consortini [29-31], devoted to measuring the outer scale of turbulence.
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2.3 Outer scale of turbulence and instability parameter

Also, we have made a calculations [14-16] of phase structure functions for optical plane wave
on horizontal path with models (Egs 1-3) and have obtained the formulas for restoration of outer scale of

turbulence from measurements of phase structure function in saturation region

Dy(p —0)=2 62 =2 0,033 1L )

here is k 61= Ly/ 2, Ci is a structure parameter of refractive index, k = 27/4.

Indeed from Eq (4), I obtained the nice tool for measurements of outer scale of turbulence in near
surface region of atmosphere. Several measuring devices were employed in the experiments to measure the
temperature and wind velocity at fixed altitudes. Data were used for calculating the temperature structure
parameter and the instability parameter [ 1,2].

B :%(B* o)V, ®)

here % is a current altitude, g is acceleration due to gravity, T is average temperature at altitude A, T, is
temperature at altitude 2/, T, s is temperature at altitude 0.5 %, (v*) is a variance of wind velocity.

We used several instruments [ 14,26,32]. (1) Doppler acoustical waves meter of wind velocity, which
allows measuring the horizontal and vertical components of the wind velocity at the center of optical path;
(2) optical meter of fluctuations of angular displacements of center of image gravity along two perpendicular
directions; (3) homodyne interferometer [8,9] for measuring the phase difference of coherent optical beams.

Our simultaneous measurements [ 14,26,32] of the phase structure function in the “saturation” region
and of the turbulence intensity allow one to estimate the outer scale corresponding to the near surface region
of the atmosphere. The values of outer scale of turbulence on altitude 2 m were obtained in region about
2-4 m. Since the scales L, were measured under different meteorological conditions, an attempt has been
undertaken to classify the results of optical measurements of L, depending on the degree of thermodynamic
stability of the atmosphere. During optical experiments [14], I found that the outer scale of turbulence L,
depends on the thermodynamic stability of the atmosphere. We also found that the values of , exceeding the
mean value are realized under the conditions of neutral stratification (for B = 0). In the surface layer of the
atmosphere the outer scale of the turbulence can be comparable, on the one hand, with the altitude above the
ground and, on the other hand, the scale is dependent on characteristics of thermodynamic instability B from
Eq (5).

2.4. Investigation of the anisotropy of the spectrum of atmospheric turbulence in the low-frequency region

I would like to note that one of the most important properties of atmospheric turbulence is the
continuity of motion i.e., the contribution to the fluctuations of the refractive index at each moment of time is
given by inhomogeneities of all scales. The largest inhomogeneities are those caused by the decay of large-
scale mean motions: zonal winds, atmospheric fronts, and radiation regime inhomogeneities [ 1,2]. All these
motions, decaying due to instability, serve as the basis for the entire spectrum of turbulent inhomogeneities.
The area of large-scale inhomogeneities is most strongly associated with all local meteorological parameters,
first of all, these are the fields of wind speed, temperature and their gradients. For the atmospheric under-
surface layer this range turbulent scales called the region of energy-producing vortices and is characterized,
as a rule, by non-isotropic properties, i.e. these inhomogeneities have properties that depend on the space
direction. A correct description of the phase fluctuations of optical waves requires taking into account the
deviation of the atmospheric turbulence spectrum from the Kolmogorov—Obukhov power law in the region
of low spatial frequencies [1,2,17,18]. At the same time, it is this region of the turbulence spectrum that is
the most poorly studied. Undoubtedly, one of the important properties of the spectrum in the low-frequency
region can be its anisotropy.
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Together with the dependence of the outer scale of turbulence on variations of meteorological
parameters of the atmosphere, there exists anisotropy of atmospheric turbulent spectra. The properties
of turbulent inhomogeneities with dimensions exceeding several meters depend on space direction. As a
consequence, the characteristics of some parameters of optical waves appear to be direction dependent.
Actually, we take into account two sizes of outer scale along two perpendicular directions:

D, (165, 163, X) = 0.033C2(0) (K3 + x3) 16 {1— exp(r3/wgy — k3g3)},

K 2 (162, K3), Ko7 (Koos Ko3) (6)

For example, the random two-directional displacements of an image formed along the horizontal atmospheric
path on aperture with radius R, which is formed by the optical radiation passed through layers, exhibit such
properties:
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In papers [13,17,18] have been shown that for anisotropic homogeneities of turbulence, we may introduce
two values K and Kj, given by Eq (8) and Eq(9).
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The value of K (Eq 8) and value of K; (Eq 9) may present longitudinal and transverse outer scales of

-1 -1 .
turbulence kg, and k3 , respectively.
To indicate the difference between longitudinal and transverse outer scales, the following relationship
can be used:

K03 = Ko(1 + 9)
If the outer scale has equal horizontal and vertical dimensions (6 = 0), then K; =1 and K = 0. And
for this case the isotropy takes place.

Alternatively, if 0 # 0, then we have an anisotropy turbulence spectra.

Our experimental investigations [13] of astroclimatic characteristics of Elbrus region presented
some features of anisotropy turbulence spectra in mountain region.

2 Intermittency of turbulence in the high-mountain astronomical observations

In this part of article, which is of an overview nature, we present results of long-term experimental
studies of the intermittent turbulence effect in the mountain boundary layer of the atmosphere using acoustic
and optical methods. The studies were carried out at high-mountain Russian astronomical observatories.
Most of the presented experimental data were obtained at the Sayan Solar Observatory.

In the conditions under which astronomical observations are usually carried out (a slightly turbid
cloudless atmosphere), atmospheric turbulence becomes the main component of the astroclimate, which
significantly affects the effectiveness of astronomical observations. According to [1-3,33], local surface
turbulence can contribute up to 40% or more to the deterioration of the image quality. Therefore, studies
of the structure of turbulent fields in high-mountain areas where astronomical receivers are located remain
important and relevant.
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2.1. Coherent and Kolmogorov turbulence

Experimental data revealed the existence of deterministic formations in the turbulent atmosphere
— coherent structures. A detailed historical review of studies of coherent structures and coherent turbulence
since the 19th century was made by us in [34,35]. Monin and Yaglom [ 1] defined a coherent structure as a
non-random nonlinear stable superposition of large-scale turbulence components. However, the process of
hydrodynamic cell decay, as established in our works [36-42], continues to the smallest vortices that can
exist in the air. And the concept of “coherent structure” is expanded in [38-42].) A hydrodynamic coherent
structure is a compact formation that includes a long-lived spatial vortex structure (cell) that occurs as a result
of the prolonged action of thermodynamic gradients, and the products of discrete coherent cascade decay.
In the extended sense, a coherent structure is a soliton solution of hydrodynamic equations (topological
three-dimensional soliton, solitary wave). This is either a single-soliton solution or a single soliton in a multi-
soliton solution. The coherent structure contains both large-scale and small-scale turbulent inhomogeneities.
At the same time, both the large-scale vortex itself and the products of discrete cascade coherent decay
(small-scale vortices with multiple frequencies) are rigidly connected (in-phase or coherent).

This definition of a coherent structure brings together the well-known turbulent cascade of energy
transfer and the coherence (in-phase, consistency, dependence) of all vortices in the structure. Turbulence
resulting from the decay of the main vortex is coherent and deterministic [36-46].

In the atmosphere over the territories of astronomical observatories, extended regions have been
recorded, in which one coherent structure has a determining influence. Turbulence in such areas is called
coherent. In this case, currents external to the main vortex of a coherent structure can transport the products
of'its decay over considerable distances, forming a long turbulent wake.

We list some individual properties of coherent turbulence.

Our work shows that real atmospheric turbulence can be considered as an incoherent mixture of
various coherent structures with incommensurable frequencies of the main energy-carrying vortices [36,
37,47]. Such turbulence is usually called Kolmogorov turbulence and is described by the well-known
Kolmogorov model. As a well-mixed collection of regions with coherent (non-Kolmogorov) turbulence, it
has some isotropy properties. We have shown that the experimental one-dimensional energy spectra of the
actually observed atmospheric Kolmogorov turbulence with a 5/3 — decrease in the inertial interval are the
sum of the spectra of individual coherent structures of different sizes with an 8/3 — decrease in the inertial
interval [36-42]. If the coherent structures have similar sizes and are “well mixed”, then the turbulence
isotropy described by the Kolmogorov spectrum is observed. If one of the coherent structures is significantly
larger than the others, then anisotropy of turbulence is observed, which is described by the coherent turbulence
spectrum.

A pressure gradient appears in the air flow behind the obstacles, and coherent structures are formed.
When flowing around obstacles (for example, mountains) due to the constant generation of large vortices
and the transfer of decay by an external current, the currents immediately behind the obstacles are depleted
by small vortices. Therefore, just beyond the obstacle, the spectrum of fluctuations corresponds to coherent
turbulence. As the some distance from the obstacle increases, vortices (which are decay products) from the
turbulent traces of decaying coherent structures mix with the surrounding turbulent atmosphere, and the
turbulence from the coherent one gradually passes into the Kolmogorov one [39]. At the same time, as the
measurement data show, the structural characteristic of fluctuations in the refractive index C,z, decreases when
approaching an obstacle. For example, at a distance of 1 m from an artificial obstacle, Cﬁ is usually an order
of magnitude less than away from the obstacle at a distance of 3 m or more.

The coherent turbulence is detected also in the air of enclosed spaces, arising due to the existence of
temperature gradients inside the premises. Stationary circulating air flows (vortices) observed in a completely
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closed room can be interpreted as convective Bernard cells in the air. Inside the closed specialized rooms
of astronomical telescopes, we registered the intensity of coherent turbulence comparable to the external
atmospheric turbulence, and the average speed of air movements can reach values up to 1 m/s.

Coherent structures were registered in all turbulence measurement experiments performed by the
authors of this paper over a period of more than a decade [40]. The measurements were made at different
times, in different geographical areas and climatic conditions: in the mountain regions of observatories
in southern Siberia (Baikal astrophysical and Sayan solar observatories), in the mountains of the North
Caucasus. Our papers [38-40] review the results of studying the properties of coherent structures published
in the world scientific literature. A comparison of the properties of structures established by us with the
known results shows that our data significantly expand the currently existing in the literature the concepts of
coherent structures in the atmosphere.

Areas of coherent turbulence can occur due to many different reasons: behind a major obstacle
to atmospheric air flows (mountains), temperature variation of the underlying surface, near coastlines,
convection, etc. Kolmogorov (incoherent) turbulence is usually detected over areas with a flat underlying
surface.

2.2. The effect of intermittency of the jitter of astronomic images

In optical and meteorological measurements, we found [36-39,48-50] that over the territories of
mountain observatories there is a periodic change in the type of turbulence, when coherent turbulence is
replaced (alternates) by Kolmogorov turbulence. This means that the effect of intermittent turbulence was
registered in the experiments. It has been established that the effect occurs due to the wind moving of extended
regions of air with Kolmogorov or coherent type of turbulence entirely through the territory of observatories,
which leads to intermittent turbulence.

3 Experiments

3.1. Equipment and Methods

Optical measurements were performed at the Sayan solar Observatory (SSO) of the Institute of
Solar-Terrestrial Physics SB RAS using an Automated Horizontal Solar Telescope (AST). Experiments
confirming changes in the type of turbulence (the intermittency effect) were also performed at the Baikal
astrophysical and Special astrophysical observatories (see section 3.2). The design of the AST telescope
includes a system (coelostat) consisting of two flat mirrors with a diameter of 800 mm. The Brandt sensor
installed in the focus of the main mirror of the telescope, which is a photoelectric jitter recorder, was used
as a photodetector [51]. The accuracy of the sensor jitter measurement is not less than 0.1", the upper limit
of the frequency resolution is 100 Hz. The principle of operation of the recorder is based on measuring the
photocurrent, the value of which is proportional to the linear shift of the image (jitter of the edge of the solar
disk) through the optical slot behind which the light receiver is installed. The measured luminous flux is
calibrated based on the difference between the fluxes when the slit is fully illuminated by the Sun and when
there is no Sun on the slit. The data received after processing by an analog-to-digital converter is written
on the computer's hard disk. The Brandt sensor has been successfully tested for several decades and was
previously used in similar studies [38,39,48-51].

In parallel to optical measurements the meteorological situation was continuously monitored
by the ultrasonic autonomous meteorological complex AMK-03 [52,53] near the receiving telescope to
determine the type of turbulence (coherent or incoherent Kolmogorov turbulence). The AMK-03 complex
registers six meteorological parameters and calculates in real time more than a hundred statistical parameters
of atmospheric turbulence. The recorded meteorological parameters include air temperature, the three
orthogonal components of the wind velocity vector (and the horizontal wind direction), atmospheric pressure,
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and relative air humidity. They are stored in the computer’s RAM memory for the time interval equal to
the set averaging time, counted back from the moment of receipt of the last information package from the
device. That is, there are always arrays of instantaneous values of meteorological parameters with the large
number of their elements (on average for 10 minutes the sample has 48000 elements). The software for the
time and observation periods specified by the operator calculates from these arrays the average values of
meteorological parameters and their other statistical moments, as well as the standard numerical characteristics
of atmospheric turbulence, automatically storing the results in text files. The main calculated characteristics
of turbulence include the heat and impulse flows, scale of temperature (7%) and wind (V) fluctuations, the
scale and Monin-Obukhov’s number, and also the structural characteristics of temperature fluctuations CZT

(deg? cm™ ??), of longitudinal component of wind speed C,% ((m/c)? cm™ 2, of the acoustic refraction index

Cha (m~27), of the optical refraction index Ci (cm™23).

3.2. Experimental observations of changes in the type of turbulence in high-mountain observatories

First and foremost, we are interested in features of formation of coherent turbulence in the
atmosphere. Earlier, it was shown [36-45] that in the open atmosphere over the territory of high-mountain
observatories often there are regions of coherent turbulence. In an unclouded atmosphere, the quality of the
image received by the telescope is mainly determined by atmospheric turbulence, which introduces random
distortions in the phase front of the wave. We have theoretically and experimentally established [34,36-
40,43-50] that in the presence of large coherent structures in the atmosphere (regions of coherent turbulence),
the effect of attenuation of phase fluctuations of light radiation in comparison with Kolmogorov turbulence
due to depletion of small-scale inhomogeneities is observed. The attenuation of phase fluctuations manifests
itself in a significant decrease in fluctuations in the jitter of astronomical images. Therefore, in order to
improve the quality of images, for installing ground-based astronomical telescopes we can recommend areas
over which there is the coherent turbulence during measurements [38,39].

(@) (b)
Fig 1. Surface profile along the main winds direction in the SSO: (a) to the North of the SSO is the Eastern Sayan
mountain ridge; (b) to the South of the SSO is flat terrain and Lake Khubsugul.

The attenuation of phase fluctuations of light radiation was registered by us [6-9,18-20] in a
series of optical and meteorological measurements in 2010-2019. At the Sayan solar Observatory (SSO)
measurements were made using the AST telescope. Measurements of turbulence parameters made in 2005-
2019 continuously (every 15 minutes) for several weeks in SSO show that the wind over this territory has a
selected average preferred direction along the North-South line, similar to breezy winds.

To the north of the Observatory the Eastern Sayan mountain range stretches across the average
wind direction (Fig la). The height of the Chasovye Hills Mountain, on the top of which the Observatory is
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located, is 2000 m. The average height of the Northern mountains opposite the Observatory is about 2400 m,
and the distance to them at the height of the Observatory is about 14 km.

On the South side of SSO, there is a fairly flat terrain and a large lake Khubsugul, more than 100
km in length (Fig 1b). With a southerly wind (flat underlying surface), the atmospheric turbulence spectra
((Wr(f), f — frequency) over the Observatory area usually remain Kolmogorov spectra (W ~ f ~%3). In
the opposite wind direction from the Sayan, the inertial intervals of the turbulence spectra usually have
8/3-asymptotics (W7~ f ~¥3), which is a sign of a coherent structure. Thus, the air masses flowing down from
the cold Sayan mountain ridge to the river Irkut and twisting by the slopes of the mountain Chasovye Hills,
form a large long-lived coherent structure behind the obstacle in the atmosphere above the observatory SSO.
The life time was 6—28 minutes.
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Fig 2. Average wind direction D Baikal, 2007.

A similar situation was observed by the authors near the receiving aperture of the Big Solar Vacuum
Telescope (BSVT) installed on the top of the mountain near the coastal edge of Lake Baikal [41]. The average
wind direction near LSVT differs by about 180° (measured from north through east) at night and during the
day (Fig 2). With a constant wind direction at night and daytime, the obtained data are dominated by spectra
with 8/3-asymptotics corresponding to Kolmogorov turbulence (dark circles in Fig 2). With a constant wind
direction at night and daytime, the obtained data are dominated by spectra with 8/3-asymptotics (triangles
in Fig 2, coherent non-Kolmogorov turbulence), i.e., with a stable wind, due to the inhomogeneities of the
coastal relief, at the height of the BSVT receiving mirror the coherent turbulence arises.

Thus, the experimental data obtained by us show that regions of coherent turbulence are formed
in the mountains in stable weather conditions characterized by a constant direction of the average wind (at
night and during the day) behind large terrain inhomogeneities or artificial obstacles to atmospheric flows [ 1].
Changes in the mostly observed type of turbulence (Kolmogorov or coherent turbulence) occurred depending
on the time of day and the direction of the average wind.

4.3. Measurements of the integral intensity of atmospheric turbulence

The intensity of atmospheric turbulence is determined, as is known, by the parameters of the
structural function of temperature fluctuations and the refractive index; they are the structural characteristics
of C4* and C,2. On vertical atmospheric paths the altitude turbulence profiles play an important role.

In a previous work [9], we presented the results of optical measurements of the integral intensity of

atmospheric turbulence based on high-mountain optical measurements of the image jitter of the edge of the
solar disk.
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For the case of Kolmogorov (incoherent) turbulence, the dispersion of image jitter 7, Zis expressed in
terms of the integral value 7, of the structural characteristic of the refractive index C? in a known way [39]:

02=451a,secq x I, , 1. = J, dh C2(h), (10)

where a, is the radius of the input aperture of the telescope, ¢ is the zenith angle of the observed object
(measured at the location of the receiver from the direction to the zenith), C2(#) is the structural characteristic
of fluctuations in the refractive index of air, depending on the height / above the underlying surface (altitude
profile C2). For each value of the angle ¢, the value of 7, determines the integral intensity of atmospheric
Kolmogorov turbulence on optical paths of a given slope. This formula allows us to restore the integral
intensity /,. of Kolmogorov turbulence from the measured values of the jitter dispersion o7 . In coherent
turbulence, the spectrum of atmospheric turbulence differs from the case of Kolmogorov (incoherent)
turbulence [34-47]. Therefore, the expression for the variance oZ will change. For the measurements, the
estimated expression of the dispersion 7, f given in [9] is used in terms of the integral value of the 7 of the
structural characteristic C2 in coherent turbulence

02 =8.06 L' sec g < I, . 1= [ dh C3(h), (11)
where Ly = L (hy) is the outer (exponential [39]) scale of turbulence at the height of the center of the receiving
mirror above the underlying surface 4.

The main difference of this formula (Eq 11) from the expression for the case of Kolmogorov
turbulence (Eq 10) is that in (Eq 11), instead of the receiver radius a,, the outer turbulence scale L, appears,
and 9; does not depend on a,. The expressions for the integral intensities of the Kolmogorov 7, and coherent
1, turbulences in formulas (Eq 10) and (Eq 11) are identical in form, but we can expect that the altitude
profiles of the structural characteristic C%(h) for different types of turbulences (Kolmogorov and coherent

turbulences) will differ from each other.
1/3 Experiment
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Fig 3. Integral intensity of atmospheric coherent turbulence /. (light circles) and
Kolmogorov incoherent turbulence /,. (dark circles) over the territory of the SSO
depending on the diameter of the receiving aperture D. June 2010.

Figure 3 shows the results of optical measurements of the integral intensity of the atmospheric
Kolmogorov incoherent turbulence /,., averaged over four measurement sessions (dark circles) [39]. The
measurements were carried out for five different diameters of the receiving mirror (aperture) of the AST
telescope: 5 cm, 10 cm, 30 cm, 50 cm, 80 cm and for two different angular sizes of the receiving slit of the
sensor recorder: 25" and 10". The zenith angle of the Sun was monitored. The solid line in Fig 3 shows the
corresponding theoretical dependence of the value of /. on the diameter of the telescope receiving 0 D.
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The measurement results (Fig 3) show that the presence of large coherent structures in the atmosphere
has little effect on the values of the integrated turbulence intensity (/. 2.4x10~2m 3, I, ~ 1.4x10~ 2 m %),
This was to be expected, since the integrated intensity accumulates along the entire optical path. In this case, the
variations in the altitude profile of the structural characteristic of the refractive index, arising due to the deviation
of turbulence from Kolmogorov turbulence, are smoothed out. At the same time, coherent turbulence is usually
depleted in small-scale heterogeneities that increase Cz. Therefore, on average, the integral intensity of coherent
turbulence turns out to be almost two times less than the intensity of incoherent Kolmogorov turbulence.

4.4. Measurements of the angular jitter dispersion of the solar disk edge

In this section, which is of an overview nature, we present the results of measurements of the
angular jitter dispersion of the solar disk edge image carried out by the authors over a number of years (2010-
2015).

4.4.1. Experiments 2010

The main averaged parameters of the optical experiment in 2010: the zenith angle of the observed
object = 55°; structural characteristic C2=4,2x10 13 cm~?? at a height of 4.5 m from the underlying surface;
the angular radius of an astronomical source (edge of the solar disk) corresponding to the limiting angular
resolution of the used receiver a =~ 0.1 arcsec. The results of optical and parallel meteorological measurements
have shown (Fig 4) [37,39,48] that when large coherent structures are present in the atmosphere (spectrum
of temperature fluctuations Wy~ £~ %3, coherent turbulence), then our data coincide with the coherent theory
(o,~ const, point 2 in Fig 4).
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Fig 4. Root-mean-square deviation o, of jitter of the astronomical image of the solar
disk edge depending on the telescope aperture diameter 2 @,. Sayan. 19.06.2010. For the
experimental point 2a,= 10 cm — Wy~ £~ %3, for other points — Wy~ 3.

In the absence of large structures (incoherent turbulence, Wy ~ £~ %) in the atmosphere, our results
coincide with the traditional incoherent theory (the inclined line and points 1, 3 — 5 in Fig 4. As can be seen
from Fig 4, the standard deviation (RMS) of the image jitter of the solar disk edge in coherent turbulence is
significantly less (almost 2 times) than in the case of Kolmogorov (incoherent) turbulence.

4.4.2. Experiments 2011

In 2011, we repeated experimental studies of the effect of attenuation of light fluctuations in coherent
turbulence similar to those conducted in 2010 [38,39]. The zenith angle of the observed object is 8 ~ 50°; the
structural characteristic of refractive index fluctuations at a height of 4.5 m from the underlying surface is C>
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=1.2x107" cm™/3; the angular radius of the astronomical source (the edge of the solar disk) corresponds to
the maximum angular resolution of the receiver used is @ = 0.1 arcsec.

The results of astronomical and parallel meteorological measurements confirmed (Fig 5) that the
jitter dispersion of the image of the edge of the solar disk in coherent turbulence (o, ~const, squares in the
Fig 5), as well as in the 2010 experiment, is significantly smaller for the same aperture size than in the case
of Kolmogorov (incoherent) turbulence (the inclined theoretical line and dark points in the Fig 5). In the
absence of large structures in the atmosphere (incoherent turbulence, Wy ~ £~ 3), our results coincide with
the incoherent theory.

S angular second Kolmogorov turbulent:

1.6 ® - experiment
E - theory
1.4 1 coherent turbulent:
) 1 - O - experiment
L. ' l l _ - theory
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Fig 5. Standard deviation o, of the jitter of the astronomical image of the edge of the
solar disk depending on the aperture diameter 24, of the telescope. Sayan. 04.08.2011.

4.4.3. Experiments 2013

In 2013, studies of the effect of attenuation of light fluctuations in coherent turbulence were
continued [36,49,50]. The main averaged parameters of the experiments in 2013 were: the zenith angle of the
observed object = 60 °; structural characteristic of refractive index fluctuations at a height of 4.5 m from
the underlying surface C2 = 1,7x10™ !> cm ?3; average surface wind speed 6 m/s; the angular size a of an
astronomical incoherent source (edge of the solar disk), corresponding to the resolution of the used receiver,
varied in the range from 0.1 to 1.5 arcsec.

The experimental conditions in 2013 were significantly different from those of 2010-2012 [49]. In
contrast to the previous summer measurements, the 2013 experiments were carried out in the fall, when an
unstable snow cover was present on the territory of high-mountain observatory SSO and a strong wind was
observed.

The results of astronomical and parallel meteorological measurements showed (Fig 6) that when
coherent turbulence is recorded in the atmosphere, then our data coincide with the coherent theory (o, = const,
light simbols and line 3 in Fig 6). In the case of Kolmogorov turbulence, the results for a point source (a =
0.1 arc. sec) coincide with the traditional Kolmogorov theory (dark points and line 1 in Fig 6).

Theoretical curve 2 in Fig 6 (and the oblique theoretical line in Fig 5) is plotted for Kolmogorov
turbulence taking into account the regularization of the random singular phase of an incoherent extended
source. In this case, as is known [49,50], the theoretical standard deviation ¢, of the angular jitter of an
astronomical image is approximately represented in the form
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04 = Oaip S(00), fa) = [ 1+ (4/9) (ah, sec Olay) ] 712, (12)
where g, , is the standard deviation of the angular jitter of the image of a spherical wave (point source), 4,
is the effective thickness of the optically active layer of the turbulent atmosphere (4, = 3.2 km). Here, the
function f(a,) takes into account the deviations of a real extended incoherent source (the edge of the solar
disk) from a point source (spherical wave) in the image jitter.

o ,angular second
~

A, A - point source (o = 0.1 arcsecond)
@ - cxtended source (o = 1,1 arcsecond)

o .
A o - Kolmogorov turbulence
A, O - coherent turbulence

3 Q § N
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1 - traditional Kolmogorov theory
2 - regularized Kolmogorov theory
3 - coherent non-Kolmogorov theory
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Fig 6. Standard deviation o, of the angular jitter of the astronomical image of the edge of
the solar disk depending on the telescope aperture diameter 2a,. Sayan. 24.09.2013. The
open circles and triangles correspond to coherent turbulence, dark ones correspond to the
Kolmogorov (incoherent) turbulence. Triangles are a point sources (¢ = 0.1 arcsec), circles
are an extended incoherent source (¢ = 1.1 arcsec).

As can be seen from Figs 5 and 6, there is a satisfactory agreement between the regularized theory
for Kolmogorov turbulence and experiment. According to the data in Fig 6, the jitter of the image of the edge
of the solar disk (a # 0) tends to a constant value with decreasing receiver diameter 2a,. Figure 6 also shows
that the standard (root-mean-square) deviation of the image jitter of the solar disk edge in coherent turbulence
for the same aperture turns out to be much smaller than in the case of Kolmogorov (incoherent) turbulence
(for small receivers, more than 2 times).

Thus, in the presence of coherent turbulence in the atmosphere, fluctuations in the jitter of optical
images are significantly reduced. This improves the quality of astronomical images.

The 2013 experiment extended our understanding of the effect of coherent turbulence on the
propagation of optical radiation in a turbulent medium. In 2013, more data were registered for coherent
turbulence (eight points for the variance of image jitter, instead of four in 2011 and one point in 2010).

In the previous summer meteorological measurements of 2010-2012 long-lived (with a life time of
20-120 min) coherent turbulence over the territory of the Sayan Solar Observatory was recorded, as a rule,
with a north wind (from the mountains of the Sayan ridge). In summer similar wind direction is usually
observed at night. Therefore, summer night astronomical observations could be considered preferable here.
However, summer nighttime optical measurements in 2010-2012 were not carried out and only daytime
summer optical measurements were performed. During the day, usually a southerly wind (from the side of
Lake Khubsugul, Mongolia) and short-lived coherent turbulence (with a life time of usually 6-14 min) were
registered. Therefore, in the daytime summer optical measurements of 2010-2012 few data ¢, have been
registered for coherent turbulence.
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In the experiments of 2013, which was carried out under conditions of snow cover and strong
wind (essentially under conditions of transition from autumn to winter), short-lived (with a lifetime of 2-4
min) coherent turbulence arose, as in summer, with a southerly wind (from the Lake Khubsugul), which is
usually observed in the Sayan Solar Observatory during the day. At the same time, measurements of previous
years have shown that Kolmogorov turbulence is usually observed in the Sayan solar observatory with a
southerly wind during the day. However, compared with summer measurements of 2010-2012 in the autumn-
winter measurements of 2013, the frequency of the appearance of short-lived coherent turbulence increased
significantly (apparently, due to the strong wind, which transports the mixture of single coherent structures
formed over Lake Khuvsgul more quickly). Therefore, in the optical measurements of 2013, much more data
o, were registered for coherent turbulence.

In our observations in 2013, under stable meteorological conditions and wind from the side of a
flat underlying surface, the time period of the presence (lifetime) of coherent turbulence in the atmosphere,
during which it does not change to Kolmogorov turbulence, is from 10 to 26 minutes (Table 1). At the
same time, the lifetime of the Kolmogorov turbulence is 2-4 times less and is 6-7 minutes, and the largest
number of coherent points (5 points) in measurements was registered. For measurements of past years, the
lifetimes of turbulence of different types are given in Table 1. For measurements in 2010, the lifetime of
the Kolmogorov turbulence is approximately 2 times longer than the lifetime of coherent turbulence (only
one coherent point in the measurements was registered). For measurements in 2011, the lifetimes of the
Kolmogorov and coherent turbulence turned out to be comparable (this can be seen from the Table 1, in this
case, 4 coherent and 6 incoherent points are registered).

4.4.4. Experiments 2014
In 2014 observations, it was possible to register a non-standard daytime wind direction from the
Sayan Mountains. The measurements were taken in the afternoon and are shown in Fig 7.
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Fig 7. Standard deviation o, of the image jitter of the edge of the solar disk from the
aperture diameter of the telescope 2a,. Sayan Mountains. 12.08.2014.

During the measurement period (about an hour) the turbulence type changed from coherent
turbulence (dark triangles) to Kolmogorov turbulence (light circles). As can be seen from Fig 7, the standard
deviation of the image jitter of the solar disk edge in coherent turbulence is smaller than the theoretical
curve 1 for the case of Kolmogorov (incoherent) turbulence (more than 2 times). This confirms our earlier
conclusions [36-46] about the attenuation of phase fluctuations of optical radiation in coherent turbulence in
comparison with Kolmogorov turbulence (due to the depletion of small-scale inhomogeneities). Therefore,
in order to improve image quality, it is possible to recommend places over which there are areas of coherent
turbulence during measurements for the installation of ground-based astronomical telescopes.
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In our observations (12.08.2014) under stable meteorological conditions and wind from the Sayan
ridge, the time period of presence (lifetime) of coherent turbulence in the atmosphere, during which it does
not change to Kolmogorov turbulence, is about 18 minutes. The lifetime of the Kolmogorov turbulence is 2-3
times less and is 7 minutes. At the same time, in the observations of 13.08.2014, with a stable wind direction
from a flat underlying surface, the lifetime of the Kolmogorov turbulence was significantly longer than for
coherent turbulence (Table 1).

4.4.5. Experiments 2015

In optical and meteorological measurements in 2015, we found that over the territory of the SSO
there is a periodic change in the type of turbulence, when coherent turbulence is replaced by Kolmogorov
turbulence. Coherent turbulence in daytime measurements usually occurred with an average wind direction
from the North (from the Sayan ridge, through the deep valley of the Irkut river). The life time was 6-28
minutes. In the absence of climate anomalies (in 2015, for example, such a three-day anomaly was registered
as an exception), the North wind direction in SSO is usually observed at night. With the opposite south
wind direction (from a flat underlying surface and a large lake Khubsugul) is registered mainly Kolmogorov
turbulence, with a lifetime of 7-35 minutes. In this case, short-lived coherent turbulence with a lifetime of
2-4 minutes also often occurred. The southerly wind direction in SSO is usually observed during the day.
As can be seen from Fig 8, the dispersion of image jitter for coherent turbulence is less than in the case of
Kolmogorov (incoherent) turbulence (2-4 times depending on the telescope diameter and observation time).
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Fig 8. Dispersion 6,2 of the angular jitter of the solar disk edge as a function of the
receiving telescope aperture diameter 2a,. Experimental dark circles correspond to
coherent turbulence, light ones - to Kolmogorov turbulence. Sayan. 15.07.2015.

In the 2015 experiment, the times and places of occurrence of coherent turbulence regions were
identified, their connections were established with the type of underlying surface and the direction of the
wind speed, as well as with the type of microclimate of the region as a whole. In order to improve the quality
of images, for the installation of ground-based astronomical telescopes in [34,38,39,49], the regions with
areas of coherent turbulence are recommended.

In general, under the conditions of the transition from autumn to winter at the Sayan Solar Observatory,
long-term daytime astronomical observations are accompanied by a frequent transition from Kolmogorov
turbulence to coherent turbulence. Such a transition, corresponding to a change in the type of turbulence,
gives an intermittency in the jitter of astronomical images, which manifests itself in a frequent change in
the intervals of strong and weak jitter of images. Since coherent turbulence leads to an improvement in the
quality of optical images [36-40], this effect can be regarded as positive for short-exposure measurements,
when the best quality can be selected from a series of images obtained.



234 Victor Nosov, Vladimir Lukin, Eugene Nosov, and Andrei Torgaev
4.4.6. Results of experiments during 2010-2015

The results of the experiments carried out during 2010-2015 are summarized in Table 1, which show
the lifetimes recorded in optical and meteorological measurements (by measurement sessions) of various
types of turbulence.

Table 1. The lifetimes of turbulence of various types registered in optical-meteorological measurements

Wind Horizon Time of continuous registration, min:
Measurement N Temperature,
time direction, speed °oC Coherent Kolmogorov
deg wind, m/s turbulence turbulence
19.06.2010 190-230 4.4 19.0 10 21
04.08.2011 20-40 1.9 19.5 7-12 8-15
14.07.2012 40-70 1.7 9.4 29 13
25.09.2013 180-200 6.0 8.5 10-26 6-7
12.08.2014 5-79 1.7 17.7 18 7
15.07.2015 52 2 17.6 28 15

From the data in Table 1, it can be seen that when the wind is directed from the side of a flat
underlying surface, the lifetime of Kolmogorov turbulence is more than 2 times longer than the lifetime of
coherent turbulence. With the opposite wind direction (from the Sayan Mountains) the period of the presence
of coherent turbulence becomes longer (up to 2-3 times). The exception is the measurements in the 2013
experiment, carried out under conditions of snow cover and strong wind (essentially under conditions of
transition from autumn to winter), when short-lived (with a life time of 2-4 min) coherent turbulence arose
with a southerly wind from the side of an even underlying surface. In addition, the registered large vertical
velocity components correspond to the presence of rather large coherent structures in the surface layer.

4 Conclusions

Theoretical analysis and experiments confirm the presence of large coherent structures (regions
of coherent turbulence) in the atmosphere of high-altitude observatories, in which fluctuations of optical
radiation are significantly reduced [36-46]. Therefore, for the installation of ground-based telescopes, it is
possible to recommend regions over which large coherent structures are present during measurements. Large
coherent structures (regions of coherent turbulence) are detected by measurements of the jitter characteristics
of astronomical images.

Analysis and comparison of the results of the measurements made it possible to draw the following
conclusions.

In optical-meteorological measurements, it was established that in the presence of coherent structures
in a turbulent atmosphere, a periodic change in the type of turbulence is observed, when the coherent
turbulence is replaced (alternated) by Kolmogorov turbulence. This means that there is an intermittent jitter
effect in astronomical images. The data in Table | illustrate the manifestation of the intermittency effect.
The effect arises when the wind carries the regions of coherent (non-Kolmogorov) turbulence formed in
the atmosphere; it consists in periodic attenuation and gain of phase fluctuations of optical radiation (with
intervals from 6 to 39 min), and is caused by the presence of a large number of regions of coherent turbulence
from the windward side (and their subsequent wind transfer). Measurements 2010-2015 [36-50] confirm
the existence of the intermittency effect and clarify the conditions for its manifestation. As can be seen
from Table 1, the occurrence of regions of coherent (non-Kolmogorov) turbulence, which then move to the
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observation point by the wind, depends on the season of the year, the direction of the wind, and the type of
underlying surface.

The effect of intermittency, as can be seen from the description (and from the above measurement
data for 2010-2015), characterizes the local structure of turbulence over a specific region. In a continuous
turbulent field, there are regions of isotropic Kolmogorov turbulence, in which the decay products of coherent
structures of similar sizes are well mixed, and regions of anisotropic coherent turbulence with insufficient
mixing. These areas are separated from each other and are carried by the wind as a whole. With continuous
optical registration at a fixed ground surface point, we observe intermittent turbulence characteristics (regions
with different turbulence move across the optical path).

The presence of mountain massifs in the locations of astronomical telescopes leads to the fact that
there is a distinguished direction of the mean wind over the territory of the observatories, due, like breeze
winds, to the temperature difference (gradient) between the mountain massif and the valley, or determined
by the existing relief "channels" for air masses in the surface layer. A change in the wind direction along
the selected stable direction to the opposite direction leads to a change in the air masses brought to the
territory of the observatory and a change in the type of observed turbulence. Changes in wind direction can
be caused, for example, by a change of day to night, a change in cloudiness, meteorological conditions, etc.
A predominantly coherent type of turbulence is registered with the wind direction from the mountains and
predominantly Kolmogorov turbulence registered with the wind from the valley.

Thus, measurements show that coherent turbulence occurs over the territory of SSO, as a rule,
with a North wind (from the mountains of the Sayan ridge, through the deep valley of the Irkut river). In
summer, such wind is usually observed at night. Therefore, night observations are preferable here. The sizes
of coherent turbulence regions can exceed the size of telescope towers. in our measurements, the maximum
size of the vortex (reconstructed from the registered turbulence spectra) reached 80 m. The lifetime of
coherent turbulence regions (during a single measurement session) is 2-4 minutes in the South wind (from
Mongolia, where the underlying surface is relatively flat), and one is 6-28 minutes in the North wind (from
the Sayan Mountains). With the opposite south wind direction (from a flat underlying surface and a large
lake Khubsugul; it observed, as a rule, during the day) mainly Kolmogorov turbulence is registered, with a
lifetime of 7-35 minutes.
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