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Abstract—Adaptive optics (AO) systems are an essential part of large astronomical telescopes and laser com-
plexes operating through the atmosphere. Each AO system is individually designed; the requirements for the
components and the performance of an AO system are determined by the intensity and distribution of turbu-
lent f luctuations of the air refractive index over the radiation propagation path. In this work, we review the
techniques and instruments for measuring and forecasting atmospheric conditions for AO, including devices
and techniques developed at the Institute of Atmospheric Optics, Siberian Branch, Russian Academy of Sci-
ences. The basic principles of atmospheric AO and the related atmospheric parameters are briefly described.
Particular attention is paid to the parameter used for the estimation of capabilities of AO systems, i.e., the
wind speed at a level of 200 hPa. The comparison with the data from foreign astronomical observatories is
carried out. The necessity for atmospheric research for large Russian astronomical observatories is discussed.

Keywords: adaptive optics, atmospheric optical turbulence, astronomical seeing, measurement technique
DOI: 10.1134/S1024856022030022

INTRODUCTION
Random inhomogeneities of the refractive index of

the Earth’s atmosphere distort propagating optical
radiation, which is shown in jitter, scintillation, and
degradation of optical images and laser beams. Adap-
tive optics systems are designed for real-time compen-
sation for these effects.

In 1953, Babcock [1] suggested using controllable
optical feedback components to compensate for tur-
bulent atmospheric distortions. In 1957, Linnik stud-
ied the possibility of eliminating distortions induced
by atmospheric turbulence [2]. He suggested a tele-
scope design with a composite mirror with moving
elements, which allowed real-time wavefront adjust-
ment. That idea supported by modern technologies
gradually evolved into an independent branch of phys-
ical optics – adaptive optics (AO).

The main aim of adaptive optics is the development
of techniques and instruments for compensating for
the negative effects which accompany optical radia-
tion propagation through a randomly inhomogeneous
medium by means of active control of the phase or
amplitude-phase profile of optical fields in the receiv-
ing and/or transmitting channels of a system. Simulta-
neous real-time execution of measurements, correc-
tion, and control of the radiation wavefront is a char-
acteristic feature of AO systems.

The active development of adaptive optics was con-
nected with the problem of compensating for wave-

front distortions induced by atmospheric turbulence
and restricting the resolution of ground-based tele-
scopes. Then, the problem of designing high-power
laser systems arose; AO systems began to be used in
industry and medicine [3]. In 1989, Dreher and his
colleagues created the first scanning laser ophthalmo-
scope with a deformable mirror [4].

Current challenges of atmospheric AO include the
achievement of the diffraction quality of images formed
by astronomical telescopes, ground-based aerospace
object tracking, laser radiation focusing through the
atmosphere, and optical communication. The impor-
tance of AO increases with the sizes of new astronomi-
cal telescopes, the energy capabilities of new laser sys-
tems, and the scope of their practical applications.

Each AO system is individually designed. The
requirements for the main components and a system
as a whole are determined by the atmospheric condi-
tions of its location, in particular, by the intensity and
distribution of turbulent inhomogeneities of the air
refractive index over a radiation propagation path,
which are characterized by seasonal, daily, hourly, and
even minute variations. Therefore, the stage of design-
ing an AO system is preceded by the stage of atmo-
spheric measurements. It was supposed earlier [5] that
atmospheric measurements were necessary only
during the design stage of an AO system, and then the
system could operate with incomplete information.
However, it became clear later on that data on atmo-
spheric conditions are important for the efficient
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operation of AO systems. Not only real-time monitor-
ing of atmospheric parameters is required, but also
their forecast for f lexible planning of scientific pro-
grams and maintenance works and selection of the
instrument types with and without AO for use at a cer-
tain time.

AO systems work the best under minimal atmo-
spheric distortions; therefore, the search for sites with
minimal f luctuations of the air refractive index
remains an important task in atmospheric research.

In view of the above, measuring instruments and
techniques for forecasting atmospheric conditions are
currently being actively developed.

1. ATMOSPHERIC ADAPTIVE OPTICS
A typical AO system for atmospheric applications

includes: a radiation source, an atmospheric channel
with distortions, a wavefront corrector (adaptive mir-
ror), a wavefront sensor (WFS), and a data processing
device, where measurement results are used to calcu-
late the control signals of the wavefront corrector. The
presence of additional components (WFS and wave-
front corrector) is a specific feature of AO systems as
electrooptical systems. The positions of the main
components may differ and depends on the purpose of
a system.

The efficiency of an AO system depends on several
factors: principles of operation of the WFS and wave-
front corrector; wavefront retrieval algorithm; correc-
tion technique; static and dynamic characteristics of
the wavefront corrector and its energy parameters;
corrector control algorithm; dynamic range and sensi-
tivity of the WFS; and potential capabilities of hard-
ware–software implementation.

The principles of operation of AO systems for
atmospheric applications are based on the properties
of linearity, reciprocity, and quasi-stationarity of the
atmosphere [5]. Among them, the Helmholtz reci-
procity principle, which corresponds to the reversibil-
ity principle, is the main one. It is performed for both
free space and a turbulent medium and allows com-
plete elimination of the effect of this medium. For the
efficient operation of an atmospheric AO system, it is
necessary to ensure a speed sufficient for the fulfill-
ment of the quasi-stationarity condition, i.e., the time
response of the system and the signal propagation time
should not exceed the time when the turbulent
medium is frozen. The problem of achieving the
required performance of AO systems is still unsolved.

Let us briefly recall the stages of development of AO
for astronomical applications. The first AO systems of
ground-based astronomical telescopes included one
WFS and one wavefront corrector and used a natural
star as a reference light source. The main problem of
such systems is the frequent absence of a sufficiently
bright star (reference) in the isoplanar region with an
astronomical object under study. To overcome that
ATMOSPHERIC AND OCEANIC OPTICS  Vol. 35  No
obstacle, telescopes began to be equipped with systems
for the creation of an artificial reference source – a laser
guide star (LGS). The main limitation of such systems
is the impossibility of compensating for the radiation
wavefront slopes based on an LGS signal. As a result,
the first-generation AO systems had two loops for cor-
recting high wavefront aberrations based on an LGS
signal and a loop for correcting wavefront global tilt
with a natural star as guide (the requirements for isopla-
natism were significantly weaker in the latter case). To
develop such systems, it was sufficient to know the Fried
parameter, i.e., the altitude-integral magnitude of opti-
cal turbulence of the atmosphere, but not its profile.
The main disadvantages of the first-generation AO sys-
tems were the focal anisoplanatism and the limited
field-of-view of the systems.

Therefore, the next state-of-the-art AO systems are
multiconjugate systems which include several WFSs
and wavefront correctors and use several LGSs. In
these systems, adaptive mirrors are optically conju-
gated with different atmospheric altitudes of the stron-
gest turbulent layers or with one altitude in the surface
air layer, where the turbulence is the strongest. In the
latter case, it is possible to increase the field-of-view of
a system. Such systems are called ground layer AO
(GL AO). For the creation and operation of such sys-
tems, detailed knowledge of the vertical distribution of
atmospheric optical turbulence is required.

All AO systems for atmospheric applications can
be divided into two types: active and passive. The
first type includes AO systems operating along hori-
zontal paths, first of all, systems for laser complexes.
During their operation, the receiving and the emit-
ting points are accessible; therefore, measurements
along horizontal paths do not cause any particular
difficulties, and if the path is considered homoge-
neous, interpolation of point atmospheric measure-
ments is possible.

The second type includes AO systems operating
along vertical paths: AO systems for astronomical tele-
scopes or aerospace tracking systems, which deter-
mine the motion parameters of a self-luminous object.
In this review, we mainly consider systems of the sec-
ond type.

The requirements for AO system components and a
system as a whole are determined by the atmospheric
conditions at the system site. AO systems work best
under good seeing conditions; they can fail to operate
under certain atmospheric conditions. Requirements
for AO are weaker in the IR region. Therefore, AO sys-
tems are individually designed, and despite apparent
simplicity of the principle of operation of such systems
for atmospheric problems, their elaboration is quite
difficult because of many details and fine points which
should be taken into account. Hence, AO systems are
still quite complex and exclusive in each specific case;
unique systems, e.g., for large astronomical telescopes
are created by international teams.
. 3  2022
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The problem of creation of next-generation AO
systems is topical today. In view of this, techniques are
being actively developed for profiling atmospheric
optical turbulence with the aim of determining the
strongest turbulent layers and optimizing the altitudes
of coupling in the atmosphere. Altitude profiles of
optical turbulence parameters can differ depending on
geographic coordinates, relief type, and season; they
vary strongly during the day.

2. ATMOSPHERIC PARAMETERS 
FOR AO SYSTEMS

The main parameter which characterizes the atmo-
spheric optical turbulence strength of and the effect of
atmospheric turbulence on all statistical characteris-
tics of propagating optical radiation is the structure
constant of the air refractive index .

The term “optical turbulence of the atmosphere,”
which is in the literature on AO, is understood as the
optical properties of a turbulent atmosphere. Physically,
the propagation of electromagnetic waves is determined
by the propagation medium, the optical properties of
which are characterized by its refractive index. Turbu-
lence in the Earth’s atmosphere produces turbulent
inhomogeneities (fluctuations) of the refractive index,
which cause phase and amplitude fluctuations of opti-
cal radiation propagating through the atmosphere.
AO systems are to compensate for these fluctuations.

According to the Kolmogorov–Obukhov hypothe-
ses, the structure function of the air refractive index [6]
can be written in the inertial interval as

(1)
where ρ is the distance between points where the
refractive index is estimated. The inertial interval from
the side of high spatial frequencies is bounded by the
inner turbulence scale; and from the low-frequency
side, by the outer turbulence scale.

The common characteristic of wavefront distor-
tions in AO is the Fried parameter, or the coherence
length of a plane wave, which determines the integral
value of the atmospheric optical turbulence. This
parameter is used when designing AO system compo-
nents [7]. For a vertical atmospheric path, the coher-
ence length of a plane wave

(2)

where  is the altitude dependence of the structure
constant of the refractive index; k = 2π/λ is the wave-
number, λ is the wavelength; h is the system altitude,
m; x is the altitude where an artificial reference source
is created.

The ratio of the telescope aperture diameter to the
Fried parameter D/r0 is a key parameter when consid-
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ering the atmospheric effect on the telescope image
quality. The telescope size is classified in terms of this
parameter: middle-size telescopes (D/r0 = 10), small
telescopes (D/r0 < 10), and large telescopes (D/r0 > 10).

The isoplanatism zone is calculated in AO through
the isoplanatic angle

(3)

which determines the region in the atmosphere where
the wavefronts of radiation from a reference object and
an object under study are equally phase distorted while
propagating.

The altitude profile of optical turbulence along
with the wind speed profile determines the require-
ments for the speed of the AO system of a ground-
based telescope via the Greenwood frequency, or the
atmospheric coherence time

(4)

where  is the zenith angle, and Vwind(ξ) is the altitude
profile of the wind speed.

The wind determines the time frequency of wave-
front f luctuations and affects the optical turbulence
strength, since the wind speed gradient induces atmo-
spheric turbulence generation. Surface wind produces
vibrations of a telescope, and, hence, jitters of images
formed by the telescope. The AO system speed linearly
increases with the wind speed. Therefore, wind speed
is an atmospheric parameter, the knowledge of which
is also important for AO systems. Techniques for mea-
suring the wind speed are well known in meteorology.
As for the AO systems, we deal not with the wind
speed, but with the time scales of wavefront f luctua-
tions. Therefore, almost all the optical techniques for
determining  described below make it possible to
estimate the speed of motion of turbulent layers.

Thus, to solve AO problems, one should know the
following parameters defined via the structure con-
stant of the air refractive index: the Fried parameter r0

or the profile , the isoplanatic angle θ0, and the
coherence time τ0 or the wind speed Vwind. These
parameters determine the spatiotemporal characteris-
tics of an AO system and requirements for the design
of system components—wavefront sensors and correc-
tors (the number of components, the focal length of
the microlens array, the number of control channels of
an adaptive mirror, etc.).
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3. TECHNIQUES AND INSTRUMENTS 
FOR MEASURING ATMOSPHERIC 

OPTICAL TURBULENCE

Techniques for estimating  can be divided into
optical and acoustic according to the physical principle
underlying the measurements. Another classification
principle, in terms of the measurement region, was
introduced in [8]: measurements in the surface air
layer and in the free atmosphere. The turbulence of
the lower atmosphere makes the greatest contribution
(from 40 to 80%) to the degradation of optical images
made by a ground-based telescope.

3.1. Optical Techniques

Optical techniques can be grouped by the physical
principle underlying them: measurements of phase
fluctuations and measurements of radiation intensity
fluctuations.

Note that our review is not exhaustive, because AO
methods are currently being actively developed. Many
approaches to measurements of atmospheric optical
turbulence and wind speed have been suggested. How-
ever, they are just modifications of the optical tech-
niques we consider, which have already shown their
effectiveness in long-term atmospheric measurements.

Stock and Keller suggested [9] the concept of a dif-
ferential technique for estimating the image quality in
the 1960s. The technique consisted in measurement of
the variance of random shifts of the energy center of
gravity of two images of the same star made by differ-
ent parts of the lens. The main advantage of the tech-
nique is the possibility of distinguishing between
mechanical vibrations of the instrument and the mea-
sured jitters due to atmospheric turbulence.

That concept was implemented by researchers from
the European Southern Observatory [10] when coor-
dinate-sensitive receivers were created. In that work, a
CCD array was used for objective estimation of shifts
of two star images relative to each other. The instru-
ment created was called DIMM (Differential Image
Motion Monitor).

The variance of the difference signal is connected
the coherence length of an optical wave (r0), which
characterizes the turbulence integral over the radiation
propagation path:

(5)

(6)

where  is the variance of radiation f luctuations in
the longitudinal and transverse directions; Dsub is the
subaperture diameter;  are the coefficients of
wavefront slope type measured as functions of the sub-
aperture size and the distance between them. Equa-
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tions for the coefficients as functions of the slope mea-
sured (G- and Z-slopes) are given in [11].

For the practical implementation of this method, a
mask with two subapertures is fixed at the receiving
aperture of a small telescope (25–50 cm), and the
radiation is usually split with an optical wedge. The σ2

calculation accuracy depends on the accuracy of
determining the instantaneous coordinates of each of
the two shifting images and, therefore, affects the r0
estimation accuracy. The instrument noise results in
the errors in coordinates. The pixel size, the camera
exposure time, and the number of frames are import-
ant parameters; their effects were studied in [12].

Let us describe features of DIMMs for astronomical
applications. The point spread function (PSF) width at
half maximum (FWHM), also called seeing (ε0), is usu-
ally used for estimation of the image quality in astro-
nomical observations. In a DIMM, ε0 is usually
approximately estimated at λ = 0.5 μm as

(7)

Note that a DIMM measures r0, which character-
izes atmospheric conditions, i.e., the seeing of an
observatory, instead of the PSF of a telescope, and
then ε0 is calculated by the DIMM software. There-
fore, seeing is not the image quality here, but a charac-
teristic of the atmosphere, while the PSF characterizes
an image, but not the atmosphere or seeing condi-
tions. The atmosphere is the main, but not the only,
contributor to the deterioration of the telescope image
quality. The shape and width of the PSF of a telescope
operating through the Earth’s atmosphere are deter-
mined by instrumental PSF and the PSF due to atmo-
spheric and dome turbulence (dome seeing).

A device similar to DIMM was created at the IAO
SB RAS in 1998. It was based on the same physical
principles but used laser radiation along horizontal
atmospheric paths. It was called a differential turbu-
lence meter (DTM) [13] (Fig. 1).

A Maksutov-type mirror–lens telescope AZT-7
was used in the first DTM version, and then DTM was
modernized: a TAL telescope with an aperture of
0.2 m and four subapertures was used [14];  was esti-
mated accounting the formula for the laser beam
coherence length:

(8)

(d is the distance between the subapertures). 
A device for daytime image jitter measurements on

the basis of differential technique was called SDIMM.
The Sun was used as a radiation source; modifications
consisted in the use of appropriate filters [15].

Kornilov and Tokovin improved the DIMM by
adding a turbulence profiler, which was based on the
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Fig. 1. Differential turbulence meter.
statistical analysis of star scintillations measured at
four ring apertures of MASS (Multi Aperture Scintil-
lation Sensor) [16]. The idea of using radiation inten-
sity f luctuations for measurement of atmospheric
optical turbulence was suggested by Clifford [17]. The
technique was developed for astronomical application
in works by Tokovin [18].

The differential image scintillation index in the
region of weak f luctuations

(9)

where Wx(h) are the weight functions dependent on
the radiation propagation geometry (receiving aper-
ture size, angular size of a radiating object, and radia-
tion wavelength).

The smallest aperture (2 cm diameter) in MASS is
sensitive to turbulence at low altitudes, on the order of
0.5 km, and the largest aperture (13 cm outer diame-
ter) is mainly sensitive to turbulence in high atmo-
spheric layers. The statistical analysis of scintillations
(radiation amplitude f luctuations) in all the four aper-
tures makes it possible to distinguish between turbu-
lent layers and to measure the turbulence strength in
each of them, and then, inverting Eq. (17), to retrieve

 of individual layers. This method provides a low
resolution and is insensitive to the near-surface turbu-
lent layer, but it is simple and robust. Instrumental and
other factors of the measurement accuracy are consid-
ered in [19].

Note that almost all existing astronomical obser-
vatories use DIMMs at different commercial small
telescopes, mainly of the Cassegrain scheme. MASS-
DIMMs were actively used for selection of sites for
new telescopes and are now used at telescope sites to
support the operation of AO systems.

Two triangulation techniques are commonly used
for  vertical profiling: SLODAR and SCIDAR,
where the atmospheric optical turbulence profile is
retrieved from the correlation between wavefront
slopes (SLODAR) or scintillation intensity patterns

2 2( ) ( ) ,I nW h C h dhσ = 

2
nС

2( )nС ξ
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(SCIDAR) of two stars with a known angular distance
between them.

The SCIDAR (SCIntillation Detection and Rang-
ing) technique was suggested by Vernin and Roddier in
1973. It is based on the analysis of the cross-correla-
tions of scintillations of each star in a binary star. The
technique allows retrieving not only the turbulence
profile , but also the velocity of the turbulent
layer  as a function of altitude from short-expo-
sure images of binary star scintillations [20]. In the
approximation of weak f luctuations, the 3D power
spectrum of f luctuations in the air refractive index and
the 2D spectrum of radiation scintillations in the
observation plane are related. The radiation from two
stars separated by the angle θ passes through a turbu-
lent layer at an altitude H, the scintillation of one star
at the receiver is shifted relative to another to the dis-
tance Hθ. The spatial autocovariance of the scintilla-
tions has a peak at r = ±θH, which is proportional to

 of this layer:

(10)

where δH is the altitude resolution; K(r − θH) is the
theoretical covariance function of scintillations. 
can be retrieved from measurements of the covariance
function of the scintillations in the telescope pupil and
calculations of K(r − θH).

The technique is limited because it is insensitive to
the turbulence of the surface layer h0, since its contri-
bution is proportional to 5/6 at each altitude. The lim-
itation can be overcome by shifting the measurement
plane below the telescope pupil plane.

The theoretical resolution of SCIDAR is deter-
mined by the size of the Fresnel zone for a turbulent
layer altitude specified. We emphasize that SCIDAR
and its modifications require a large (at least 2 m) tele-
scope to ensure a high resolution in the surface air
layer [21]. In addition, it is often difficult to find
binary stars with a large angular separation, especially
with the required stellar brightness.

The modified stereo-SCIDAR approach uses a ste-
reoscopic system, where scintillations of each binary
star are detected by a separate detector [22]. In the
previous implementations of SCIDAR, the scintilla-
tions of two stars were usually superimposed on each
other in one detector. Separation of star images has
several advantages. Visualization of scintillations of
each individual star increases a possible difference in
the stellar magnitudes, which increases the number of
available sources the instrument can use. In addition,
as compared to a single SCIDAR camera, the signal-
to-noise ratio of a turbulence profile retrieved
increases with the difference in magnitude between
the stars in a pair: by a factor of two for stars of the
same magnitude and by a factor of 6.3 for stars differ-
ent in brightness by two magnitudes. If two stars differ
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in brightness by 2.7 magnitudes, then the sensitivity of
stereo-SCIDAR increases by a factor of 12 as compared
to SCIDAR with a single camera. The methods are
implemented in devices mounted in the largest Mauna
Kea and Paranal Astronomical Observatories [21, 22].

In the SLODAR (SLOpe Detection And Ranging)
method, the altitude profile of the turbulence is
retrieved from the time average spatial-angular cross-
correlation function of local wavefront slopes measured
in the telescope lens plane with a Shack–Hartmann
WFS on the basis of observations of a binary star [23].

The complete normalized profile of  is
retrieved from the cross-correlation function via
deconvolution, where the cross-correlation of the
wavefront slopes for each of the stars of a binary star is
used as a measure of the system’s pulsed response to a
single turbulent layer.

A turbulent profile is estimated from Shack–Hart-
mann sensor data as follows. Short-exposure hart-
mannograms are simultaneously recorded for each
star. The wavefront slopes are calculated for each sub-
aperture of the sensor on two spots for each of the
orthogonal directions i and j. The slope averaged over
all illuminated subapertures is subtracted from the
individual slopes for each star; this eliminates the
influence of the telescope pointing error common to
all subapertures. If  is the slope of the radiation
wavefront from the 1st star on the subaperture (i, j) at
time t and  is the wavefront slope of the radiation
from the 2nd star on the corresponding subaperture,
then the spatial cross-correlation function of the mea-
sured slopes

(11)

Here, the angle brackets mean the averaging over all
independent WFS frames;  is the number of
overlapping subapertures (with available data on
slopes) for the shift .

The cross-correlation for an individual star is esti-
mated in the same way:

(12)

 is the assessment of the effect of a single tur-
bulent layer, which is used for the optical turbulence
profiling via deconvolution. The normalized 
profile is retrieved with the use of the one-dimen-
sional Fourier transform:

(13)

The advantage of the method is its sensitivity to tur-
bulence at all altitudes, including ground level, with a
response function which weakly depends on the alti-
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tude. The wind speed in an individual turbulent layer
can be determined from the cross-correlation function
of the wavefront slopes calculated with a nonzero
delay between imaging the centroids of two stars at the
WFS. In this case, each peak in the two-dimensional
cross-correlation functions is shifted relative to its
position for zero delay by an amount proportional to
the corresponding wind speed in the layer.

The vertical resolution δH of the method is related
to the binary star separation angle θ as

(14)

where nsub is the number of subapertures in the projec-
tion on the telescope pupil w.

The maximal altitude

(15)
The larger the telescope aperture diameter, the

higher the sensing altitude. When using a telescope
with an aperture 0.4 m in size, the maximum altitude
is ~1 km, the resolution is 1 arcsec. Therefore, to
attain acceptable performance, the method should be
used for large telescopes.

The method modification SL (surface layer)-SLO-
DAR for supporting GLAO systems is limited to a
sensing altitude of 500 m, but provides for an altitude
resolution of 10 m when working with a small tele-
scope with an aperture of ~0.5 m [24].

It is often difficult to use double stars with a large
angular separation, especially with a reasonable differ-
ence between stellar magnitudes. To overcome this
obstacle, a device has been developed and is now oper-
ated at the Kalern Observatory and at the South Afri-
can Astronomical Observatory. It allows reconstruct-
ing  from observations of the moon limb and the
solar limb in night and day hours. Parts of the moon
limb are considered as a double star. The spatial and
temporal cross-correlation functions of the wavefront
arrival angles are used to profile optical turbulence and
associated parameters [25, 26].

Let us note a possibility of using a Shack–Hart-
mann sensor in an AO system loop for measuring opti-
cal turbulence, i.e., for turbulence profiling by the
SLODAR method and for retrieving r0 (13) by the dif-
ferential method from image jitter measurements at
two sensor subapertures. Such measurements of the
Fried parameter have been implemented at large solar
telescopes, including the Large Solar Vacuum Tele-
scope (LSVT) of the Baikal Astrophysical Observa-
tory, where a Shack–Hartmann WFS is used as a dif-
ferential turbulence meter in the AO system correction
loop [27, 28]. A Shack–Hartmann WFS in AO sys-
tems of solar telescopes measures Z-slopes. A WFS is
used to profile  in the AO system of the solar tele-
scope of the Big Bear Observatory, United States [29].
Four WFSs operate in the AO system of the Very Large
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D n

Hδ =
θ

max sub .H n H= δ

2( )nС h

2( )nC ξ
. 3  2022



294 BOLBASOVA, LUKIN

Table 1. Optical instruments for measuring atmospheric optical turbulence

Instrument Telescope aperture diameter Note Technique

DIMM r0 20–50 cm; small commercial 
telescope and mounting

Telescope modification 
is required

Phase f luctuations

SLODAR + 1–2 m Double star is required Phase f luctuations
MASS + 25–50 cm; commercial 

telescope and mounting
Low resolution; does not 

measure surface turbulence
Intensity f luctuations

SCIDAR + 2 m Double star is required Intensity f luctuations
Shack–Hartman WFS +, r0 Any In the AO system loop Phase f luctuations
Turbulent lidar + Small telescope Horizontal path Intensity f luctuations

2( )nC h
Telescope (VLT) by signals from four LGSs [30]; they
are also used for optical turbulence profiling. AO sys-
tems provide for results directly at the telescope point
at a required time, which is important for the efficient
operation of the telescope AO systems.

Lidars play an important role in atmospheric
research. They have a number of advantages, includ-
ing high temporal resolution and wide spatial vertical
coverage. Lidar methods for wind speed profiling have
been actively developed since the 1980s, including at
the IAO SB RAS. Several approaches were suggested
and developed for diagnosing and studying the bound-
ary air layer using lidars [31].

The use of lidars for  estimation is also promis-
ing [32]. Such a method is being actively developed
by Razenkov at the IAO SB RAS (e.g., [33]) based on
the effect of backscatter enhancement of the average
echo power using Vorob’ev’s approximation for the

 profile [34]:

(16)

where  is the lidar estimate of the structure constant
of the air refractive index;  is the Fresnel
scale, x is the distance to the lidar; q is the factor of the
turbulence effect on the average power of scattered
radiation at the receiver; R is the radius of the receiving
lidar aperture.

This technique apparently allows detecting large-
scale vortex and wave structures and, therefore, can
become an alternative to sodars. The technique is lim-
ited by lidar operation at weakly inclined sensing paths
with respect to the horizon. Lidars were previously
suggested to be used for atmospheric turbulence sens-
ing, but that time the lidar technique was a combina-
tion of the DIMM differential method with LGS [35].

Table 1 summarizes the features of the techniques
for atmospheric optical turbulence measurements con-
sidered in this section. Let us briefly compare them.
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ATMOSPHE
SLODAR and SCIDAR require a telescope with an
aperture size of at least 1.5 m. Therefore, instruments
based on them cannot be used as mobile equipment for
atmospheric measurements, but allow  profiling,
which is necessary for contemporary AO systems.

DIMMs require a telescope modification, but, like
MASS, are assembled from commercially available
equipment (mounting, small telescope, etc.); there-
fore, they are easily transportable. In addition, they can
be mounted in a small dome (diameter <3 m) and their
operation can be fully automated. Scintillation meters
are often insensitive to surface turbulence (0.5 km).
A Shack–Hartmann WFS in the AO system loop does
not require an additional telescope; measurements are
carried out directly at the telescope point, which is
especially important for the efficient operation of an
AO system.

3.2. Acoustic Techniques

The review would be incomplete without consider-
ation of acoustic measuring instruments: sodars and
ultrasonic thermoanemometers. In acoustic sound-
ing, sound waves propagating in the atmosphere are
scattered by wind and air temperature field inhomoge-
neities, which are primarily associated with turbulent
motion.

Sodar is a remote sounding system which provides
information on the turbulence strength, temperature,
and wind gradients from measurements of the sound
backscatter intensity profile. The distance to scatterers
is determined by the delay of a signal reflected; the tur-
bulence strength can be estimated by the reflected sig-
nal power, and the wind projection on the sounding
direction is determined by the Doppler frequency shift.
The advantage of sodars is their relative simplicity, rea-
sonable price, and reliability of measurements at a quite
high vertical resolution (on the order of 5–50 m). The
main disadvantages of sodars are the limited vertical
detection range (from a few hundred meters to 1 km)
and low data availability under certain weather condi-
tions. In addition, a signal emitted (usually 1–10 kHz)
is audible to man.

2( )nC ξ
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A series of acoustic systems for atmospheric sound-
ing (sodars) were developed at the IAO SB RAS:
“Zvuk-1,” “Zvuk-2,” “Volna-3,” and “Volna-4.” They
are mobile towed complexes consisting of one or three
acoustic antennas and a control cabin [36]. These sys-
tems measure vertical profiles of wind speed, tempera-
ture, and the turbulence parameter in the altitude
range from 40 to 1000 m.

The acoustic sounding technique was used for
monitoring an optically active turbulence in the atmo-
spheric boundary layer already in the late 1980s. [37].
Combined experiments were carried out at several
mountain astronomical observatories of the former
Soviet Union to explain the difference in the quality of
astronomical images at different sites. In [38], optical
measurements were accompanied by turbulence
observations with a high-resolution sodar specially
designed for this purpose at the Concordia Astronom-
ical Observatory (Antarctica). Sodar was used to
search for a site for the TMT telescope [39].

The simplest acoustic device is an ultrasonic ther-
moanemometer, which measures the structure constant
of the temperature and certain turbulent parameters in
the surface air layer. Portable thermoanemometers,
ultrasonic meteorological stations “Meteo-2” created
at the IAO SB RAS, and the acoustic meteorological
complex (AMC) of the Institute of Monitoring of Cli-
matic and Ecological Systems, Siberian Branch, Rus-
sian Academy of Sciences, allow estimating the struc-
ture function of the air refractive index [40]:

(17)

where  is the structure constant of the temperature T;
P is the pressure.

These inexpensive mobile devices can be fixed on a
weather mast and used in cold climate areas [41].
Their main disadvantage is point measurements,
which, however, can be approximated for homoge-
neous paths. An alternative is to use several ultrasonic
thermoanemometers.

Comparative measurements with an acoustic
weather station and by optical methods (DIT, Shack–
Hartmann WFS) were performed in [42, 43]. The
results show a high correlation, but differ in absolute
values. In general, thermoanemometer measurements
for AO are useful both for laser systems operating
along horizontal paths and for studying the physics of
atmospheric turbulence generation in the boundary
layer above observatory sites.

4. MODERN PROBLEMS
IN ATMOSPHERIC RESEARCH FOR AO
Today, almost all large telescopes are equipped with

AO systems, including multistage systems, which are
being continuously improved [44–49]. When creating
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new telescopes, AO systems are already being developed
in the design stage [50, 51].

Worldwide observatories have accumulated volumes
of statistical information on optical turbulence [52, 53].
This allows developing models of not only the  alti-
tude profile, but also the wind speed profile based on
the Bufton model [54]. Atmospheric measurements
are performed in the monitoring mode, often simulta-
neously by several methods. For example, a recent
study [55] compares data from stereo-SLODAR,
MASS-DIMM, and Shack–Hartmann WFS of the
VLT AO system at the Paranal Observatory. The data
are consistent, which indicates the effectiveness of all
methods used and the reliability of the results.

The forecast of atmospheric conditions, including
optical turbulence and other seeing parameters, is an
urgent task of atmospheric research for AO. It is of
fundamental importance for all types of AO systems,
for f lexible scheduling of astronomical observations,
and efficient operation of telescopes. This is con-
firmed by the program for the search for a reliable
technique for predicting atmospheric optical turbu-
lence and meteorological conditions, which was
announced in 2020 by the European Southern Obser-
vatory – the largest astronomical association. A
request [49] was published to find institutions capable
of developing a system for predicting turbulence and
meteorological conditions (for three nights, and, with
higher accuracy, for the night to come) at the Paranal
Observatory [56, 57].

There are several types of forecasts of atmospheric
conditions in astronomical observatories: for 14 h; for
short intervals of 1–4 h; for 15–20 min, which are of
interest for the efficient operation of AO systems [58];
the search for time intervals with a high isoplanatic
angle and coherence time from 20 min to 2 h for a
quick choice of instrument (for example, the spectro-
graph type); and of attainable quality of telescope
images (ε0), i.e., , for several days.

The problem of predicting optical turbulence and
related parameters is mainly solved with the use of
numerical weather forecast models. The Masciadri
group is developing the Astro-Meso-Nh nonhydro-
static model for forecasting seeing parameters, includ-
ing turbulent characteristics [58, 59]. The model was
used in Chile.

The European Center for Medium-Range Weather
Forecasts (ECMWF) model was used in [60]. The
Mauna Kea Weather Center (MKWC) model [61] is
applied for optical turbulence forecast at the Mauna
Kea Observatory (Hawaii). The Weather Research
and Forecasting (WRF) model was tested by the
authors of [62] at observatories located on the Tibetan
Plateau.

However, the optical turbulence forecasts are
imperfect. Therefore, seasonal calibrations based on
long-term ground-based measurements, e.g., with
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MASS-DIMM, are used, However, even this solu-
tion does not always lead to a satisfactory forecast [59].
In [63], the authors additionally use autoregressive
models, which improve forecasts under good seeing
conditions and for short periods of time, since the
technique is actually a forecast by the last value. The
authors of the above studies suggest using other math-
ematical methods for time series prediction, such as
the Kalman filter along with Astro-Meso-Nh.

The task of forecasting atmospheric conditions is
related to the accuracy of the parameterization of an
optical turbulence in the lower atmosphere. There-
fore, a possible solution is to use a weather forecast
model along with the surface air layer model based
on the Monin–Obukhov similarity theory [64]. The
properties and dynamics of the layer are largely
determined by its interaction with the underlying sur-
face, which can be characterized by turbulent f luxes
of momentum, heat, and moisture. The Monin–
Obukhov similarity theory predicts well turbulence
physics under unstable and neutral atmospheric
stratification, but is inapplicable in the case of stable
stratification; i.e., it can be used for a f lat homoge-
neous underlying surface under the assumption of
stationarity and homogeneity of meteorological
fields. The spectrum of f luctuations of the refractive
index of air in the inertial range of wavenumbers
obeys the –5/3 power law, which often does not meet
to the conditions of mountain observatories. There-
fore, the theory should be modified for them or it is
necessary to apply entirely different approaches. The
study of the optical characteristics of a turbulent
atmosphere under these conditions is a separate task.

Other modern approaches to forecasting  in the
lower atmosphere include machine learning methods,
which have become popular in various fields in recent
years. In 2016, it was first suggested to use an artificial
neural network (ANN), which was a multilayer per-
ceptron, to estimate  through air temperature, pres-
sure, and relative humidity at the Mauna Loa observa-
tory [65]. The correlation coefficient was calculated to
be high (0.8) between the values measured and the
ANN estimates for neutral and unstable atmospheric
stratification, where the Monin–Obukhov theory is
applicable, and equal to 0.6 for a stably stratified
atmosphere. It is necessary to know the functional
relationships between the parameters and to select the
weights of the connections in the learning process for
this ANN to work, which makes it difficult to use the
ANN with other data. The ANN is a black box model.

In [66], the “random forest” machine learning
method is used to forecast the structure constant of the
surface air refractive index near the sea and to study
the contribution of meteorological parameters to opti-
cal turbulence generation. However, the authors do
not mention the atmospheric stratification type and
statistical errors; they only point to the usefulness of
the method.
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In [67], a backpropagation neural network opti-
mized by an adaptive genetic algorithm was success-
fully applied for forecasting meteorological parame-
ters; a correlation coefficient was equal to 0.93 under
Antarctic conditions, i.e., under weak atmospheric
optical turbulence.

All the above forecasts using machine learning
methods are based on ultrasonic thermoanemometer
measurements of atmospheric air characteristics.

5. ATMOSPHERIC RESEARCH AT RUSSIAN 
ASTRONOMICAL OBSERVATORIES

The Large Solar Vacuum Telescope of the Baikal
Astrophysical Observatory (BAO) of ISTP SB RAS is
the only Russian telescope equipped with an AO sys-
tem today [68–70]. The system was developed at the
IAO SB RAS.

The study of the seeing conditions in the world
began within the search for best sites for astronomical
telescopes with minimal atmospheric optical distur-
bances. Note the equivalence of the terms “optical
state of the atmosphere” (common in the atmospheric
optics) and “seeing conditions” understood as a set of
atmospheric conditions which affect optical radiation
propagating through the atmosphere. The quality of
astronomical observations is affected not only by tur-
bulence, but also by other factors (cloudiness, aerosol,
etc.) of the optical state of the atmosphere.

Studies of seeing conditions were actively devel-
oped in the Soviet Union until the 1990s; numerous
acoustic and optical measurements were carried out
[37, 71]. Generalization of the results of seeing condi-
tion studies, including turbulent characteristics, can
be found in [72, 73]. Then, judging by the lack of pub-
lications, those works were almost stopped in the main
Russian observatories.

At that time, atmospheric (seeing) research for AO
was continued in foreign observatories where large
telescopes were located or were planned to be
mounted. The main attention was paid to the parame-
ters associated with atmospheric optical turbulence
and wind speed. During that period, a new parameter,
that is, the wind speed at a level of 200 hPa (V200), was
introduced to estimate the applicability of AO systems.
The correlation between that parameter and the astro-
nomical image quality was ascertained for a number of
large astronomical observatories [74–79], including
the BAO [80]. This parameter is connected with the
AO system frequency as  (b is a coeffi-
cient). Vertical gradients in V200 induce a clear-sky
turbulence.

One of the approaches to the study of seeing condi-
tions is the use of a meteorological reanalysis. It was
applied to the study of the altitude distribution of wind
speed in all large astronomical observatories [72–80].
A meteorological reanalysis includes different atmo-
spheric measurements; radiosonde, aircraft, and sat-

V200V b=
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Fig. 2. Average distribution of V200 based on ERA Interim
reanalysis for observatories of (a) southern Siberia [76] and
(b) North Caucasus (adapted from [77]).
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ellite observations, and other data and is a result of
assimilation of these data at the nodes of a regular
grid over the Earth. The use of reanalysis data and
satellite measurements can be useful for studying
current and long-term variations in other seeing
parameters, such as cloudiness and precipitable
water vapor [81, 82].

Figure 2 shows the distribution of wind speed at a
level of 200 hPa for two regions, southern Siberia and
the North Caucasus, according to reanalysis data
[83, 84]. From the point of view of the frequency
characteristics of an AO system, the BAO is in better
conditions than the Sayan Solar Observatory (SSO).
The question of the best place for the Large Altazi-
muth Telescope (BTA) in Russia is still debatable.
There are no points with low V200 in the Caucasus
Mountains. The Crimean Astrophysical Observatory
is the best in terms of this parameter.

Figure 3 shows histograms of V200 distribution in
1948–2018 from the NCEP/NCAR reanalysis data for
BAO and SSO. They witness different atmospheric
conditions in the Russian astronomical observatories. 

As is ascertained in [80] on the basis of coherence
length measurements, the higher V200 at the BAO, the
worse the astronomical quality of daytime images (the
higher the daytime ε0). There are no experimental data
on the dependence between these parameters for the
BTA site. Assuming such a relationship, the best time
for the BTA AO system operation is from October to
May, in contrast to the BAO, where the best time for
astronomical observations is from June to September.
According to [81], V200 has been changing due to cli-
mate change in recent years, decreasing or increasing
in different observatories.

As already mentioned in Section 4, modern seeing
research is aimed at forecasting atmospheric condi-
tions, including for the efficient operation of AO sys-
tems. In foreign observatories, atmospheric parameters
are often monitored simultaneously with several instru-
ments; statistical data have been accumulated. In the
Russian Federation, there is an astronomical seeing
post at the Caucasian Mountain Observatory (CMO) of
the Sternberg Astronomical Institute of Moscow State
University, where all parameters necessary for the AO
system design have been monitored with MASS-
DIMM since 2007 [85, 86]. As a result, seasonal fea-
tures of the isoplanatism and coherence time are known
(median τ = 6.57 ms). DIMM measurements are car-
ried out by the ISTP SB RAS at the SSO [87]. Study of
the atmospheric conditions of the BAO ISTP SB RAS,
including the seasonal statistics of the Fried parameter
measured by the correlation Shack–Hartmann WFS of
the LSVT AO system, is described in [28, 80, 88]. His-
tograms of the distribution of the structure constant of
the air refractive index measured with a Meteo-2 ultra-
sonic weather station in the surface air layer in different
seasons are given in [89].
ATMOSPHERIC AND OCEANIC OPTICS  Vol. 35  No
Several important results about the turbulent
regime of the lower atmosphere at observatories in
southern Siberia were derived from measurements
with ultrasonic weather stations (complexes) AMK
and Meteo-2 in [90–94, 96]. The first result is the
detection of a coherent non-Kolmogorov turbulence
which weakens the optical radiation f luctuations. In
practice, this effect means the presence of time win-
dows with high image quality. These coherent struc-
tures reduce the telescope image jitters more than two
times at SSO. Similar, but not as long-term, studies
were carried out at the Special Astrophysical Observa-
tory (SAO), Russian Academy of Sciences. Genera-
tion of vortex coherent structure under certain meteo-
rological conditions was shown in [95]. The results of
the study of generation of optical turbulence in the
lower atmosphere in the observatories in southern
Siberia are summarized in [96, 97].

There are no measurement data on the Fried
parameter (atmospheric optical turbulence profile)
and other parameters required for designing AO sys-
tems for the largest Russian telescope, the BTA, over
the past 10 years. Turbulent characteristics are not
monitored for the Crimean Astronomical Observa-
tory, which is one of the largest observatories of the
former Soviet Union. There are no statistical data for
. 3  2022
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Fig. 3. Histogram of V200 from 1948 to 2018 based on
NCEP/NCAR reanalysis for (a) SAO RAS [84] and
(b) BAO ISTP SB RAS [80].

140
120
100
80
60
40
20

0

100

80

60

40

20

0

%

5 9 13 17 21

(a)

25 29 33 37

Fr
eq

ue
nc

y

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

0

100

80

60

40

20

0

%

3 7 11 15 19
V200, m/s

(b)

23 27 31

N
or

m
al

iz
ed

 fr
eq

ue
nc

y

the Terskol Observatory in the literature, except for
the measurements of the 1980s [37, 98]. In other
words, Russian astronomical observatories do not
monitor optical turbulence and related parameters and
do not perform full-scale atmospheric studies, which
does not allow equipping RF telescopes with AO sys-
tems. The only exception is the CMO MSU, where
atmospheric measurements are carried out and the
accumulated results make it possible to start designing
an AO system.

The use of optical turbulence measurements in
1980–1990s in Russian observatories (see Table 3,
[37, 98]) seems incorrect for the development of AO
systems due to climate changes, which, as is shown
on the example of Chile observatories [99] on the
basis of reanalysis data and field measurements, have
been changing the seeing conditions since 2000s.

Astronomical observations are influenced not only
by optical turbulence, but also meteorological factors,
such as the precipitable water vapor, aerosol, and
cloudiness. In general, the seeing at a telescope site is
an important factor of the quality of the telescope
work. Forecasting atmospheric conditions in observa-
tories will help to increase the efficiency of astronom-
ical telescopes.

CONCLUSIONS
The forecast of atmospheric conditions is currently

the main direction in the development of atmospheric
research for AO problems. Monitoring, statistical
ATMOSPHE
data, and modeling the structure constant of the air
refractive index have surely not lost their relevance.
The search for sites with minimal  remains an
important task. But a possibility of forecasting time
windows with high or low values of the main atmo-
spheric parameters (coherence length and time and
isoplanatism) is important for improving the effi-
ciency of AO systems and telescopes in general.

The main trend in this direction is the use of
machine learning methods. The progress achieved
with the help of mathematical methods encounters a
number of unsolved AO problems which limit the
forecast quality, namely, possible restrictions imposed
by the Earth’s atmosphere on optical radiation propa-
gation, first of all, optical turbulence in the lower
atmosphere in the case of deviations from classical
theories: non-Kolmogorov, coherent turbulence and
stable stratification (stable atmosphere).

The development of the theory of the stably strati-
fied surface air layer, i.e., where the gradient Richard-
son number is positive and the Monin–Obukhov the-
ory is inapplicable, is the subject of many works, but
this problem of atmospheric physics has not yet been
solved. Optical properties of atmospheric turbulence
in this case are of particular interest, since these con-
ditions are mainly implemented in nighttime in
mountainous regions, and the surface layer mainly
contributes to the distortions of optical images formed
by a ground-based telescope. Clear-air turbulence,
which most often occurs in mountainous regions, is
also of interest.

Many works are devoted to the study of optical
radiation propagation when the exponent deviates
from classical in the models of power density of air
refractive index f luctuations under so-called non-
Kolmogorov turbulence, but these studies mainly
concern laser beams. Atmospheric measurements with
the use of modern lidar and acoustic techniques seem
to be useful for solving the above problems.

A clear trend towards profilers is observed in the
development of instrumentation for next-generation
AO systems. However, the DIMM remains the most
common instrument for systematic atmospheric mea-
surements, since it allows using small commercial
telescopes, in contrast to profiling methods which
require telescopes with apertures at least 1.5 m in size.
The use of wavefront sensors in AO systems of a tele-
scope seems promising, including for profiling the
structure constant of the air refractive index.

Let us once again note a need for atmospheric
measurements at Russian observatories in connection
with the importance of equipping existing telescopes
with AO systems for their efficient operation. Such
seeing parameters as cloudiness, moisture content,
and aerosol undoubtedly affect the efficiency of astro-
nomical observations, but random inhomogeneities in
the refractive index during turbulent motion in the
atmosphere reduce the resolution of optical tele-
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scopes. A radical solution to this problem is equipping
telescopes with AO systems designed with atmo-
spheric measurements taken into account. Under-
standing the atmospheric effect on imaging is the
starting point for designing AO systems.

In addition, studies of seeing conditions are neces-
sary for better understanding of possible limitations
imposed by the Earth’s atmosphere. This knowledge
and statistics of seeing parameters support modeling,
forecasting, developing a strategy of using telescopes,
and planning astronomical observations. Creation of
systems for forecasting atmospheric conditions, not
only turbulent, is one of the ways of increasing the
efficiency of astronomical observations with the exist-
ing Russian telescopes.

Note that measurements of the outer atmospheric
turbulence scale and turbulence of the dome space of a
telescope and the study of parameters of a layer of
sodium and other metals for creation of LGS systems of
telescope AO remained beyond the scope of this review.
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