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Abstract. The paper analyzes meteorological and 

optical characteristics of the atmosphere at the Sayan 

Solar Observatory (SSO) and the future 3 m Large 

Solar Telescope (LST-3). We examine spatial features 

of changes in astroclimatic characteristics for the Sa-

yan Solar Observatory and Baikal Astrophysical Ob-
servatory (BAO). We have obtained a vertical profile 

of the structural characteristic of air refractive index 

fluctuations for a low intensity optical turbulence 

along the line of sight. This profile is an important 

result because it will allow us to adjust the adaptive 

optics system of LST-3 to the best astroclimatic condi-

tions when the correction efficiency is maximal. In 

order to analyze vertical profiles of optical turbulence 

characteristics and to assess the contribution of indi-

vidual atmospheric layers to the isoplanatic angle for a 

minimum level of total turbulence, we give recom-
mendations for the design of multi-conjugated adap-

tive optics in general and for LST-3 in particular. 
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INTRODUCTION 

In the world and in Russia, a number of large and 
very large (compared to orbital) ground-based tele-
scopes and new projects are being developed nowadays. 
In implementing plans of construction and modification 
of large  high-resolution telescopes, of particular im-
portance for their maximum efficiency is their location. 
A site should be considered optimal where the natural 
interference affecting operating modes of the telescope 
and reducing its performance potential is minimal.  

The site for a special-purpose astronomical observatory 

is known to be selected according to astroclimate charac-

teristics [Nosov et al., 2010; Panchuk, Afanas'ev, 2011]. 

On the one hand, the efficiency of a ground-based astro-

nomical telescope is determined by the duration of clear 

sky for a year. The visibility of faint objects at astronomi-

cal telescopes and the image contrast are limited by trans-

parency of the atmosphere and light scattering, including 

the night sky brightness. To achieve high resolution in 

long-focal-length optics and to observe the smallest image 

details, the main factor is the image quality statistics (de-

fined as seeing or through the Fried radius). Moreover, the 
Fried radius significantly changes both at short time inter-

vals and at long climatic intervals. Among other key mac-

ro-climatic characteristics are wind conditions and cloud 

cover. The site for large telescopes is selected according to 

fragmentary results of astroclimatic research.  

Monitoring and assessment of astroclimate charac-

teristics are of interest not only at the stage of choice of 

the site for a large telescope, but also directly at the site 

of an astronomical instrument that is under construction 

or operates. On the one hand, long-term observations 

provide a sufficiently long time series, which can be 
used for estimating the astroclimatic characteristics. On 

the other hand, observations of astronomical weather 

conditions, including optical turbulence, may contribute 

to the development of concepts of turbulence formation 

at different altitudes and its effect on the structure of 

optical radiation from cosmic light sources.  
To go to a new level of experimental research in so-

lar-terrestrial physics, the project of the National helioge-
ophysical complex of the Russian Academy of Sciences 
has been developed [Zherebtsov, 2013]. This paper deals 
with astroclimatic characteristics at SSO, which can be 
used to optimize the adaptive optics in the future LST-3 
and to construct the multi-conjugate adaptive system. 
 

ESTIMATED RATE OF 

WAVEFRONT EVOLUTION AND 

DISTRIBUTION OF HORIZONTAL 

WIND VELOCITY AT A PRESSURE 

LEVEL OF 200 hPa 

One the most important astroclimatic characteristics 
analyzed in many astronomical observatories of the world 
and describing the rate of turbulence change in the optical-
ly active atmospheric layer is the wind velocity in the up-
per troposphere in the jet stream zone [Bounhir et al., 2009; 
Chueca et al., 2004; García-Lorenzo et al., 2009; Hash et 
al., 2011]. It has been shown that for SSO and BAO an 
indicator of optical turbulence changes may be the wind 
velocity at a pressure level of 200 hPa V200 at a height of 
~12 km [Bolbasova et al., 2019]. 

The analysis of the wind velocity at 200 hPa at SSO 
rests on ERA-Interium data [https://www.ecmwf.int/en]. 
As compared to the most known databases such as 
NCEP/NCAR Reanalysis and ERA-40, ERA Interium is 
based on the data assimilation system 4D-Var and contains 
a larger number of vertical levels both in the atmospheric 
boundary layer (ABL) and in the free atmosphere, with a 
high horizontal resolution. Table describes the most fre-
quently used archives: NCEP/NCAR Reanalysis, ERA-40, 
and ERA Interium. 

From ERA-Interium data with a horizontal spatial 
resolution of 0.125° we have obtained the annual aver-
age distribution of V200 at SSO (Figure 1).

https://www.ecmwf.int/en
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NCEP/NCAR Reanalysis, ERA-40 and ERA Interium 

Archive 

Используемое 
horizontal spatial 
resolution in use, 

deg. 

Levels, hPa 
Period 

of observa-

tions 

Ncep/Ncar 

Reanalysis 
2.5 1000, 925, 850, 700, 600, 500, 400, 300, 250, 200, 

150, 100, 70, 50, 30, 20, 10  
1948–2019 

Era-40 0.125 1000, 925, 850, 775, 700, 600, 500, 400, 300, 250, 

200, 150, 100, 70, 50, 30, 20 
1957–2002 

Era-Interium 0.125 1000, 975, 950, 925, 900, 875, 850, 825, 800, 775, 750, 

700, 650, 600, 550, 500, 450, 400, 350, 300, 250, 225, 

200, 175, 150, 125, 100, 70, 50, 30, 20, 10, 7, 5, 3, 2, 1 

1979–2019 

 

Along the X-axis are longitudes; along the Y-axis are 
latitudes; isolines of V200 BAO are given, and sites of SSO 
are shown. Noteworthy is that the analysis of the spatial 
distribution of V200 suggests that its changes depend on 
latitude and the mean values decrease with increasing lati-
tude. For SSO, the average value V200=19.7 m/s. 

Sarazin M. [Sarazin et al., 2001] has proposed a con-
cept according to which the maximum vertical profile of 
V200 is related to the horizontal transport velocity of turbu-
lent fluctuations V0 as follows: [García-Lorenzo et al., 
2009] 

0 200 ,V kV  (1) 

where k is the proportionality factor depending on the 
location of an observatory and taking values from 0.4 to 
0.6 typical for middle latitudes. Given the mean spread 
of k for SSO, V0=7.9÷11.8 m/s. 
 

HORIZONTAL SPATIAL 

DISTRIBUTION OF VERTICAL 

WIND VELOCITY COMPONENT 

WITHIN ABL FOR THE  

SAYAN SOLAR OBSERVATORY 

In addition to the horizontal component V200, an-
other important characteristic is the vertical wind ve-
locity component, which is associated with buoyancy 
and static stability of the atmosphere. It is important to 
consider this value in ABL, which makes the greatest 
contribution to the optical turbulence along the line of 
sight with the same thicknesses of atmospheric layers. 
Quality of astronomical images is largely determined 
both by vertical air flows and by their spatial variability. 

Figure 2 shows the spatial distribution of the vertical 
wind velocity component at BAO and SSO  within ABL. 

The analysis of the spatial distribution suggests that 

the observatories are in the inhomogeneous field of the 

vertical wind velocity component. In this case, SSO is 

predominantly on the periphery of the region with up-

ward motions in ABL. This can lead to the formation 

of additional turbulence driven by the upward motions. 

Figure 2 gives us reason to believe that BAO is under 

the influence of the region of stable downward flows 

in ABL. The analysis of the spatial distribution sug-

gests that the observatories are in the inhomogeneous 

field of the vertical wind velocity component. In this 

case, SSO is predominantly on the periphery of the 

region with upward motions in ABL. This can lead to 

the formation of additional turbulence driven by the 

upward motions. Figure 2 gives us reason to believe 

that BAO is under the influence of the region of stable 

downward flows in ABL, which usually cause turbu-

lence suppression. 

 

 
Figure 1. Annual average distribution of wind velocity 

V200 at SSO as derived from Era-Interium data. The horizontal 
resolution is 0.125°; the selected area for interpolation is 
bounded by 35° N – 65° N, 90° E – 115° E 

 

Figure 2. Annual average spatial distribution of the vertical 

wind velocity component at BAO and SSO. The distribution was 

obtained from Era Interium data. Horizontal resolution is 0.25° 

 
CLOUD COVER AT SSO  
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The cloud cover analysis is of interest not only in 
terms of the available observation time at ground-based 
astronomical telescopes, but also in terms of the aerosol 
effect on clouds and their impact on the radiation bal-
ance of a selected site. For example, as shown in 
[Kabanov et al., 2019], a significant negative tendency 
for the coarse-dispersion component is observed in the 
interannual variability of the total aerosol optical depth 
in the vicinity of Tomsk. Decreasing total aerosol opti-
cal depth may indicate decreasing clouds over Western 
and Eastern Siberia. 

From Era-Interium data with the horizontal resolu-
tion of 0.125° we have obtained the annual average dis-
tribution of a normalized fraction of the total cloud cov-
er W near BAO and SSO (Figure 3). Normalized frac-
tions of the total cloud cover W were determined from 
the relation 

cal max/ ,W W W  (2) 

where Wcal is the calculated annual average fraction of 
the total cloud cover in each grid node; Wmax is the 
maxi- mum annual average fraction of the total cloud 
cover in the selected region. The analysis of W distri-
bution shows that the fraction of the total cloud cover 
decreases from north to south. 

When analyzing astroclimatic conditions, also of in-
terest is the intra-annual variability of the total cloud 

cover over SSO. Increasing in some months and de-
creasing in others, variations in the total cloud cover 

may indicate the seasonal dependence of the differential 

contribution to the radiation balance.  
Figure 4 shows intra-annual variations in repeatabil-

ity of the total cloud cover for SSO as derived from Era-
Interium data for different years. 

Repeatability of the total cloud cover varies consid-
erably throughout the year. Its intra-annual variations 

often exhibit three peaks: in April, July–August, No-
vember. The lowest fraction is observed in January and 

September–October; in some months it can be ~0.3–0.4. 
To compare the variations in the total cloud cover, 

Figure 5 shows the annual variation in the repeatability 
of clear sky days in terms of the total cloud cover as de- 

 

Figure 3. Annual average distribution of normalized frac-
tion of the total cloud cover W for SSO from 2008 to 2018 as 
derived from Era-Interium data. The horizontal resolution is 
0.125°; the selected area for interpolation is bounded by 40° N 
– 65° N, 90° E – 115° E 

 

termined from reference data. The central maximum in 

the total cloud cover (3–7 cloud amount) occurs in 

summer. Both the average number of full clear sky days 
and the average number of days with the total cloud 

cover up to 2 cloud amount inclusive have a minimum 

in summer. The annual average number of clear sky 

days in terms of the total cloud cover may be as large 

as 29; in the lower cloud cover, much larger (up to 

188) with a minimum in summer months. The annual 

variation in the number of foggy nights, which also 

limit the observation, is shown in Figure 6. We can see 

that the increased repeatability of fogs is observed in 

summer when the image quality is the highest. 

 

OBSERVATION DURATION AT SSO 

The most important astroclimatic characteristic is 

the possible observation duration (in hours). For SSO as 

a characteristic of observation duration we have taken 

the meteorological duration of sunshine. It was calculated 

for different months from reference data. Annual variation 

of sunshine duration for SSO is shown in Figure 7. 

 

Figure 4. Intra-annual variations in repeatability of the total 
cloud cover for SSO as derived from Era-Interium data for dif-
ferent years. Repeatability of the total cloud cover is given in 
dimensionless units 
 

 

Figure 5. Annual variation of the repeatability of clear sky 

days in terms of the total cloud cover: 1 – repeatability of the 
total cloud cover (0–2 cloud amount); 2 – repeatability of the 
total cloud cover (3–7 cloud amount), 3 – average number of 
full clear sky days (auxiliary Y-axis) for SSO 
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Figure 6. Annual variation of the number of foggy nights: 1 – 
average number of foggy nights; 2 – the largest number of foggy 
nights at SSO 

 

Figure 7. Annual variation of sunshine duration: 1 – aver-
age duration of sunshine from 1956 to 1980; 2 – average dura-
tion of sunshine from 2000 to 2004 calculated for SSO 
 

The average sunshine duration was derived directly 
by calculating over the observation periods from 1956 to 

1980 and from 2000 to 2004. The analysis of Figure 7 
shows that the sunshine duration varies significantly 

throughout the year. 
The highest values are observed in summer. The total 

duration of sunshine for SSO is 2299 hrs/year in 1956–
1980 and 2472 hrs/year in 2000–2004. 

 

VERTICAL PROFILES 

OF OPTICAL ATMOSPHERIC 

TURBULENCE CHARACTERISTICS 

One of the major characteristics of the optical at-

mospheric turbulence, the knowledge of the vertical 
profile of which is necessary for designing and optimiz-

ing classical adaptive optical systems (AOS) for correct-
ing astronomical imaging and multi-conjugate optics, is 

the structural characteristic of turbulent fluctuations of 
the air refractive index.   

Modern AOSs can correct images only for light at-

mospheric turbulence along the line of sight. In this re-

gard, classical and multi-conjugate AOSs require infor-

mation about the vertical profile of the structural constant 

of turbulent fluctuations of the air refractive index up to a 

height of ~20 km at a sufficiently high initial image quali-

ty.  
By using the method of spectral estimation of aver-

age energy characteristics of turbulence at different 
heights in the atmosphere [Shikhovtsev, Kovadlo, 2018; 
Shikhovtsev, et al., 2019] for small variances of air 
temperature fluctuations in the low-frequency range of 
energy spectrum, we have calculated values of the struc-
tural constant of turbulent fluctuations of the air refrac-

tive index 
2 ( )nC z  according to the relation 
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(3) 

where A is the constant factor; P is the atmospheric pres-

sure at a given height z; T  is the average air temperature 

at this height; E(fL, z) is the calculated value of the spectral 
density of air temperature fluctuations (variance) in the 
low-frequency turbulence energy spectrum; ft is the fre-
quency of change of spectrum slope from –3 to –5/3 in a 
low-frequency range; ftL, f tm are frequencies in the transi-
tion region of the micrometeorological range in their as-
cending order; fl is the highest frequency in the spectrum. It 
is important that in a first approximation the exponent hav-
ing spectral frequencies can be considered as a coefficient 

slightly variable for this observatory. In this case, 
2 ( )nC z  is 

determined by the vertical profiles of the average air tem-
perature, air pressure, and characteristics of air temperature 
variance in the low-frequency spectral peak, associated 
with the baroclinic instability mechanism. 

Ncep/Ncar Reanalysis data for 1988–2018 have 
been used to calculate the air temperature variance at 
different heights in the low-frequency spectral range 
and the profile of the structural constant of turbulent 

fluctuations of the air refractive index
2 ( )nC z  from For-

mula (3). Figure 8 plots the structural constant of turbu-
lent fluctuations of the air refractive index as a function 
of the layer height (line 1) and Jt, which gives the great-
est contribution to the scintillation and isoplanatic angle 
of the atmospheric depth at SSO (line 2). The Jt value is 
derived as 

2

1

2 5/3( ) ,
z

t n
z

J C z z dz   (4) 

where z1 and z2 are determined by the vertical resolution 
of Ncep/Ncar Reanalysis data. 

The analysis of Jt variations suggests that when cre-
ating the multi-conjugate AOS for a solar telescope we 
should focus on the system conjugate to two remote 
planes — on the atmospheric layers with heights ~3–5 
and 10–12 km. 

According to the theory of propagation of light 
waves in the atmosphere, in a small perturbation ap-
proximation and for nearly vertical optical paths the 
scintillation index is related to the structural constant of 
turbulent fluctuations of the air refractive index as follows: 

2 7/6 2 5/6

0

2.24 ( ) ,

H

I nk C z z dz    (5) 
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Figure 8. Structure constant of turbulent fluctuations of 
the air refractive index as a function of the layer height (line 1) 
and Jt, which gives the greatest contribution to the scintillation 
and isoplanatic angle of the atmospheric depth at SSO (line 2) 

The value 
2

I  varies depending on the spectral com-

position of the turbulent fluctuations of the air refractive  

index and depending on the source type (the Sun twinkles 

due to the spatial averaging over the image). 
The structural constant of the air refractive index 

fluctuations is proportional not only to fluctuations of 

the intensity of the light wave propagating in the atmos-

phere, which are usually associated with atmospheric 

irregularities at a height of ~10 km above the surface 

(this atmospheric layer is believed to make the largest 

contribution to amplitude fluctuations), but also to the 
isoplanatic angle, which for the nearly vertical optical 

paths can be derived from the formula 

 
3/5

2 2 5/3

0
0

2.91 ( ) .
H

nk C z z dz


    (6) 

Using ft, determined for the entire atmospheric depth, 

we find that for the vertical profile 
2 ( )nC z  the isoplanatic 

angle θ0 =1.86 arcsec, whereas at a wavelength of 0.5 µm 

the Fried radius is 8.4 cm. Using the calculated vertical 

profile of the structural constant of the air refractive index 

fluctuations for this radius, obtain that the point source 

scintillation index is 0.21 (Formula (5)). It is worth noting 

here that the small perturbation approximation holds well 

for
2 0.3.I   It is also known that the scintillation index 

may be 0.01–1 for stars (point source), whereas for the Sun 

(extended source) it significantly decreases to ~10–6–10–8. 

In this regard, the index estimated by the profile (see Fig-
ure 8) is within variations for the point source. 

Using measurements made by a Shack-Hartmann sen-

sor of the Large Solar Vacuum Telescope (LSVT), along 

with local wavefront slopes we calculated intensity distri-

butions in subapertures. To estimate scintillations regard-

less of the averaging action of the light source, the fol-

lowing relation should hold [Tatarsky, 1967] 

,L L    (7) 

where γ is the angular distance between two extreme 

beams from the object; L is the beam path length. We 
may assume that the measurements made with LSVT 

L L :  (within subapertures the product of the dis-

tance between the two extreme beams γ=4 arcsec and 

the distance to the layer L is γL~0.39 m, and 0.1L :  
m). From this point of view, we can suppose that when 

observing quite compact solar objects it is possible to 

estimate the scintillation index. At the same time, alt-

hough there is a decrease in image scintilation, it is 

much smaller than at full aperture. 
Using the effective height z=hef in (6) instead of z, 

for the visible range we can get a rough estimate of 

the isoplanatic angle 

 
3/5

2

0 ,I IK


 :   (8) 

where KI is the proportionality factor [Sarazin, Toko-

vinin, 2001]. 
Figure 9 shows frame-to-frame changes of the nor-

malized total-over-field intensity of different areas of 

the solar image edge in two spaced subapertures of the 
wavefront sensor in the LSVT pupil plane. 
For the given subapertures, the variance of the normal-

ized total-over-field intensity varies within 7.5·10–6–

1.4·10–5 (the reduced intensity variance per 1 pixel is 

~10–8). In this case, the proportionality factor in (8) dif-

fers from KI for point images. 

 

Figure 9. Frame-to-frame changes of the normalized total-
over-field intensity of different areas of the solar image edge 
in two spaced subapertures of the wavefront sensor in the 
LSVT pupil plane: 1 – the upper area of the solar image edge, 
reference subaperture; 2 – the lower area of the solar image 
edge, reference subaperture; 3 – the upper area of the solar 
image edge, spaced subaperture; 4 – the lower area of the solar 

image edge, spaced subaperture 
 

RESULTS AND DISCUSSION 

It is still crucial to characterize in detail the atmos-

pheric turbulence, wind, and other astroclimatical param-

eters in order to optimize future astronomical instruments 

with the use of adaptive optics, in particular multi- conju-

gate adaptive optics. Spatial distributions of the horizontal 

wind velocity component at a pressure level of 200 hPa, 

the vertical wind velocity component within ABL, and 

the cloud cover indicate a high degree of spatial variabil-

ity. Velocity amplitude variations are particularly pro-

nounced in a mountainous area — at SSO. We have 

found that for SSO the annual average horizontal compo-

nent V200 is 19.7 m/s. Given the average spread of the 
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proportionality factor k, the expected turbulent velocity 

V0 is from 7.9 to 11.8 m/s. The obtained characteristic 

values of V0 are consistent with calculations for the As-
tronomical Observatory Teide [García-Lorenzo et al., 

2009], for which V0 can increase up to ~18 m/s, and its 

characteristic values range from 3.8 to 8.2 m/s. 

We have analyzed the meteorological situation and 

have obtained the vertical profile of the structural char-

acteristics of air refractive index fluctuations for light 

integral turbulence along the line of sight at SSO. Using 

the vertical profile for a wavelength of 0.5 µm, we have 

estimated the isoplanatic angle and scintillation index. 

We have shown that the scintillation index for the ver-

tical profile of the structural characteristic of air refractive 

index fluctuations for the 8.4 cm Fried radius can be de-
scribed by the theory of propagation of light waves in the 

turbulent atmosphere in the small perturbation approxi-

mation. LSVT observations of solar image scintillation 

indicate that estimation of the optical turbulence charac-

teristics from amplitude fluctuations requires further re-

search to verify the proportionality factor KI. 

The results may serve as a basis for the estimation of 

potential operation time of a telescope, as well as for the 

development of multi-conjugate AOS for a solar tele-

scope. In particular, for LST-3 we should focus on the 

adaptive multi-system conjugate with two remote planes 
spaced at distances ~3–5 and 10–12 km. Estimated posi-

tions of atmospheric layers and their influence on the 

optical distortion occurring in the turbulent atmosphere 

can serve as a basis for the development of AOSs oper-

ating in a wide field of view [Shikhovtsev et al., 2019]. 

This work was performed with budgetary funding of 

RSF No. 19-79-00061. Measurements were made in 

part using the Unique Research Facility Large Solar 

Vacuum Telescope [http://ckp-rf.ru/usu/200615] under 

Basic Research Program II.16. 
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