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Abstract: Modern sensing technologies used in the field of ground-based telescopes still have a
lot of challenges. First of all, these challenges are associated with the development of the new-
generation instruments for astronomical observations and with the influence of the Earth’s atmosphere
on radiation in various ranges of the electromagnetic spectrum. The atmosphere is often the main factor
determining the technical characteristics of the instruments, in both the optical and millimeter ranges.
In particular, for millimeter/submillimeter telescopes, water vapor is the main gas that determines
atmospheric opacity. Correct assessment of water vapor make it possible to estimate the optical
opacity of the atmosphere, and on this basis, the capabilities of the millimeter/submillimeter telescope,
the limitations of its use in the mode of Very-long-baseline interferometry. A lot of studies seek to
effectively characterize water vapor content and dynamics for site-testing purposes in application to
the ground-based millimeter and sub-millimeter telescopes. In the present article, we study water
vapor content within a fairly large region, poorly covered in modern literature. Based on the ERA-5
reanalysis data as a site-testing oriented tool, we obtained spatial distributions of precipitable water
vapor (PWYV) within a large region (20°N - 70°N, 35°E - 120°E). These distributions of PWV were
corrected with respect to the characteristic vertical scale of water vapor H,fr and the relative height
difference of grid nodes in the ERA-5. Calculated values of PWYV are highly correlated with the
Global Navigation Satellite System-derived PWYV, with Pearson coefficients greater than 0.9. Using the
refined estimations we determined the median values of atmospheric opacities corresponding to new
perspective sites (Khulugaisha Peak and Tashanta) as well as the Special Astrophysical Observatory
(the key astronomical observatory in Russia). Together with Ali in China, Khulugaisha Peak and
Tashanta are considered by us as potential sites for the placement of a millimeter/submillimeter
telescope within the framework of the project of the Eurasian Submillimeter Teselscopes. Results
obtained in this paper suggest promising atmospheric conditions for astronomic observations, at
least, in the millimeter range In particular, we believe that this study will be a basis for the Eurasian
Submillimeter Telescopes (ESMT) project, within the framework of which it is assumed to create a
number of ground-based millimeter /submillimeter telescopes.

Keywords: millimeter astroclimate, millimeter telescope; atmospheric effects; methods: data analysis;
site testing

1. Introduction

In the world, there are two most important fields of ground-based astronomy. The first field is
adaptive optics, which increases the informativeness of astronomical images recorded with ground-
based optical and infrared telescopes [1-4]. World experience shows that correction of phase turbulent
distortions make it possible to minimize atmospheric negative effects (primarily, associated with
atmospheric optical turbulence) and approach the ultimate resolution of the telescope. It should be
noted that for infrared telescopes, the key atmospheric quantity, in addition to the characteristics of
optical turbulence, is the content of water vapor within the atmospheric column.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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The second area includes a key technology of astronomical observations, which is based on the
use of interferometry principle. By linking together observation data, for example, on spaced radio
telescopes, it is possible to achieve significant progress in increasing spatial resolution. In particular,
very long base-line interferometry (VLBL) demonstrates high scientific potential. For example, for a
wavelength of 2 mm and a base of 10,000 km, the potential resolution is about 41 microarcsec. With a
decrease in wavelength to 1 mm, the resolution improves to values of about 20 microarcsec.

A certain range of scientific tasks based on VLBL data has been formed by now [5]. One of them
is related to the expansion of the possibilities for observations of the innermost parts of accretion
disks and jets around supermassive black holes. Another interesting scientific task is to obtain high-
resolution images of bright maser sources, which is important for studying well-known regions of
high-mass star formation containing these bright sources. For millimeter-wave observations, there
are also many other compact sources that are potential targets for VLBI applications. These include
transient sources such as supernovae, gamma-ray bursts, and microquasars. Such observations should
be very interesting, since the highest frequencies correspond to the earliest phases of any eruption.

Improvements in our understanding of cosmic phenomena physics are associated with the devel-
opment of ground-based astronomical infrastructure, the search for new sites on the Earth and the
creation of next-generation astronomical instruments. The global community is increasingly involved
in the process of organizing complex astronomical observations and creating new measuring instru-
ments [6-11]. Studies of water vapor content, air temperature wind statistics are important for selection
of new sites suitable for mm and submm wavelength astronomy [12]. There is the project of "Eurasian
Submillimeter Telescopes" that proposes the creation of new millimeter/submillimeter telescopes,
including the territory of Russia [13]. The technical characteristics of submillimeter and millimeter
ground-based telescopes depend on atmospheric conditions and, above all, on the water vapor and
oxygen content along the line of sight. Estimation of potential observation time on submillimeter and
millimeter ground-based telescopes requires preliminary modeling of atmospheric conditions and
conducting in-situ measurements in selected (or existing) best locations for astronomical observations.

In paper [14] the authors claimed "on Earth’s surface, there are only a handful of high-quality
astronomical sites that meet the requirements for very large next-generation facilities". This expression,
in our opinion, is not entirely fair. Indeed, internationally world-class sites are located in such regions
as the Atacama Desert in northern Chile, Mauna Kea in the Hawaiian Islands, La Palma in the Canary
Islands [15]. Results of other studies show that there are additional locations on the Earth suitable for
installing new telescopes. For example, we can note Sanglokh, Maidanak, Suffa and Ali [16,17]. In
this paper we focus on two new sites: Khulugaysha Peak and Tashanta. For comparative purposes,
location of Big Telescope Alt-Azimuthal (BTA) of the Special Astrophysical Observatory (SAO) is also
considered. BTA is one of the largest astronomical centers in Russia, which has a radio telescope
RATAN-600 and optical reflector Big telescope Alt-azimuthal with a 605 cm diameter primary mirror.
SAO is located near mount Pastukhova in the northern part of the Caucasus mountains at a height
of 2070 m above sea level. The geographic coordinates of BTA are 43039’ 12" N, 41 026’ 30" E.
We should emphasize that prospects for developing the observational base at SAO for astrophysical
research in the millimeter-wave range are discussed in [18]. In our opinion, Khulugaysha Peak (51 ° 44
55" N,100 ° 59’ 7 " E) and Tashanta (49 ° 43’ 02" N,89 © 11’ 27" E) are two new promising sites
suitable for the millimeter telescope in the Sayan mountains and Altai, respectively.

2. Data Used

Water vapor is the main gas that leads to the absorption of millimeter and submillimeter radiation
in the atmosphere. The study of its spatiotemporal variability, as well as the assessment of statistical
characteristics of the water vapor content in the atmospheric column and at different heights are impor-
tant tasks of millimeter and submillimeter astronomy. In solving these problems, reanalysis databases
are becoming increasingly popular and represent one of the possible alternatives to measurements,
due to the globality, easy accessibility, a certain universality and duration of the data [19].
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For estimation of precipitable water vapor (PWV), we used a global set of publicly available
periodically updated ERA-5 reanalysis data covering a time period from 1940 to the present. The
temporal resolution of these data is 1 hour, the spatial resolution is 0.25 °. The data are provided
by the European Center for Medium-Range Weather Forecast ReAnalysis [20]. In order to achieve
accurate estimates of PWV, we correct the ERA-5 data using GNSS measurements. Examples of
two-dimensional distributions of the ERA-5 reanalysis and GNSS values are shown in Figure 1. Table
1 gives the coordinates of GNSS stations. Analysis of the figure shows that the PWV values from the
reanalysis and GNSS change synchronously. Especially, the values are closely related for the PWV
< 10 mm. In this case, the Pearson coefficients are greater than 0.9. The areas with the highest point
density correspond to the most typical observed atmospheric conditions for a given location. The
dependencies obtained give a background for use of the reanalysis data to assess astroclimate, in
particular, in calculation of precipitable water vapor statistics.

Table 1. Coordinates of GNSS stations.

Station Coordinates

Arti 58°33/37" N,56°33"47" E
Aruch-Yerevan 44°5'8"N,40°17'9"E
Kars 43°5'36" N,40°35' 18" E

Zelenchukskaya 41°33'54" N,43°47'18" E
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Figure 1. 2D distributions of PWV from GNSS and ERA-5

3. Atmospheric Characteristics Relevant for Millimeter Telescopes
3.1. Spatial Distributions of PWV Relevant for Placement of Millimeter Telescopes

Until now, the issue of site selection for new ground-based telescopes has not been resolved. At
least, it has not been fully resolved for all sites on the Earth with high astroclimatic characteristics.
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Moreover, global climate change may contribute to the degradation of conditions for existing astro-
nomical observatories. First of all, this degradation is related to the increase in atmospheric water
vapor content in recent decades.

Despite the fact that a number of sites with high astroclimatic characteristics are known in the
world, identification of new locations and assessing local atmospheric characteristics are key tasks. In
this study, we used ERA-5 reanalysis data for estimation of spatial distributions of precipitable water
vapor. We found, that the reanalysis data overestimate the PWV values, especially for mountain peaks.
The ERA-5 data should be corrected. Correction of data based on its consistence with measurements is
a common procedure [21]. To obtain more accurate estimations of PWV, we use an empirical method
based on taking into account the characteristic vertical changes in the water vapor content, calculated
from data from nearby radiosonde or GNSS stations. In particular, the PWV values for a given grid
node are corrected taking into account the exponential function:

PWV = PWVpexp(—0.439Az/ < Hypf >), 1)

where PWV) is the value of PWV derived from ERA-5 reanalysis, < H,f > is the average vertical
scale of water vapor. < H,¢y > is such height of the lower atmospheric layer within which the water
vapor content decreases with height above surface proportionally to the factor 1/exp. The value of Az
for a selected grid node is defined as some mean difference in heights within the local area around this
reference node. In particular, to estimate Az we used the following expression:

L
M
1

M=

Az = 2, (0) — z;(Ax, Ay), ()

Il
MR

where z,,,,;(0) is the height of the reference node, z;(Ax, Ay) are the heights of adjacent nodes shifted in
horizontal directions by a distance Ax, Ay , M is the number of nodes around the reference node. The
shifts Ax and Ay are typically about 100-120 km. The values are specified by minimizing the dispersion
between the model and measured PWYV values. Also, it should be noted that the PWYV values have
been corrected only for nodes with heights higher than 2000 m above sea level.

Figure 2 demonstrates the spatial distributions of median PWV averaged for the central months
of seasons (January, April, July and October).

Analysis of this figure shows that the precipitable water vapor is distributed unevenly within the
selected macroregion. Low PWV values are observed in mountainous regions. The most interesting
region is Tibet. In this area, a deep minimum of PWYV is observed. Median values of PWV are
below 2 mm. This corresponds to the most favorable conditions for millimeter observations. A
certain configuration of zones is preserved throughout the year. It can be noted that the well-known
astronomical sites (Ali-1, MuztaghAta and Suffa) are located within these zones with low PWV. New
sites (Khulugaysha Peak and Tashanta) are in stable locations throughout the year in terms of low
PWYV values.

In addition to PWYV, the possibility of placing a new submillimeter /millimeter telescope is also
determined by the surface wind field. In this regard, we also provide averaged spatial distributions of
median PWYV values taking into account the surface wind speed (Figure 3).

In particular, areas with high values of wind gusts in the atmospheric surface layer (at a height
of 10 m above the underlying surface) are excluded from the distributions. These figures make it
possible to specify the optimal sites, both in terms of low PWV values and surface winds, leading
to mechanical impact on the telescope structure. Analyzing the figures, it can be noted that all the
presented astronomical sites (including Khulugaysha Peak and Tashanta) are located within the zones
characterized by low PWYV values and the absence of significant amplitudes of surface wind gusts.


https://doi.org/10.20944/preprints202503.1717.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 24 March 2025 d0i:10.20944/preprints202503.1717.v1

50f13
70
323 48.8
28.3 60 42.8
24.3 36.9
20.4 50 30.9
° °
o E o
® 164 € 8 25.0 €
40
12.4 19.0
8.5 13.1
30
4.5 7.1
0.5 20 1.2
40 60 80 100 120 40 60 80 100 120
Long, ° Long, °
e Tashanta o Al e Tashanta o Al
BTA Muztagh Ata BTA Muztagh Ata
X Hulugaisha Suffa X Hulugaisha Suffa
(a) January (b) April
529
46.4
40.0
33.5
°
e
8 27.0 €
20.6
14.1
7.7
T 1.2
40 60 80 100 120 40 60 80 100 120
Long, °© Long, °
e Tashanta o Al e Tashanta o Al
BTA Muztagh Ata BTA Muztagh Ata
X Hulugaisha Suffa X Hulugaisha Suffa
(c) July (d) October

Figure 2. Spatial distributions of PWV medians for different months

Analysis of PWV at the sites of Khulugaysha Peak and Tashanta shows that the seasonal variations
are similar. The minimum PWYV is observed in the cold period of the year, the maximum PWV
corresponds to the warm period. Astronomical observations will be most effective in the period from
October to April. The median PWYV values in the cold period are 1.6 and 2.0 mm for Khulugaysha
Peak and Tashanta, respectively. For SAO, the most favorable period corresponds to medians of 4 -
4.7 mm. In order to compare these results, we also estimated PWV for some of the best sites, Ali and
Muztagh-Ata. Analysis of radiosonde data gives a slightly lower median value of 1.08 mm [17]. [22]
showed that 5% of the PWV values at the Ali location are less than 0.96 mm, the median is 1.63 mm.
Our calculations show that the daytime median value based on Era-5 reanalysis data from September
to April is 1.40 mm. At night, the median remains virtually unchanged for the same period and
is 1.41 mm. At Muztagh-Ata, the PWV values determined for clear sky conditions by LHATPRO
measurements in January-February 2018 were 0.52 mm. [22]. The calculated annual average median
PWYV value based on Era-5 data is 1.98 mm and decreases to 0.79 mm in January-February. The best
conditions at Muztagh-ata site with daily median PWYV less than 2 mm correspond to the period from
October to March [23]. We will also provide some data for Suffa Observatory. Here, seasonal changes
in PWYV values are smoother. The PWV peak is in July-August and reaches 9.5 mm. Minimum values
of PWYV are also observed in winter. In January, the median PWV decreases to 2.5-2.7 mm.
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Figure 3. Spatial distributions of PWV medians for different months. Areas with strong wind gusts within the
surface layer are excluded

3.2. Vertical Integrals of Water Vapour Fluxes

Another interesting characteristic of atmospheric water vapor content is the vertical integral
of water vapour flux. This quantity is a certain derivative function of PWV. Figures 4 and 5 show
eastward and northward water vapour fluxes for different months.

It characterizes the horizontal rate of flow of water vapour per metre across the flow, for a column
of air extending from the surface of the Earth to the top of the atmosphere. Analysis of the figures
shows that the selected locations are in areas with low and moderate (positive or negative values)
of water vapour fluxes. Specifically, Khulugaysha Peak corresponds to areas of negative values of
northward water vapour flux associated with colder and drier air masses. Tashanta is also located in
areas of negative values of northward water vapour flux, but of lesser intensity. Despite the fact that
the figures show medians of fluxes, large amplitudes of its values (with a certain degree of probability)
characterize the power of the cold air flow (the source is often located remotely). Considering the
north-south orientation of the air flow, a definite exception among the sites under consideration is the
Suffa Observatory (in January). At this time, the southern air transfer prevails over the observatory.

As for the power of the west-east air transfer, the figures show that the selected sites are in variable
conditions. However, the locations are not subject to strong west-east air transfer. This indicates a
greater contribution of local factors to astroclimatic conditions.
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Figure 4. Spatial distributions of vertical integral of northward water vapour flux for different months.Positive
values indicate a flux from south to north.
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Figure 5. Spatial distributions of vertical integral of eastward water vapour flux for different months. Positive
values indicate a flux from west to east.
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4. Machine Learning to Obtain More Accurate Values of PWYV for Selected
Astronomical Sites

Machine learning is a very useful tool in many scientific fields. In order to obtain more accurate
estimates of precipitatable water vapor for the selected sites (Khulugaysha Peak and Tashanta), we
propose to use the following approach. Considering that the GNSS measurement data are reference,
in the first step we form an array of measurement data for a set of stations in the selected region. In
our case, we have chosed Arti, Aruch-Yerevan, Kars, Kazan and Zelenchukskaya. For prediction of
PWYV, we have used the input variables from reanalysis ERA-5: vertical profiles of air temperature and
humidity, dew point temperature at the Earth’s surface, and the height of the atmospheric boundary
layer. Thus, the inputs of the neural network were meteorological characteristics from the reanalysis
data, and the output was the measured value of PWYV.

Using the Python, as well as the TensorFlow and Keras packages, we create a number of neural
networks that predict variations of PWV. The structure of the neural network was set before training,
using a different number of layers, from 4 to 30. At the same time, the structure of the neural network
model that provides the best agreement between measured and model values of PWV contains 10
layers, the number of training epochs is 200. With an increase in the number of layers, the ability of
the model to reproduce variations decreased, despite an increase in the number of training epochs.
Figure 6 shows deviations between measured and model values of PWV. Analysis of the figure shows
that the values of precipitable water vapor obtained with the neural network better correspond to the
measured PWV. The root mean square (RMS) deviation of PWV values without using neural networks
is 4.5 mm. With a neural network, the RMS is reduced to 2.8 mm.

30 -
‘ .'.o .
25 | '.I 0. .
.
20 | ’
=
g
~ 15 -
l(I".
EIO .
Ay .
1 « Without Neural Network
5 |
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0 = T T T T T 1
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Measured PWV(GNSS), mm
Figure 6. Deviations between measured and predicted values of PWV (Neural Network)

5. Atmospheric Opacities with Millimeter-Wave Propagation Models

One of the key atmospheric characteristics for ground-based radio astronomy observations at
short millimeter and submillimeter waves is opacity, primarily related to the water vapor and oxygen
content in the atmosphere. Due to the limited measurements both in time and space, atmospheric
models play a major role in estimation of atmospheric opacity. In particular, we used the well-known
models (LIEBE, HITRAN/PARDO and JPL/PARDO) for calculation of atmospheric opacity above new
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sites (Tashanta, Hulugaisha) and the Special Astrophysical Observatory (SAO). Figure 7 shows the
dependencies of atmospheric opacity on precipitable water vapor for three sites with high astroclimatic
characteristics. For the best sites within Russia, seasonal changes in atmospheric opacities are shown
in Table 2. Analyzing the presented data, we can conclude that the Khulugaysha Peak has better
conditions for millimeter (and also submillimeter) observations in comparison with Tashanta.
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Figure 7. Atmospheric opacities at the sites suitable for millimeter observations
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Table 2. Atmospheric opacities at the sites suitable for millimeter observations. Khulugaisha Peak and Tashanta.

Khulugaisha Peak Tashanta

100 GHz 150 GHz 225GHz 100GHz 150GHz 225GHz
Month Opacity Opacity Opacity  Opacity  Opacity = Opacity
LIEBE
1 0.06 0.07 0.12 0.07 0.08 0.14
2 0.06 0.06 0.11 0.06 0.06 0.10
3 0.07 0.09 0.17 0.08 0.10 0.18
4 0.09 0.14 0.28 0.09 0.12 0.25
5 0.10 0.16 0.34 0.12 0.21 0.46
6 0.13 0.24 0.52 0.12 0.22 0.48
7 0.12 0.24 0.51 0.12 0.22 0.48
8 0.10 0.19 0.40 0.11 0.20 0.42
9 0.10 0.17 0.35 0.10 0.16 0.33
10 0.07 0.10 0.19 0.08 0.11 0.23
11 0.07 0.08 0.15 0.07 0.09 0.18
12 0.05 0.05 0.09 0.06 0.06 0.11
HITRAN
1 0.10 0.10 0.17 0.13 0.14 0.23
2 0.11 0.10 0.17 0.13 0.13 0.20
3 0.12 0.13 0.22 0.15 0.17 0.30
4 0.13 0.17 0.30 0.16 0.21 0.38
5 0.13 0.18 0.35 0.19 0.32 0.64
6 0.14 0.23 0.47 0.20 0.34 0.69
7 0.14 0.23 0.45 0.19 0.34 0.70
8 0.13 0.19 0.37 0.18 0.31 0.63
9 0.12 0.18 0.35 0.17 0.26 0.51
10 0.11 0.13 0.23 0.15 0.19 0.36
11 0.11 0.11 0.19 0.14 0.17 0.29
12 0.09 0.09 0.14 0.12 0.12 0.20
JPL
1 0.10 0.10 0.17 0.12 0.14 0.23
2 0.10 0.10 0.16 0.12 0.12 0.20
3 0.12 0.13 0.21 0.15 0.17 0.29
4 0.13 0.16 0.29 0.16 0.20 0.37
5 0.13 0.18 0.34 0.20 0.32 0.63
6 0.14 0.23 0.46 0.20 0.34 0.68
7 0.14 0.22 0.44 0.20 0.34 0.69
8 0.12 0.19 0.36 0.18 0.31 0.62
9 0.12 0.18 0.34 0.17 0.26 0.50
10 0.11 0.13 0.22 0.15 0.19 0.35
11 0.10 0.11 0.19 0.14 0.16 0.29
12 0.09 0.09 0.14 0.11 0.12 0.19

6. Conclusions

The following is a summary of the conclusions. This paper focuses on determination of the
distributions of PWV within a selected macroregion and estimation of optical opacity of the atmosphere
for selected sites for the deployment of new submillimeter/millimeter telescopes. In particular,
statistical analysis of PWV in the locations of interest allowed us to obtain the following conclusions:

i)Averaged spatial distributions of PWV for January, April, July and October are determined.
Areas with high wind gust values within the surface layer of the atmosphere are excluded from
these distributions. In perspective, these distributions will make it possible to identify new sites for
ground-based millimeter/submillimeter telescopes.
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ii) In order to improve the accuracy of estimations of PWYV, it is proposed to use deep neural
networks based on the ERA-5 reanalysis data. It is shown that the deviation decreases by 1.6 times.

iii) High absolute altitudes combined with low air temperatures in the locations of Khulugaysha
Peak and Tashanta result in low water vapor content in the atmospheric column. This is especially
pronounced during the cold period. The sites are located within areas with high astroclimatic char-
acteristics. The dependencies of the optical opacity on PWV for Khulugaysha Peak, Tashanta and
the Special Astrophysical Observatory are obtained. These dependencies can be used to estimate the
average values of the optical opacity for different frequencies (100 GHz, 150 GHz, 225 GHz). The
diagrams also make it possible to determine the inversion points where the opacity values estimated
for different frequencies become equal to each other.

iv) Seasonal changes in absorption coefficients for water vapor and oxygen are estimated. These
estimates, obtained from the modeling results, can be useful in organizing and planning field measure-
ments in certain time intervals. We can conclude that the Khulugaysha Peak has better conditions for
placing millimeter telescope in comparison with Tashanta.
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