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Abstract: The linkage between atmospheric blocking (blocking frequency, BF) and total monthly July
precipitation in the Selenga River Basin, the main tributary of Lake Baikal, for the period 1979–2016
was investigated. Based on empirical orthogonal functions (EOF) analysis, two dominant modes of
precipitation over the Selenga River Basin were extracted. The first EOF mode (EOF 1) is related to
precipitation fluctuations mainly in the Mongolian part of Selenga; the second EOF mode (EOF 2)—in
the Russian part of Selenga. Based on two different modes obtained, the total amount of precipitation
individually for the Russian and Mongolian part of Selenga was calculated. Correlation analysis has
demonstrated that precipitation over the Mongolian part of the Selenga Basin is positively correlated
to blocking over Eastern Siberia/Mongolia (80–120◦ E, ESM-BF). Precipitation over the Russian part
of the Selenga Basin is positively correlated to blocking over the Urals-Western Siberia (50–80◦ E,
UWS-BF) and European blocking (0–50◦ E, E-BF). However, the linkage is not stable, and after the
mid-1990s, the obtained positive correlation became insignificant. The analysis has shown that the
dominance of E or ESM-blocking in July was the primary driver of the existence of two precipitation
modes over the Selenga River Basin. During 1996–2016, the negative trend of time coefficients of EOF
1 and 2 for precipitation in Selenga had been observed, which was characterized by displacement
of positive precipitation anomalies outside the basin. At the same time, there was a weakening of
the linkage between precipitation in the Selenga Basin and blocking frequency. We have revealed
two wave-like modes over Northern Eurasia and the subtropical part of Eurasia corresponding to E,
ESM-blocks in 1979–1995 and 1996–2016. The change of the Northern and subtropical wave modes is
one of the causes for the weakening of the linkage between atmospheric blocking and precipitation in
the Selenga Basin and as a consequence decreased precipitation in the Russian and Mongolian part of
Selenga during 1979–2016.

Keywords: Lake Baikal; Selenga River; precipitation; atmospheric blocking; empirical orthogonal
functions; principal component

1. Introduction

Lake Baikal is a unique natural object on the UNESCO World Heritage list. The lake is the basis of
hydropower engineering in Eastern Siberia [1,2]. Since 1996, a low-water period has been observed in
the basin [1,3–5]. It is the longest one throughout the history of instrumental records. In recent years the
low-water has aggravated [1]. The long-term low-water period has already generated environmental
and water-resource management problems [1,5] within the lake basin. For example, these problems
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include coastline destruction, difficulties controlling water discharge at hydro-electric power plants,
and the need of reconsidering the existing regulation rules for the Angara reservoir cascade in Russia,
which has been monitoring the water outflow from Lake Baikal since 1963. Searching for the causes of
this low-water period and analysis of scenarios for further variations in the inflow is essential.

The decreased inflow into Lake Baikal is mainly related to the reduced discharge in the Selenga
River (Figure 1) observed since 1996 [3–8]. The Selenga River is the lake’s most important tributary.
The Selenga Basin is located in Mongolia and Russia, and it comprises 83.4% of Lake Baikal’s catchment
area [9].
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The Selenga River contributes about 50% of the influx into Lake Baikal [4]. Atmospheric
precipitation is the primary source of the river supply [4,8]. Most of the annual precipitation in the
Selenga River Basin (of about 450 mm per year) falls as rain [8] from June–August (about 70% of
the annual). Precipitation in each of these three months can be up to 90–100 mm [10]. The main
discharge is also formed from June through August [4]. It features both dangerous floods and low-water
periods [1,2]. The causes of the decrease in Selenga discharge should be searched for in the variability
of summer atmospheric precipitation.

Primary drivers of precipitation fluctuations in the Selenga Basin are still not clear [4].
The uncertainty is caused by the location of the river basin at the border of mid-latitudes and
subtropics. It was shown that the cyclones of mid-latitudes [10], East Asian monsoon front [4], and also
stationary Rossby waves [11,12] significantly affect the formation of precipitations over the southern
part of Eastern Siberia and Mongolia in summertime. Thus, precipitation fluctuations over the basin
are, first of all, driven by the atmospheric circulation dynamics, and the role of thermodynamic factors
(local convective precipitation) is around 10–12% [13].

Based on the empirical orthogonal function analysis, it was shown that atmospheric blocking
(blocks) is the most significant phenomenon of circulation in mid- and subtropical latitudes in
summertime over Eurasia [14]. A definition of blocking was formulated in 1950 [15]. One of the main
conditions of blocking, according to Rex, 1950 [15], is the splitting of the westerly flow into two branches
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enveloping the blocked region. Currently, the presence of an equivalent-barotropic anticyclone is
considered to be an essential condition of blocking [16]. Blocks explain long-term, large-scale anomalies
in meteorological parameters at mid- and subtropical latitudes [17–19]. Climatological distribution of
blocking frequency over Eurasia was demonstrated in [14–16,20–22]. The links between atmospheric
blocking and precipitation are described in several works [23–28]. The results of numerous papers
have revealed the blocks to be the cause of both low and high precipitation. Atmospheric blocking over
different parts of Eurasia during summertime in 1979–2015 was accompanied by precipitation in the
adjacent parts of the arid belt, including Kazakhstan, Mongolia, Northern China, and Transbaikalia [28].
Since the studied area includes the Selenga Basin, blocks can affect the precipitation in the Selenga
Basin. However, the links between precipitation in the Selenga Basin and the blocks were not evaluated
in detail.

A number of studies have shown that propagation of Rossby waves and their breaking contribute
to the formation and maintenance of blocking [29,30]. Shubert et al. 2014, Li and Ruan 2019 [31,32]
showed the change of the Rossby wave train over Eurasia, which was characterized by a sharp shift
around 1995. Changes of the Rossby waves over Eurasia can cause changes in blocking properties and
as a consequence, alter the linkage of blocking and precipitation. However, it was emphasized that the
relationship between Rossby waves and the development of blocking events is still unclear [31]. Despite
the complexity of this issue, the change in properties of the Rossby wave propagation over Eurasia is a
good reason to pay attention to the difference of the linkage between blocking and precipitation for
any region before and after the mid-90s.

The goal of our work is to study the linkage of atmospheric blocking and precipitation over the
Selenga Basin for two periods: 1979–1995 and 1996–2016. We identified these two periods based on
the changes in the Rossby wave train over Eurasia [31,32]. Additionally, we studied the relationship
between blocks, geopotential height, and meridional wind (V) at 850 hPa and 250 hPa during these
periods over Eurasia. We described the differences and discussed the role of large-scale circulation in
precipitation formation over the Selenga Basin over the last several decades. We studied features of the
linkage between blocks and precipitation for July.

Investigation of these links and their changes for July is driven by two basic reasons. First of all,
although the decreased precipitation and air humidity, increased temperature and changes in other
significant indicators occurred in all summer months, the changes within the Selenga River Basin were
most pronounced and dramatic in July [4,10]. Secondly, in July, the frequencies of the atmospheric
blocking in Siberia and the quasi-stationary waves over Mongolia are the highest [11,33]. We should
also emphasize that the changes in the wave characteristics of the mid-latitude troposphere are more
pronounced in the central months of the seasons [34].

2. Data, Method and Description of the Selenga River Basin

2.1. Blocking Index Algorithm

There are several ways to define blocking [21]. We used the blocking index algorithm as in
Barriopedro et al. 2006 [21]:

GHGS =
Z(ϕ0) −Z(ϕs)

ϕ0 −ϕs
(1)

GHGN =
Z(ϕn) −Z(ϕ0)

ϕn −ϕ0
(2)

where Z is the 500 hPa geopotential height, ϕn = 80◦ N ± ∆, ϕ0 = 60◦ N ± ∆, ϕs = 40◦ N ± ∆, ∆ = −5◦,
−2.5◦, 0◦, 2.5◦, or 5◦.

The 500 hPa geopotential height gradients (GHG) north and south (GHGN and GHGS, respectively)
were calculated. This algorithm is based on the GHGS criterion proposed Lejenäs and Økland, 1983 [35].
The criterion was supplemented by Tibaldi and Molteni, 1990, Barriopedro et al., 2006 [21,22]. Tibaldi
and Molteni suggested the GHGN criterion to eliminate cutoff lows from the “blocking catalog,”



Atmosphere 2019, 10, 343 4 of 20

whereas the Barriopedro et al. used the five values of ∆ as given above. The situation when GHGS > 0,
GHGN < 10 m/deg lat. is referred to as a blocking. A longitude is considered blocked when both
GHGN and GHGS satisfy these conditions for at least one of the five ∆ values.

The blocking frequency (BF) was calculated as follows. Eurasia was divided into four longitudinal
intervals, the same way as in Park and Ahn 2014, Antokhina et al. 2016 [14,28]: (0◦–50◦ E (Europe, E),
50◦–80◦ E (the Urals-Western Siberia, UWS), 80◦–120◦ E (Eastern Siberia-Mongolia, ESM), 120◦–160◦ E
(Russian Far East-Okhotsk Sea, RFEOS). According to Park and Ahn, in the 80◦–120◦ E area, there is
the climatic minimum of blocking frequency in summertime [14]. We calculated blocking frequency
in this longitudinal interval, too, and included it in our study, since the Selenga Basin is located
here. Accordingly, despite its low frequency, ESM-blocking may play an important role in forming
precipitation and discharge in the river basin. Then, for each of four intervals at each longitude within
it, we calculated the GHGS and GHGN indices (Equations (1) and (2)) and checked whether the
blocking conditions were met for each day in each July from 1979–2016. Finally, in each longitudinal
interval, we summed up the number of points (longitude × time), where the blocking conditions were
fulfilled, and obtained blocking frequency for each July of each year. We denoted the obtained BFs for
each region as follows: E-BF, UWS-BF, ESM-BF, and RFEOS-BF.

2.2. Data

We used total monthly July precipitation for 1979–2016. The data were obtained from the Global
Precipitation Climatology Centre (Deutscher Wetterdienst) (GPCC), Version 2018 with 0.25◦ spatial
resolution [36,37]. The monthly GPCC data Version 2018 is land-surface precipitation from rain-gauges
built on GTS-based and Historical Data. Atmospheric data for geopotential height at 500 hPa (Z500) and
meridional wind at 850, 250 hPa (V850, V250) for July were obtained from the ECMWF ERA-Interim
reanalysis [38]. We used the four times daily (0000, 0600, 1200, and 1800 UTC) data with 1.5◦ spatial
resolution for 1979–2016. Daily and monthly averages were calculated based on the four times
daily data.

2.3. Method

Empirical orthogonal functions (EOF) and the Pearson correlation analysis (PCC) were used
for data interpretation. The EOF is a statistical method that can extract dominant modes of change
from a time-dependent two-dimensional dataset [39]. EOF analysis is often used to study possible
spatial patterns of climate variability and how they change with time. The EOF spatial patterns are
eigenvectors, which are orthogonal so that the leading EOF describe the spatially coherent pattern
that maximizes its variance. The total July precipitation over the Selenga Basin (96–114◦ Е, 46–53◦ N)
for N = 38 years (1979–2016) was analyzed in terms of empirical orthogonal functions (EOF) and
their variances.

The PCC was used to measure the degree of a linear relationship between two variables.
The correlation was noted when statistical significance is equal to or exceeded the 90, 95% confidence
levels (t-test). The PCC was used in [14,24] for analysis of the linkage between blocks and summer
precipitation. First of all, we analyzed the correlation between E-BF, UWS-BF, ESM-BF, RFEOS-BF,
and total precipitation in the Selenga Basin (95% confidence level was used). Secondly, we studied
the correlation maps of blocking frequency for four regions and Z500, V850, V250 (90% confidence
level was used). The analysis was performed under the assumption that the obtained correlation
maps characterize the climatological structure for atmospheric blocking, and location of the large-scale
troughs/cyclonic area (negative correlations of BF and Z500) and anticyclones/ridges (positive
correlations of BF and Z500) over Eurasia correspond for different types of blocks. For V250,
850 the positive correlations with BF show strengthening of the southern component of meridional
wind, i.e., the enhancement of advection from the south. Negative correlations show strengthening
of the northern component of meridional wind, i.e., the enhancement of advection from the north.
Furthermore, deviations from the zonal flow are often diagnosed using the meridional wind. This
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variable is particularly well suited for identification of Rossby waves, because at the spatial scales of
interest, its zonal Fourier spectrum has a strong contribution [40]. We investigated the correlation for
two periods 1979–1995 (17 points) and 1996–2016 (21 points).

2.4. The Selenga Basin Description

Figure 1 shows the Selenga River Basin. The boundary between Russia and Mongolia divides
the basin into two parts. The Mongolian part is 66% of the river basin total area, and 40% of total
Selenga Basin precipitation falls over the smaller Russian part. Nevertheless, the discharge formed in
the Russian part is three-fold as large as the discharge measured in the Mongolian part [41]. A detailed
description of the Selenga Basin can be found in [8].

3. Result

3.1. The Linkage between Blocking and Precipitation

Application of EOF analysis allowed us to extract two dominant modes (EOF 1, 2) of precipitation
over the Selenga Basin. The EOF 1 and EOF 2 explain respectively 28% and 18% of the total interannual
variance (EOF 1, 2–45%) and differ markedly from the third EOF (7%). Spatial patterns associated
with two precipitation modes over the Selenga Basin are shown in Figure 2 as a correlation map of
time coefficients of the EOF 1, 2 and precipitation over Mongolia and Eastern Siberia. EOF 1, 2 exhibit
meridional oriented dipole patterns extending over Mongolia and Eastern Siberia.
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Figure 2. Correlation coefficients between time coefficients of the EOF 1 (a), 2 (b) of precipitation
over the Selenga Basin and normalized precipitation over Eastern Siberia and Mongolia for 1979–2016.
The solid black line and dashed line areas indicate the 90% confidence level the positive and negative
coefficients of correlation, respectively. The hatched area shows the Selenga Basin.

Horizontal pattern of the first EOF indicates that July precipitation in the Selenga Basin (especially
in the Mongolian part) fluctuates in opposite direction to the precipitation in Eastern Siberia (with the
center located around 100◦ E). Horizontal pattern of the second EOF indicates that July precipitation
in the Russian part of the Selenga Basin fluctuates in opposite direction to precipitation in Western
Mongolia (with the center located outside of Selenga Basin). Based on two different modes obtained, we
calculated the total precipitation individually for the Russian part (TRPS), and Mongolian part (TMPS).
It was revealed that TMPS is 60% of total precipitation for 1979–2016, and TRPS −40%, this result
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is in good agreement with the one obtained for annual precipitation in the Selenga River Basin [41].
The coefficient of correlation of precipitation in the Russian and Mongolian part is only 0.2.

Figure 3 shows time coefficients of the EOF 1, 2 (PC 1, 2) and the TRPS and TMPS. The coefficients
of correlation for both pairs of variables are 0.8. The PC1 and TMPS exhibit a significant negative trend
during 1982–2016. PC 2 and TRPS exhibit a significant trend during 1979–2016. The most dramatic
change was observed after 1999 for PC 1 (precipitation in the Mongolian part of the Selenga Basin)
and after 2001 for PC 2 (precipitation in the Russian part of the Selenga Basin). It means there was
a decrease in precipitation over Eastern Mongolia and Transbaikalia, and they increased over the
area between Western and Eastern Siberia (around 100◦ E). This result is in good agreement with the
precipitation difference maps obtained in [4,31] for the periods before the mid-1990s and after.
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Figure 3. Time coefficient of the first EOF (PC 1) and total precipitation in the Mongolian part of the
Selenga River Basin (TMPS) (a), time coefficient of the second EOF (PC 2) and total precipitation in the
Russian part of the Selenga River Basin (TRPS) (b). Thin and thick black lines show the linear trends
(sig.: confidence levels at which the linear trend is significant, p-test).

We calculated the coefficient of correlation between blocking frequency for four regions and
TMPS, TRPS. For the period 1979–2016, no significant correlation coefficients were found. However, a
joint analysis of blocking frequency and precipitation in two parts of the Selenga River Basin allowed
getting detailed information on features of the linkage between blocking and precipitation.

The Eastern Siberia/Mongolia blocking frequency and precipitation over the Mongolian part of
Selenga (Figure 4) demonstrated the highest similarity of their variations.
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Figure 4. Interannual changes in the ESM-blocking frequency (ESM-BF) and TMPS.

Increased precipitation is observed in response to the increase in blocking frequency. However, it
can be seen that the link between blocking frequency and precipitation (Figure 4) has weakened after
1995. In Figure 5 we demonstrate the scatterplots of the blocking frequency and precipitation before
(a) and after (b) 1995. The plot (Figure 5) shows a close relationship between variables for the first
period (Figure 5a), and the absence of the linear relationship for the second period (Figure 5b). During
1996–2016, the responses of precipitation to blocking frequency change were observed only in 1998
and 2006.
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denotes linear regression between the two quantities found by the least-squares fit, and R2 is shown at
the bottom right.

European, Urals/Western Siberia blocking frequencies and precipitation in the Russian part
(Figure 6) demonstrate similarities of interannual variations for the period before 1996. Increased
precipitation is observed in response to the increase in the blocking frequency. However, it can be seen
that the link between the blocking frequency and the precipitation in the Russian part (Figure 6) has
weakened after 1995 and, in response to the maximum increase in the European blocking frequency,
decreased precipitation was observed (2003, 2010, 2011, and 2014) (Figure 6a). Figure 7a–d demonstrate
scatterplots of E-, UWS-blocking frequencies and the Russian precipitation part before (a) and after (b)
1995. We can see a close linear relationship among variables for the first period (Figure 7a,c), and the
absence of such a linear relationship for the second period (Figure 7b,d).
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Table 1 demonstrates the coefficients of correlation of blocking frequency and precipitation in the
Selenga Basin for the period 1979–1995.

Table 1. The coefficients of correlation of blocking frequency and precipitation in the Selenga Basin for
the period 1979–1995; bold font indicates the significant coefficient at 95% confidence level.

Total Precipitation in
the Selenga Basin

Blocking Region

European Blocks Urals–Western
Siberia Blocks

Eastern
Siberia–Mongolia Blocks

Russian Far
East–Okhotsk Sea Blocks

Mongolian part
precipitation −0.31 0.20 0.61 0.31

Russian part
precipitation 0.55 0.43 0.11 0.31

We have demonstrated that precipitation in the Selenga Basin is linked to ESM-blocking
(precipitation over the Mongolian part of the Selenga Basin), UWS-blocking, and E-blocking
(precipitation over the Russian part of the Selenga Basin). The most significant correlation coefficients
refer to precipitation and the European and Eastern Siberia/Mongolia blocks. However, the linkage is
not stable, and after the mid-1990s, the obtained positive correlation became insignificant.

To demonstrate what did the spatial patterns of precipitation corresponding to E-, UWS-, and
ESM-BF look like for two periods 1979–1995 and 1996–2016, we showed the distribution of the
coefficient of correlations between E-, UWS-, ESM-BF, and precipitation over Eurasia (Figures 8 and 9).
We show a large area to reveal what were the large-scale changes in relationships between the blocks
and precipitation, and how this can be related to the precipitation in two areas of the Selenga Basin.

Figures 8 and 9a,c show two opposite large-scale quadrupole structures over Eurasia.
The quadrupole is located over Europe–Eastern Siberia/Mongolia. The quadrupole pattern can
be explained by the position of the large-scale low and high-pressure areas that corresponding blocks
over Europe and Eastern Siberia. A comparison of the quadrupoles for the first and second periods
has revealed the change in amplitudes and areas of correlation structures located over the blocked
regions (Figures 8 and 9a—for Europe, Figures 8c and 9c—for Eastern Siberia). Amplitudes and areas
of the European part of the quadrupole (Figures 8a and 9a) and East Siberian part (Figures 8 and 9c) are
higher in the second period that in the first one. Figures 8b and 9b show a large-scale dipole structure
over UWS and, on the contrary, the amplitudes and areas of correlation structures over Western Siberia
are lower in the second period than in the first one. Analysis of the correlations between blocking
frequency and precipitation over the Selenga Basin showed that, in the first period (1979–1995), areas
of significant positive correlations were located over the Russian part of the basin during blocks over
Europe and the Urals—Western Siberia (Figure 8a,b) and over the Mongolian part—during blocks
over Eastern Siberia—Mongolia (Figure 8c). For the second period, there was no significant correlation
over the river basin. The absence of positive correlations between precipitation and blocking for the
1996–2016 period can be an important point to explain the observed low-water period in the Selenga
River Basin.

Resulting from the analysis, we have concluded that before the mid-1990s alternation of the months
with the dominance of E- and ESM-blocking contributes to the positive anomaly of precipitation over
the Mongolian and Russian parts of the Selenga River Basin. Figure 10 shows fluctuations of E, ESM-BF.
Before 1999, a significant negative correlation between E and ESM-BF was observed (0.6). After the
mid-1990s, a negative trend of PC 1 and 2 of precipitation in the Selenga Basin was observed, which
is characterized by displacement of positive precipitation anomalies outside the basin. At the same
time, the linkage between the precipitation in the Selenga Basin and the blocking frequency weakened.
Moreover, there was observed a change in the Eurasian precipitation patterns that accompanied E and
ESM blocks and a change in the linkage between E and ESM-blocks.
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To detect differences in atmospheric circulation during blocks for the two periods, we investigated
the July’s maps of geopotential height and meridional wind corresponding to E, ESM-blocks, and
precipitation in the Russian and Mongolian part of Selenga.
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3.2. The Linkage between Blocking, Precipitation, and Atmospheric Circulation over Eurasia

3.2.1. The Change of European Blocking and Precipitation in the Russian Part of the Selenga
River Basin

Figure 11 demonstrates the coefficients of correlation of precipitation in the Russian part of Selenga
(TRPS) and Z500, Figure 12 shows the coefficients of correlation of the European blocking frequency and
Z500 for two periods. Figures 11a and 12a are similar to each other, unlike Figures 11b and 12b. For the
first period, the geopotential height at 500 hPa accompanying low and high E-blocking frequency
and TRPS are similar. In the first period, during blocking over Europe the following are observed
over the Selenga Basin: air advection from the north (Figure 12b), a trough (Figures 11a and 12a), and
precipitation within the trough area (Figure 8a). In the second period, E- blocking is accompanied by
air advection from the south over the Selenga Basin (Figure 12d), and the trough is west of the basin
for E-blocking (Figure 12c). A comparison of Figure 12, Figure 8, and Figure 9 shows that precipitation
(positive correlation structures) is in the regions over which the trough frontal parts are mostly located.
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Shubert et al. 2014 [31] presented correlation maps for meridional wind at 250 hPa with the first
and second rotational principal components (RPCs) of combined 2-m temperature and precipitation
in the summertime. The authors interpreted the obtained correlation distributions as the stationary
Rossby wave structures over Northern Eurasia. The correlation structure for meridional wind and
RPC 1 obtained by Shubert et al. is highly similar to our correlation pattern for meridional wind and
European blocks in 1996–2016 (Figure 12d). We suppose that blocking over Europe can be associated
with the large-scale Rossby wave structures predominating over Northern Eurasia. According to
results by Shubert et al., the RPC1 increased after 1995, and in the authors’ view, this increase is
responsible for heat waves and, hence, droughts over Eurasia, including Mongolia.

In Figure 13, we show correlations between V250 with E-BF for two periods. For both periods,
E-blocks were accompanied by a wave-like mode over Northern Eurasia, but for the second period
(Figure 13b) the wave structure is more pronounced, especially it is true for the part of negative
correlation (cold advection, the trough adjacent to E-blocks). Amplification of the trough adjacent
to E-blocks led to the strengthening of warm air mass advection in the area located west of Lake
Baikal and the change of the track of cyclones. In our opinion, the changes of the wave-like pattern
that accompanied the E-blocks is responsible for the changes in the linkage between blocking and
precipitation that can fall in the E-blocking downstream. The answer to this question is closely related
to the issue of Rossby wave amplification and changes of the atmospheric blocking downstream.
Even though the issue requires additional investigation (how have the amplitude and phase speed of
Rossby waves changed) based on our results and those previously obtained in [31] we can conclude
that European blocks accompanied by the wave-like structure over Northern Eurasia in 1996–2016
(Figure 13b) contributed to decreased precipitation over the Selenga Basin.
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3.2.2. The Change of Eastern Siberia/Mongolia Blocking and TMPS

Figure 14 shows the coefficients of correlation of Eastern Siberia/Mongolia blocking frequency
and Z500 for two periods. In both periods, typical structures of dipole blocking over Eastern Siberia
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and Mongolia correspond to ESM-blocks. Analysis of some ESM blocking events has shown that
the cyclonic parts of ESM- blocks are characterized by advection of air masses from the East Asian
monsoon region (EASM) [42]. Analysis that has been provided by Chen et al. 2017 [43] indicated that
there is a close relationship between the midlatitude summer cyclone activity over East Asia and the
decadal variation of EASM; when the midlatitude summer cyclone activity over East Asia is strong
(weak), EASM tends to be intensified (weakened). So the ESM-blocks with pronounced cyclonic part
may be the EASM driver.

Figure 15 demonstrates the coefficients of correlation between precipitation in the Mongolian part
of Selenga and geopotential height at 500 hPa (Z500). Correlations of precipitation, ESM-BF, and Z500
for the first period (Figures 14a and 15a) are similar, unlike Figures 14b and 15b. Despite the dipole
blocking structure is evident in correlation ESM-BF and Z500 maps for both periods; the precipitation
is linked to the dipole blocking structure only for the first period (1979–1995). For the second period
(1996–2016) precipitation is linked to the wave-like structure over the subtropical area over Eurasia.
It can be seen that there were northward shift in the location of the negative correlation for precipitation
(Figures 8 and 9c) and positive correlation for Z500 (Figure 14a,b) over Eurasia.

In contrast to Z500 maps for European blocks for two periods (Figure 11) where significant
differences of Z500 in the Selenga Basin were revealed for the Z500 maps for ESM-BF (Figure 14), we
have not found evident changes of the blocking structure (especially in the cyclone part) for the Selenga
Basin. The less pronounced cyclonic part of ESM-blocking is observed in the second period in contrast
to the first one.
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Nevertheless, the analysis of the differences of the low-level advection accompanied Eastern
Siberia/Mongolia blocks, which can be associated in part with East Asia monsoon (correlation with
V850 hPa) has not shed light on the reason why the linkage between ESM-BF and precipitation has
weakened (Figure S1 is shown in supplementary materials). The most important outcome was obtained
due to analysis of the differences between V250 for two periods. Figure 16 shows correlation maps for
ESM-BF and V250. For the first period, the correlation maps of the ESM-blocking frequency and V250
demonstrate a wave-like pattern over the subtropical region of Eurasia (SE). The obtained wave pattern
over SE is similar to the Rossby wave along subtropical jet stream revealed Iwasaki and Nii, 2006, Sato
and Takahashi, 2006, [11,44]. We suppose that during 1979–1995, the wave pattern over SE with cyclonic
part over Mongolia contributes to formation and amplification of Eastern Siberia/Mongolia blocks.
For the second period, the correlation map demonstrates no linkage of ESM-blocks and wave-like
pattern. The change of correlation of V250 and ESM-blocks may be due to the weakening of the SE
wave contribution to ESM-blocking formation. The change in the formation of ESM-blocks has led to
the change in the linkage between ESM-blocks and precipitation in the Mongolian part. Changes in
the SE wave mode, as well as its relationship with the change of Northern Eurasia wave mode, require
further research.
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4. Summary

The long-term low-water has been observed since 1996 in basins of Lake Baikal and Selenga River,
the main tributary of the lake, mainly fed by summer atmospheric precipitation. We are searching
for the causes of decreasing precipitation over the river basin in changing features of the large-scale
atmospheric circulation over Eurasia in mid-summer. We have studied the linkage of atmospheric
blocking and precipitation over the Selenga Basin in July for two periods: 1979–1995 and 1996–2016.
Additionally, we have analyzed relationships between blocks, geopotential height at 500 hPa (Z500),
and meridional wind at 850 hPa and 250 hPa (V850, V250) over Eurasia during these periods.

We used the Global Precipitation Climatology Centre (GPCC), Version 2018 [36,37] with 0.25◦

spatial resolution. Atmospheric data for geopotential height (Z500) and meridional wind at 850 and
250 hPa for July were obtained from the ECMWF ERA-Interim reanalysis [38]. We applied the blocking
index algorithm based on the geopotential south, and north gradient as in [21]. The blocking frequency
(BF) was calculated as follows: Eurasia was divided into four longitudinal intervals, in the same way
as in [14,28] (0◦–50◦ E (Europe, E), 50◦–80◦ E (the Urals—Western Siberia, UWS), 80◦–120◦ E (Eastern
Siberia—Mongolia, ESM), 120◦–160◦ E (Russian Far East—Okhotsk Sea, RFEOS). In each longitudinal
interval, we summed up the number of points (longitude × time), where the blocking conditions were
fulfilled, and obtained blocking frequency for each July of each year. All the obtained BFs we denoted
the obtained as E-BF, UWS-BF, ESM-BF, and RFEOS-BF. Empirical orthogonal functions (EOF) and the
Pearson correlation analysis (PCC) were used for data interpretation.

The EOF analysis allowed us to extract two dominant modes of precipitation over the Selenga
Basin. The EOF 1 and EOF 2 patterns explain, respectively, 28% and 18% of the total interannual
variance. EOF 1 is associated with fluctuations of precipitation mainly in the Mongolian part of Selenga;
EOF 2—in the Russian part of Selenga. Thus, we calculated the total precipitation individually for the
Russian part (TRPS) and Mongolian part (TMPS). It was revealed that TMPS is 60% of total Selenga’s
precipitation for 1979–2016 and TRPS −40%. In term of Selenga discharge formation, both of obtained
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modes are important. Coefficients of correlation of PC 1, 2 associated with two precipitation modes
and TMPS, TRPS are 0.8 for both pairs of variables (PC 1—TMPS, PC 2—TRPS). We revealed that there
was a decrease in precipitation over Eastern Mongolia and Transbaikalia and an increase over the area
between Western and Eastern Siberia (around 100◦ E).

Correlation analysis has demonstrated that precipitation in the Selenga Basin is positively
correlated with the ESM-blocking frequency (precipitation over the Mongolian part of the Selenga
Basin), UWS-, and E-blocking frequency (precipitation over the Russian part of the Selenga Basin).
However, the linkage is not stable, and after the mid-1990s, the obtained positive correlation became
insignificant. We compared of the Eurasia precipitation spatial patterns correspond to E-, UWS-,
ESM-BF, and PC 1, 2 for two periods, 1979–1995 and 1996–2016. As a result of the analysis, we have
concluded that alternation of the months with the dominance of E or ESM-blocking contributes to
two both leading precipitation modes over the Selenga River Basin. In 1996–2016, a trend of change
of time coefficients of the EOF 1, 2 for precipitation in Selenga was observed, which is characterized
by displacement of positive precipitation anomalies outside the basin. At the same time, there was a
weakening of the linkage between precipitation in the Selenga Basin and blocking frequency.

To detect features of circulation during blocking formation for two periods, we investigated Z500,
V850, and V250 corresponding to E, ESM-blocks, and precipitation in the different parts of the Selenga
River Basin in two periods. It turned out that the patterns of Z500 for European blocks and TRPS
(Eastern Siberia/Mongolia blocks and TMPS) are similar for the first period in contrast to the second
period. We have revealed that two wave-like modes over Northern Eurasia and subtropical part of
Eurasia (SE) correspond to E, ESM-blocks, and precipitation in the Selenga River Basin.

The Northern Eurasia wave mode corresponds to E-blocks for both periods. For the first period,
the Northern Eurasia mode promoted to the precipitation in the Russian part of the Selenga Basin
formation. For the second period, the Northern Eurasia mode became especially pronounced over
Northern Europe (advection from the south) and the Urals (advection from the north). Amplification
of the trough adjacent to European blocks has led to changes in the track of cyclones. Thus, after 1996,
E-blocks contribute to the precipitation to the west of Lake Baikal. In our opinion, the change of the
Northern Eurasia mode corresponding to E-blocks is the reason for the decrease in precipitation in the
Russian part of the Selenga River Basin during 1979–2016.

The SE wave mode accompanied ESM-blocks for the first period. For the second period, there
was no evident wave-like structure over Eurasia corresponding to Eastern Siberia/Mongolia blocks.
We suppose that during 1979–1995, the wave pattern over subtropical part of Eurasia with cyclonic
part over Mongolia contributed to the formation and amplification of ESM-blocks. The change
of correlation pattern of V250 and ESM-blocks is related to the weakening of the SE wave mode
contribution. Conditions of ESM-blocks formation have led to changes in the linkage between Eastern
Siberia/Mongolia blocking and precipitation. Changes in the SE wave mode, as well as its relationship
with the change in Northern Eurasia wave modes, require further research.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4433/10/6/343/s1,
Figure S1. Correlation coefficients of ESM-blocks and V850 for 1979–1995 (a) and 1996–2016 (b). Description is the
same as in Figure 8.
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