
����������
�������

Citation: Abasov, N.V.; Nikitin, V.M.;

Berezhnykh, T.V.; Osipchuk, E.N.

Monitoring and Predictive

Estimations of Atmospheric

Parameters in the Catchment Area of

Lake Baikal. Atmosphere 2022, 13, 49.

https://doi.org/10.3390/

atmos13010049

Academic Editors:

Gennadii Matvienko and

Oleg Romanovskii

Received: 19 November 2021

Accepted: 27 December 2021

Published: 28 December 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

atmosphere

Article

Monitoring and Predictive Estimations of Atmospheric
Parameters in the Catchment Area of Lake Baikal
Nikolay V. Abasov , Viacheslav M. Nikitin * , Tamara V. Berezhnykh and Evgeny N. Osipchuk

Melentiev Energy Systems Institute of Siberian Branch of the Russian Academy of Sciences (MESI SB RAS),
664033 Irkutsk, Russia; nva@isem.irk.ru (N.V.A.); berejn@isem.irk.ru (T.V.B.); eugene.os@mail.ru (E.N.O.)
* Correspondence: nikitin1310@mail.ru; Tel.: +7-902-511-87-52

Abstract: The paper is concerned with a methodological approach to monitoring the state of at-
mospheric parameters in the catchment area of Lake Baikal, including real-time analysis of actual
distributed data with the determination of analog years according to the preset proximity of compar-
ative indicators and the most probable long-term predictive distributions of surface temperatures,
precipitation, pressure, and geopotential with a lead time of up to 9–12 months. We have developed
the information-analytical system GeoGIPSAR to conduct the real-time analysis of spatial and point
data by various processing methods and obtain long-term prognostic estimates of water inflow into
the lake.

Keywords: monitoring; atmospheric parameters; analog years; neural network; global predictive
model; predictive inflow estimates

1. Introduction

Lake Baikal is a unique natural object with special requirements for its ecological
state, which is becoming increasingly more challenging to maintain due to climatic changes
observed in the basin of the lake catchment over the past decades [1–3]. This is largely
associated with seasonal and interannual fluctuations in its water level, which depend
on the inflow into the lake, water flow through the Irkutsk HPP (located near the source
of the Angara—the only river flowing from the lake), and evaporation from the water
surface. Effective inflow is determined by a surface inflow of rivers flowing into the lake
(there are more than 300 of them) less evaporation from its surface. The average annual
hydrograph of the lake is quarterly determined as a percentage: 4, 38, 54, 4%. The inflows
in the first and fourth quarters play no significant role. The evaporation from the lake
surface is appreciable only in hot, low-water summers and, especially, before the ice cover
establishment, when effective inflow becomes negative. Whereas the effective inflow in
the second quarter is related to snow melting in mountainous areas of rivers and can be
partially predicted by snow reserves, in the third quarter, it is determined exclusively by
rainfall in the catchment basin of the lake [4,5].

The most crucial ecological and water management requirements for the regulation of
the lake level are the restrictions introduced for the minimum level in April of 456 m (the
Pacific Height System) and the maximum level in September–October of 457 m, which are
difficult or impossible to fulfill in the case of small or high effective inflow.

Since the effective inflow to the lake has a probabilistic nature with significant seasonal
and interannual variability (it can vary from extreme dry periods to catastrophic floods),
effective management of the lake level and water flow through the Irkutsk HPP is a
challenging task [4,5]. This situation is due to the currently unavailable reliable long-term
prognostic estimates of water inflow into the lake for a period of up to one year (long-term
forecast in meteorology is defined in the range of one month to two years).

At present, there is no generally accepted methodology for long-term forecasting of
the effective inflow to manage the level of Lake Baikal, which is due to the unreliability

Atmosphere 2022, 13, 49. https://doi.org/10.3390/atmos13010049 https://www.mdpi.com/journal/atmosphere

https://doi.org/10.3390/atmos13010049
https://doi.org/10.3390/atmos13010049
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/atmosphere
https://www.mdpi.com
https://orcid.org/0000-0003-3441-5098
https://orcid.org/0000-0003-1749-1902
https://orcid.org/0000-0002-2890-6889
https://orcid.org/0000-0002-0537-340X
https://doi.org/10.3390/atmos13010049
https://www.mdpi.com/journal/atmosphere
https://www.mdpi.com/article/10.3390/atmos13010049?type=check_update&version=2


Atmosphere 2022, 13, 49 2 of 12

of forecast estimates resulting from the specific features of the lake catchment basin. In
this research, the basin is represented by two large heterogeneous parts: the Selenga river
basin and the remaining part. The Selenga River is responsible for about 50% of the total
runoff into Lake Baikal and determines long dry periods and extremely high water content
in the lake.

In the absence of reliable forecasts, we propose a technology to make long-term
forecasting estimations of effective inflow into the lake and their periodic refinement. The
technology relies on neural network models of preliminary inflow estimates for a period of
up to a year and continuous monitoring of the state of the atmosphere using a specialized
technology for processing ensemble forecasts of the global CFSv2 model [6–9]. Refinement
also involves neural network models, which is related to emerging new available predictors
as the studied periods come nearer. This approach allows adjusting prognostic estimates
in advance in the case of global atmospheric changes, which were not considered in the
ensemble forecasts.

Continuous monitoring of current and prognostic distributions of surface tempera-
tures, humidity, precipitation, and other parameters of the atmospheric state in the basin of
Lake Baikal can provide us in advance with the most probable estimates of the final inflow
availability already by the middle of the year to plan the next water management season,
and, if necessary (for example, with a significant change in atmospheric parameters), to
promptly adjust them.

The presented work addresses the method of monitoring the state of the atmosphere
and long-term forecast estimations of inflow based on the GeoGIPSAR [10] system im-
plemented at the Melentiev Energy Systems Institute of Siberian Branch of the Russian
Academy of Sciences (MESI SB RAS).

2. Materials and Methods
2.1. Initial Data. Organization of Monitoring of the Atmospheric State Data

Currently, there is a whole host of electronic resources with open access to archival data
on actual indicators of the state of the atmosphere with a variety of spatial and temporal
resolutions (for example, [11–13]). Long-term prognostic estimates require indicators for
a decade, a month, or a season, for which the temporal detailing for one day or even a
month is sufficient. Many Internet services have also been developed to monitor current
and prognostic indicators of the atmosphere for several days based on data generated by
global climate models, for example, the services discussed in [14–16].

The proposed approach to monitoring actual indicators of atmospheric parameters
in the basin of Lake Baikal employs retrospective analysis for all layers of troposphere
and stratosphere in a diurnal resolution for the period of 1948–2021, relying on the data
from NOAA/NCEP [13] with a coordinate grid of 2.5 × 2.5◦; GPCC [17–22] based on
precipitation with a monthly resolution for the period of 1900–2020 and a coordinate grid
of 1 × 1◦; archival [23] and operational [24] actual indicators for the considered basin in
a monthly and daily resolution for any observation period starting from the end of the
19th century. Data from observation points in the basin allow verifying and refining the
retrospective analysis data. For the effectiveness of further analysis, the initial data from
the HDF5 format are converted into a specialized GI3-format, which makes it possible to
store not only spatial data over the entire observation period in one file, but also include
indicators of average, minimum, and maximum values for each date in this file.

Based on the analysis of global climatic indicators [25,26], we have identified the rela-
tionships between the variability of atmospheric circulation in the basin and the total inflow
into it. These relationships are used to form potential predictors and adjust multivariate
neural networks according to the prognostic interval estimates of inflow.

A dedicated technology was developed to process forecast ensembles produced by
the global climate system CFSv2 [6–9] to obtain predictive estimates of the temperature,
precipitation intensity, and surface pressure distributions. This technology taken into
account of the dynamics of changes in atmospheric circulation, ocean currents, and ice
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conditions in the Arctic and Antarctic. Technology was also developed to convert the
original information (in GRIB format) into specialized files of the CFS format with average
daily prognostic indicators and direct access to their elements and their storage in the data
warehouse of prognostic ensembles.

Many studies relying on various approaches address forecasting the flow rates of
rivers and water inflows into reservoirs. Previously, researchers employed techniques
processing the statistics accumulated using various methods (regression, approximative,
and others [27–31]). Widespread adoption of neural networks and machine learning
contributed to their use in many works to predict runoff (for example, [32–40]). This
paper presents one of the approaches to calculating predictive estimates of effective water
inflow into a lake and flow rates of rivers with the aid of the GeoGIPSAR system and
neural network.

2.2. Methods for Processing and Analyzing Actual Data

The GeoGIPSAR system, implemented as a set of developed components, allows a real-
time analysis of actual spatial and point indicators for individual gauging stations. It also
makes it possible to form the distributions of probability of atmospheric processes for an
arbitrary time interval for a period of up to 9–12 months after processing the accumulated
prognostic ensembles.

For real-time analysis of actual data, technology has been implemented to build
climatic maps of the studied basin according to various atmospheric state parameters with
a more detailed display of the watershed of Lake Baikal, the Selenga river, Angara river,
Yenisei river, and their tributaries.

The system contains a variety of methods developed for data analysis. These are
a comparison of different periods, identification of trends, correlation fields creation of
relationships with the time series of the process under study (for example, the effective
inflow into Lake Baikal), visualization of latitude, and longitude Hovmoeller diagrams [41],
and others.

The system also implements methods for determining analogs closest in terms of
spatial distribution over the past similar period using the formula of minimization in
the form:

σ(e, y, P) =

∑
(p)

cp · ( ∑
(i,j)

dij(i, j) · (pe
ij − py

ij)
2)0.5

∑(p) cp ·∑(i,j) dij(i, j)
, cp ≥ 0, dij(i, j) ≥ 0, y = y1, y2, (1)

where e, y stands for the studied period of the season and analog one for the other years
(within a range of years y1, y2); p ∈ P denotes the parameters with a weighted coefficient
cp from a given set P; dij(i, j) is a given weight function depending on the coordinates of
the range i, j, with the maximum values in the area of the studied catchment area pe

ij, py
ij are

aggregate indicators of the season period e and y years for each cell of the area’s coordinate
grid. A promptly formed set of the closest years with indicators σ(e, y, P) ≤ σ0 makes it
possible to obtain estimates of dynamics of changes in water content for the next period.

2.3. Methods for Predictive Data Creation

As said in the introduction, the effective inflow into Lake Baikal in the 3rd quarter has
a significant inverse correlation with the vorticity index in the southern part of the lake
catchment area, a component was developed to search for such indicators in all zones of
the globe with a delay from a month to several years in different layers of the atmosphere.

To obtain the most significant predictors influencing the final prognostic estimates, the
vorticity index of the atmosphere layer B was developed in the system in the form:
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λ(B, t, τ, x, y, dx, dy) =
1
N ∑

(i,j)

(
∂V
∂x
− ∂U

∂y

)
ij

, i = x, x + dx, j = y, y + dy, (2)

where x, y, dx, dy defines a rectangular region in geographical coordinates of the globe;
Uij, Vij are average latitudinal and meridional velocities in the cell i, j of the studied region
over the time interval [t, t + τ]; N is the total number of cells of the area. The vorticity index
is determined by calculating the vector field rotor while neglecting the vertical component
of the atmospheric circulation velocity.

For an arbitrarily set area, it is possible to quickly form time series for the dynamics of
changes in the selected parameter, which can be studied by a variety of methods developed
in the system for this, including wavelet transform with the creation of spectral character-
istics; identification of the main components; difference-integral curves; construction of
correlation functions of relationships; various types of smoothing, and others.

A plurality of daily accumulated prognostic ensembles was processed by the methods
designed to create a map of the most probable spatial distributions of the selected indicators
(surface temperature, precipitation intensity, pressure, geopotential, and others) for a
randomly taken period of 1 to 9–12 months through the use of weighted coefficients of
the significance of individual ensembles. Maps are constructed using the interpolation of
intermediate data for each cell. Layers of various scales along the contour line of the lake,
river network, boundaries of catchment areas, individual points, and others are used as GIS
support. Developed methods for processing prognostic ensembles also make it possible
to determine the most probable dynamics of changes in indicators for a selected point or
basin and their probability distributions for separate months (or decades) for different
coordinates of the area under monitoring.

The use of neural networks for prognostic estimations of river flow and temperature
conditions makes it possible to obtain more reliable estimates but does not guarantee
their unambiguity, which is associated with the choice of the type and form of neural
models. Given the complexity of the prognostic problems related to changes in dynamics
of the atmospheric circulation and limited knowledge about the influence of cosmic and
intraterrestrial factors on it, one should constantly develop new approaches or refine those
already known. To generate predictive estimates of effective water inflow into lake, or
its components (for example, flows of the Selenga river, Barguzin river, Upper Angara
river, southern rivers, and other rivers flowing into the lake), a multivariate neural network
(MNN) is implemented in the GeoGIPSAR system. The core of this neural network is
developed using the error backpropagation method (Figure 1b) with an automated setting
of the most acceptable parameters based on the testing results on verification samples
(Figure 1a). The MNN parameters are the list and types of input predictors, the number
of hidden layers, the number of neurons of various types with various parameters of
sigmoidal functions.

A distinction between interval estimates and point ones is that instead of point nu-
merical output indicators, the number of the interval to which the corresponding value
belongs is set. The number of intervals into which the entire admissible range of indicators
is divided usually varies from 5 to 10. The use of intervals for forecasting the effective
inflow into the lake is due to the approximate nature of the accumulated monthly statistics,
which are determined by indirect indicators (the statistics have large errors due to the lack
of observations on most of the rivers and streams flowing into Lake Baikal).
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September) for the summer-autumn period of 2020 (a,b); average monthly relative hu-
midity in September, which is anomalous in terms of water content (c), and visualization 
of rare cyclonic activity related to the geopotential distribution on the isobaric surface of 
500 hPa in the catchment area of Lake Baikal (d). It is worth noting that the cyclonic ac-
tivity of 2020, which led to the excess of the maximum allowable mark of the lake level 
under normal water conditions, could be recorded using similar maps starting even in 
the mid-July of this year. 

Figure 1. The structure of a multivariate neural network: (a) a network adjustment scheme for
generating predictive interval estimates; (b) the core of the neural network.

3. Results
3.1. Monitoring the Actual Indicators of the State of the Atmosphere

As an example of predictive estimates, Figure 2 shows the maps of deviations of
the average indicators of precipitation and temperatures for months 8 and 9 (August–
September) for the summer-autumn period of 2020 (a,b); average monthly relative humidity
in September, which is anomalous in terms of water content (c), and visualization of rare
cyclonic activity related to the geopotential distribution on the isobaric surface of 500 hPa
in the catchment area of Lake Baikal (d). It is worth noting that the cyclonic activity of 2020,
which led to the excess of the maximum allowable mark of the lake level under normal
water conditions, could be recorded using similar maps starting even in the mid-July of
this year.

Continuous monitoring of changes in the state of actual atmospheric indicators allows
a real-time verification of prognostic indicators and real-time, if necessary, refinement or
reformulation of prognostic indicators for the future period. To make macro-estimations of
the atmospheric state, it suffices to use the NOAA/NCEP and GPCC re-analyses data with
the real-time verification of precipitation and temperature conditions in the studied basin
according to the data of the nearest meteorological stations.
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months 8–9 of 2020; (b) surface temperatures for months 8–9 of 2020; (c) average monthly relative 
humidity in September 2020; (d) visualization of an anomalous cyclone at an isobaric surface height 
of 500 hPa for the period of 12–15 September 2020. 
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3.2. Predictive Estimates Generated by Processing Predictive Ensembles of the Global CFSv2 
Model 

One can quickly generate similar maps for other indicators for various periods and 
compare them with the analog years determined by the above method. When processing 
the set of accumulated prognostic ensembles, which are updated daily by the global cli-
mate model CFSv2, maps of distribution probabilities can be generated in advance for 
various indicators. 

Figure 3 shows examples of maps created in September–October 2021 for anomalies 
of predicted distributions of surface temperatures (a) and precipitation intensities (b) for 
February 2022; dynamics of changes in the probabilistic prognostic indicators of temper-

Figure 2. Examples of real-time analysis of actual climatic indicators in Lake Baikal (shaded lines
show catchment areas of the Selenga River and part of Lake Baikal): (a) precipitation anomalies for
months 8–9 of 2020; (b) surface temperatures for months 8–9 of 2020; (c) average monthly relative
humidity in September 2020; (d) visualization of an anomalous cyclone at an isobaric surface height
of 500 hPa for the period of 12–15 September 2020.

3.2. Predictive Estimates Generated by Processing Predictive Ensembles of the Global CFSv2 Model

One can quickly generate similar maps for other indicators for various periods and
compare them with the analog years determined by the above method. When processing
the set of accumulated prognostic ensembles, which are updated daily by the global
climate model CFSv2, maps of distribution probabilities can be generated in advance for
various indicators.

Figure 3 shows examples of maps created in September–October 2021 for anoma-
lies of predicted distributions of surface temperatures (a) and precipitation intensities
(b) for February 2022; dynamics of changes in the probabilistic prognostic indicators of
temperature conditions in the vicinity of Kyakhta (c) in comparison with the minimum,
average and maximum daily indicators for 1995–2020. The surface average temperatures
in February 2022 show a slight deviation from the norm. Average monthly deviations of
precipitation intensity show a slight excess of the norm, except for a small central part of
Lake Baikal.
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Figure 3. Examples of prognostic indicators creation for the winter period 2021–2022 (shaded lines
show catchment areas of the Selenga River and part of Lake Baikal): (a) distribution of deviations
from the average surface temperatures in February 2022; (b) the likely anomalies of precipitation
intensities in February 2022; (c) the dynamics of changes in the temperature conditions in comparison
with the actual average, minimum, and maximum average daily indicators for the area of Kyakhta
(50.37◦ N, 106.40◦ E).

Similar maps of spatial distributions can be quickly generated for other periods (month,
decade, week) and other meteorological parameters. The predictive results presented
are not conclusive. When significant disturbances appear in the atmosphere, both the
distributions of meteorological indicators and the probable trajectories of their dynamics
for different areas of the Lake Baikal drainage basin can change.

3.3. MNN-Generated Predictive Estimates

Findings indicate that the reliability of the final result can be increased by synthesizing
various MNN models with different sets of predictors and a set of parameters of its
structure. The interval estimates are preferable to use compared to specific values, which
is associated with the inaccuracy of the initial data. For example, effective inflow to Lake
Baikal is estimated through surface inflow, given the groundwater component, evaporation,
condensation, and precipitation on the water surface of the lake.

Figure 4 shows an example of predictive interval estimates of the effective inflow of
water into Lake Baikal for the 3rd quarter, which were made using MNN based on the
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predictors in the form of vorticity indices with the maximum correlations found using the
absolute values for various atmosphere layers (850, 700, 500 hPa). The lower Figure, for
clarity, shows the superimposition of the vector field of average velocities for February
2021. The vorticity indices are calculated for each year of the selected one or several months
with the creation of time series and the selection of the most significant ones in correlation
with the effective inflow into the lake. Areas with considerable correlations are highlighted
in color: negative ones are blue and positive ones are yellow-red. The size of the area for
calculating the vorticity index of the atmosphere layer and the threshold values of the
correlation coefficients are set by parameters.
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Figure 4. An example of: (a) building the predictive interval estimates of the effective inflow to Lake
Baikal with the help of MNN; (b) based on the identification of potential predictors by the vorticity
indices for the 850 hPa atmosphere layer in February 2021.

The time series of average quarterly inflow (Figure 4a) is divided into seven intervals
(green color denotes an interval with inflow values that are close to the norm). The “+” sign
on the learning sample marks centers of intervals after the MNN training. Rectangles (and
small diamonds with a probability less than 0.8) on the verification sample mark the results
of the trained MNN operation. The above results show an error in the verification sample
for no more than one interval (underestimated indicators for 2018–2020). For 2021, the most
probable interval according to the results of calculations with the considered MNN model
appeared to be slightly below the norm.
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A feature of the approach to using neural networks is that for each interval (month,
quarter, season), several original models are synthesized with a different set of predictors
and internal parameters that satisfy the condition:

NSENM ≥ 0,NSENM = min(NSE, 1− NM),NSE = 1− ∑N
t=1 (yt−xt)

2

∑N
t=1 (xt−x)2 ,

NM = max(|yt − xt| : t = 1, T),yt = argmax(pj
t : j = 1, N),

where NSE—the Nash–Sutcliffe coefficient of efficiency [42]; NM determines the maximum
deviation in interval calculus on complex verification samples with the obligatory inclusion
of extremely low and extremely high indicators; yt, xt, x—predicted, actual and average
intervals on a verification sample of length T; pj

t— the probability of the predictive value
creation for the moment of time t (N—the number of intervals for dividing the range of
the studied indicator). When training, as a rule, the probability of the maximum value
of the interval is much higher than the rest. For refined estimates with the possibility of
specifying the redistribution of the probabilities of the initial data at the interval boundaries,
it is proposed to use the quantile assessments given in the works [43,44].

According to the given condition, only those models are selected (through automated
procedures for proposing hypotheses and selecting subsets of predictors based on them)
that, at least, do not give a negative indicator NSENM. The maximum value of this indicator
is 1, which corresponds to the high efficiency of the model. As we approach the predicted
interval, new potential predictors are added that can improve the result. In the case of
successful synthesis of several valid models, the final result is determined either by the
maximum frequency of the predicted interval, or through another method of interval
division of the possible range. Taking into account the specifics of the considered approach,
its comparison with many existing ones does not seem correct at this stage of research.

4. Discussion

It is worth noting that the development of a reliable indicator of the prediction interval
for the effective inflow into the lake is of great practical value even when divided into
only five intervals (extremely low, decreased, normal, increased, and extremely high). The
division into a greater number of intervals increases the accuracy of estimates, but their
reliability (resistance to various disturbances) may decrease.

The MNN-based methodology proposed in the paper does not allow the guaranteed
construction of practically admissible neural network models. The developed algorithms
for the predictor selection based on actual indicators from open data of re-analyses make it
possible to study many such models with various external verification samples and internal
parameters of MNN.

In this regard, we consider it to be promising to use deep learning neural networks,
such as convolutional neural networks (CNN) [45,46], in the future, which allows finding
admissible solutions more efficiently. Currently, we are planning to develop a portable CNN
software component with a simple but effective means of its operation, as is implemented
for the other components in the GeoGIPSAR system.

The considered approach of using neural networks with the creation of interval
estimates is not effective for creating a unified model for forecasting time series in monthly
or quarterly time resolutions due to the different scale of indicators. For such a model, it
is necessary to use numerical indicators with standard efficiency estimates NSE, NRMSE,
RMSE, etc. [42].

In general, we have proposed a portable, lightweight technology under development
for real-time monitoring of the state of the main atmospheric parameters, accumulating,
and processing of predictive ensembles of the global CFSv2 model, and making predictive
estimations based on MNN with a periodic real-time refinement of prognostic indicators
when new climatic data appear.
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5. Conclusions

Method proposed for monitoring and making prognostic estimates of atmospheric
state parameters in the catchment area of the lake at issue allows their real-time analysis,
which can be instrumental to various specialists involved in ecological, hydrological,
and water management monitoring of Lake Baikal. The authors’ approach is, first of all,
technology and is only the beginning of a complex work of reliable long-term prognostic
assessments creation in the catchment basin of Lake Baikal that are acceptable for managing
its level regime.

To apply this method in practice, we suggest monthly updating of the analog years,
predictive distributions of atmospheric parameters, and monthly average, quarterly av-
erage, and average annual indicators of the effective inflow into Lake Baikal with the
real-time identification of unlikely events, if any.
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