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ABSTRACT. The spatiotemporal variability of moisture conditions in the Lake Baikal basin, a key region of Inner Asia, remains 
insufficiently understood due to the short duration of instrumental observations and the complex interplay of climatic 
factors. In this study, we reconstructed the self-calibrating Palmer Drought Severity Index (PDSI) for May–July using four 
long tree-ring chronologies from the Russian and Mongolian parts of the Baikal basin. Linear models explain 34–57% of the 
interannual variance in the instrumental PDSI. The 11-year smoothed mean PDSI values reveal alternating periods of in-phase 
and out-of-phase moisture variability between the two parts of the basin over the past ~250 years, while long-term (30-year) 
series show divergent trends: increasing moisture availability in the northern (BRG) and southwestern (HEC) parts of the 
basin and intensifying aridization in the central-southern part (KST, KRN). Several extreme drought (1863, 1923, and 2003) and 
wet (1938) years with broad spatial extent were identified. Spectral analysis of the reconstructed series revealed significant 
cycles of approximately 2–5 years and 14–56 years. The results of this study demonstrate substantial spatial heterogeneity 
in drought dynamics and highlight the influence of both local and large‑scale climatic factors on moisture regimes in Baikal 
Asia.
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INTRODUCTION

	 Climate change in Russia is evidenced by a rate of 
warming more than twice the global average, a trend 
expected to continue in the 21st century (Roshydromet 
2014; Edelgeriev et al. 2021). Anthropogenic influences are 
expanding arid zones and intensifying extreme heat and 
precipitation events. Extreme climatic phenomena – heat 
waves, droughts, floods, wildfires, etc. – significantly impact 
ecosystems; in Asia, these effects are especially acute due 
to high drought vulnerability1. However, confidence in 
drought trend assessments remains low because of limited 
long-term observations, inconsistent definitions, and 
spatial heterogeneity. Drought, as a natural phenomenon, 
lacks clear temporal and spatial boundaries, since its 
intensity is hard to define and measure (Wilhite and Glantz 
1985).
	 Drought impacts are particularly critical in arid and 
semi-arid regions. The Lake Baikal basin, spanning parts 

of Russia and Mongolia, also experiences droughts. A 
hydrological drought since 1995 has reduced the annual 
flow of the Selenga River, the main tributary of Lake Baikal. 
Consequently, suspended sediment transport changed 
(Chalov et al. 2015; Kasimov et al. 2020), the unique Selenga 
River delta’s barrier functions deteriorated (Chalov et al. 
2016; Frolova et al. 2017b), and Lake Baikal’s water level 
regime was disrupted (Alymbaeva et al. 2024).
	 Regular weather observations in the Russian Baikal 
basin began in the late 19th century and expanded in 
the 1930s–1950s. Mongolia’s hydrometeorological service 
started in the mid-20th century. Thus, instrumental data 
alone cannot fully capture the duration and intensity of 
historical droughts. Trees with distinct annual rings in harsh 
climates act as natural “meteorological stations”: in arid 
environments, ring widths closely reflect site moisture and 
are widely used to reconstruct droughts centuries into the 
past (Tabakova et al. 2020). For the quantitative assessment 
of moisture conditions, one of the key indicators is the 

1IPCC, 2021: Summary for Policymakers. In: Climate Change 2021: The Physical Science Basis. Contribution of Working Group I to the Sixth 
Assessment Report of the Intergovernmental Panel on Climate Change [Masson-Delmotte, V., P. Zhai, A. Pirani (eds.)]. In Press.
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Palmer Drought Severity Index (PDSI), which is widely 
applied in dendroclimatic reconstructions and reflects a 
close relationship with tree-ring width in the arid territories 
of Russia (Kuznetsova and Pozhidaeva 2017; Shigimaga et 
al. 2024) and Asia (Cook et al. 2010).
	 Over the past decades, numerous studies have been 
conducted in the Mongolian part of the Lake Baikal basin 
to reconstruct moisture variability, river runoff (Davi et al. 
2006; Pederson et al. 2001; Leland et al. 2013; Davi et al. 
2013), and the PDSI (Davi et al. 2010; Pederson et al. 2014; 
Haraguchi et al. 2022). In contrast, substantially fewer 
such studies have been carried out in the Russian part of 
the basin (Andreev et al. 1999; 2001; Demina et al. 2017; 
Belokopytova et al. 2018), and studies specifically devoted 
to PDSI reconstruction based on long chronologies are 
lacking. At the same time, no previous comparative analysis 
of the variability of this index across different parts of the 
Lake Baikal basin has been conducted. 
	 The present study provides the first spatiotemporal 
reconstruction of the PDSI encompassing the entire 
Baikal basin. The research objectives are as follows: 1) to 
reconstruct and compare the history of droughts in the 
Russian and Mongolian parts; 2) to identify long-term trends 
and extreme events; 3) to assess the spatial heterogeneity 
of the moisture regime in different parts of the basin.

MATERIAL AND METHODS

Study Area and Climate

	 The Lake Baikal basin lies in Inner Asia and covers 
545,000 km² (excluding the lake area). About 45% of the 
basin’s area is in Russia and 55% in Mongolia. The basin 
extends over 1300 km from south to north and up to 800 
km from west to east at its widest point, in the Mongolian 
part. The climate of Baikal Asia is sharply continental, with 
large annual and diurnal temperature ranges and uneven 
seasonal precipitation. Mean annual air temperatures 
range from –0.1 °C in the south to –6.7 °C in the north; 
January is the coldest month, July – the warmest. The 
mountainous terrain causes complex precipitation 
patterns: the lowest annual totals (250–400 mm) fall in the 
steppes and valleys, while the highest totals (>1000 mm) 
occur in the mountains (e.g., Khamar-Daban Range). Up 
to 90% of precipitation occurs in summer and autumn as 
rain, except in the northern basin, where 30–50% is snow 
(Garmaev 2010).
	 Vegetation comprises three main types: alpine, 
boreal (taiga), and steppe. Boreal forests extend far south 

along ranges, while steppes spread northward through 
intermontane basins. Forests cover much of the region 
(mean forest cover ~62.5% in the Russian part vs ~11.5% 
in the Mongolian part). Coniferous species (pine, larch) 
dominate, with some birch and aspen (Ecological Atlas… 
2015).

Tree-Ring Chronologies

	 This study uses chronologies from the Barguzin, Uda, 
and Chikoy river valleys (Russian part) and the Ider Valley 
(northwestern Mongolia), covering diverse climatic zones 
of the Baikal basin. We selected the longest available 
chronologies from forest-steppe sites to maximize drought 
history coverage (Fig. 1). Sampling and core analysis 
followed standard dendrochronological methods (Vaganov 
et al. 1996). We extracted cores from living trees using an 
increment borer, targeting dominant species in the study 
area: Scots pine (Pinus sylvestris L.) and Siberian larch (Larix 
sibirica Ledeb.). All chronologies were built from cores of 
living trees collected in 2016–2019 field campaigns, about 
one-third of which were old-growth individuals.
	 The KST chronology was extended back to 1498 CE using 
historical wood from an ethnographic museum building 
(Andreev et al. 2022). The KRN chronology was extended 
to 1608 CE using wood from an old house (19th-century 
heritage site) in the city of Kyakhta.
	 Ring widths were measured using a LINTAB 5 system 
with a precision of 0.01 mm. Crossdating and identification 
of false/missing rings were performed in TSAP-Win; dating 
quality and statistics were checked with COFECHA software. 
Series with low coherence were removed based on interseries 
correlation (Rbar) criteria. All chronologies (including those 
extended with historical wood) were standardized uniformly: 
age trends were removed with negative exponential or cubic 
spline fits (ARSTAN software). We then derived the Tree-
Ring Index (TRI) from these standardized series. Residual 
chronologies (with autocorrelation removed) were used 
for climate reconstruction, as they preserve high-frequency 
variations and showed the highest predictive skill in split-
period validation.
	 Chronology quality was evaluated using mean 
interseries correlation (Rbar), mean sensitivity (MS), standard 
deviation (SD), and expressed population signal (EPS). EPS 
was calculated for 51-year windows with 25-year overlap. It 
indicates periods when sample depth is sufficient for high-
accuracy climate reconstruction (common signal exceeds 
noise), usually requiring EPS > 0.85.
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Fig. 1. Study area: (a) mean annual precipitation (mm); (b) landscape types (forest, forest-steppe, steppe, etc.) in the 
Baikal basin, along with locations of the tree-ring chronologies



98

GEOGRAPHY, ENVIRONMENT, SUSTAINABILITY	 2026

Climate Data

	 We used climatic data from CRU TS 4.06 (0.5° grid, period 
1931–2016), obtained via the KNMI Climate Explorer2. For 
each site, mean monthly temperature, precipitation, and 
the self-calibrating PDSI (scPDSI) were extracted from the 
grid cells closest to the tree-ring chronologies exhibiting 
the highest correlations. The PDSI is based on a monthly 
climatic water balance model, determined by precipitation, 
temperature, and local soil water-holding capacity (Palmer 
1965). The PDSI, derived from CRU TS data, is widely used as 
a gridded target variable in drought studies (van der Schrier 
et al. 2013). However, the accuracy of CRU TS depends 
on the density of the meteorological network; a sparse 
network can smooth out extremes, reduce variance, and 
distort trends (Harris et al. 2020). Therefore, the calibration 
of tree-ring chronologies with PDSI should be interpreted 
as a response to the grid-cell-averaged moisture signal, 
rather than as a point-by-point comparison with a specific 
station. Nevertheless, most of the tree-ring chronology 
sites are located near meteorological stations, which 
supports the reliability of the gridded data in representing 
instrumental records for the region. The analysis was 
restricted to the post-1931 period to ensure more reliable 
meteorological data coverage.

Analysis and Reconstruction Methods

	 Tree-ring width and climate relationships were 
analyzed with DendroClim 2002 software, using 
bootstrap confidence intervals for correlation significance. 
Correlations were computed for the period June of the 
previous year to August of the current year (accounting for 
cambial growth timing and prior-year effects).
	 Climate reconstruction methods follow standard 
dendrochronological procedures (Fritts 1976; Cook and 
Kairiukstis 1990). The reconstruction model – a transfer 
function – is typically a linear regression relating climate 
parameters to tree-ring indices. The procedure includes 
model calibration (using observed data), verification, and 
then actual reconstruction. Model reliability was assessed 
via split-sample tests, computing statistics: coefficient of 
determination (adjusted R²), sign test (ST), reduction of 
error (RE), and coefficient of efficiency (CE) (Fritts 1976).
	 Regional representativeness was evaluated by 
correlating each reconstruction with the gridded PDSI field 

over 1931–2016. The correlation maps indicate where each 
series reflects actual PDSI variability. Spectral analysis was 
conducted with the Multi-Taper Method (MTM), which 
effectively separates signal from noise in climate time 
series. We used 5 tapers (3π) and tested against a red-noise 
background at p < 0.05. Morlet wavelet transforms were 
applied to assess temporal changes in periodicities and 
phase relationships. Analyses were performed in R Studio 
and STATISTICA 12.

RESULTS

Tree-ring chronologies and Climate Response

	 Statistical characteristics of the indexed chronologies 
are shown in Table 1. All chronologies are suitable for 
dendroclimatic analysis: Rbar ranges from 0.45 to 0.74, and 
MS from 0.24 to 0.48, with the highest sensitivity at HEC 
(driest site) and lowest at BRG (wettest site; see Fig. 1).
	 The results of the correlation analysis show that 
precipitation plays an important role in controlling tree-
ring width, particularly moisture accumulated in the soil 
during the second half of the previous growing season 
(Fig. 2). Precipitation in the current year was also significant 
for all chronologies during specific summer months. For 
BRG, located near the shore of Lake Baikal, significant 
relationships were found with January precipitation 
(snow) and warm conditions in October of the previous 
year. This likely reflects the influence of the lake-modified 
microclimate of Baikal (Mizandrontseva 1985).
	 Air temperature at the southernmost site (HEC, 
northwestern Mongolia) showed predominantly 
negative relationships with radial growth, which likely 
reflects an indirect moisture-mediated effect: under 
semiarid conditions, higher temperatures enhance 
evapotranspiration and intensify soil moisture deficit, 
thereby constraining tree growth (Liu et al. 2019). All 
chronologies showed significant positive correlations 
with PDSI, with the highest coefficients observed for BRG. 
Overall, the strongest correlations for all chronologies were 
observed in May–June.
 
PDSI Reconstruction and Validation

	 Based on the TRI – climate relationships, we selected 
the current-year mean May–July PDSI for reconstruction. 

2https://climexp.knmi.nl/
*The range of the initial chronology of KST and KRN.

Table 1. Statistical characteristics of chronologies

Parameter BRG KST KRN HEC

Tree samples 33 74 118 20

Tree species PISY, LASI PISY PISY LASI

Period, year 1541–2019 1498–2016 (1699–1998*) 1608–2017 (1797–2017)* 1574–2018

Duration 479 519 410 445

Rbar 0.45 0.74 0.64 0.70

MS 0.24 0.35 0.34 0.48

SD 0.31 0.61 0.41 0.51

EPS > 0.85 1688–2019 1530-2016 1631–2017 1763–2018
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Model performance was evaluated by comparing 
observed and modeled PDSI using adjusted R² (Table 2). To 
assess predictive skill, the instrumental period was divided 
into two equal sub-periods for calibration and verification. 
Sub-period cross-validation demonstrated the stability 
of the regression models. The Sign Test (ST) indicated a 
significant excess of agreements, confirming that tree-ring 
variability captured PDSI variability. The positive values of 
the RE and CE statistics for all verification periods indicate 
that the reconstructions exhibit significant predictive skill. 
Overall, the models performed well: BRG explains 57% of 

the variance in PDSI, KST 46%, KRN 37%, and HEC 34% for 
1931–2016. The linear regression equations relating TRI to 
instrumental PDSI over the full instrumental period are as 
follows (Eqs. 1–4):

(1)

(2)

(3)

(4)

Fig. 2. Correlation of tree-ring chronologies: (a) BRG, (b) KST, (c) KRN, and (d) HEC with average monthly air temperature 
(T), precipitation amount (P) and PDSI for the period 1931–2016. Dotted red lines indicate the level of statistical 

significance (p < 0.05)

Table 2. Statistics of split calibration and verification models for reconstructing the average PDSI value from May to July 
according to tree-ring chronologies

Calibration Verification

Period R²adj Period ST RE CE

BRG

1931–1973 0.49 1974–2016 32+/11 0.70 0.49

1974–2016 0.49 1931–1973 36+/7- 0.75 0.48

1931–2016 0.57 1931–2016 67+/19-

KST

1931–1973 0.58 1974–2016 32+/11- 0.56 0.36

1974–2016 0.44 1931–1973 31+/12- 0.67 0.44

1931–2016 0.46 1931–2016 64+/22-

KRN

1931–1973 0.44 1974–2016 27+/16- 0.54 0.23

1974–2016 0.34 1931–1973 36+/7- 0.60 0.33

1931–2016 0.37 1931–2016 59+/27-

HEC

1931–1973 0.26 1974–2016 33+/10- 0.47 0.35

1974–2016 0.37 1931–1973 29+/14- 0.49 0.09

1931–2016 0.34 1931–2016 67+/19-
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Fig. 3. Reconstruction of the average PDSI for May–July: (a) complete reconstruction for the four study sites (gray – 
reconstructed series; blue – instrumental data; black – 5-year moving average; red – ±1 SD); (b) 11-year moving average; 

(c) 30-year moving average. Moving averages are shown for the common interval beginning in 1763, when EPS exceeded 
0.85 for all chronologies

	 Fig. 3a shows the reconstructed May–July PDSI series 
for all four sites. The series clearly reflect local moisture 
regime differences. In the northern region (BRG, KST), 
wetter phases dominate: mean PDSI values for the full 
reconstruction are 0.74 (BRG) and 0.82 (KST). In the central 
and southern basin (KRN, HEC), mean values are 0.53 and 
–0.66, indicating pronounced aridity, especially at HEC (NW 
Mongolia).
	 To examine long-term fluctuations, smoothed series 
were computed using 11- and 30-year moving averages 
(Figs. 3b, c). The 11-year smoothed series indicate shifts 
in synchrony: prior to the 1870s, moisture variations 
in the Russian and Mongolian sectors were mostly 
asynchronous; during ~1870–1980 in-phase and lagged 
phases alternated; after the 1980s, an asynchronous 
regime resumed (Fig. 3b). Notably, PDSI values converged 
in the late 20th century. The 30-year smoothed series (253 
years long, EPS > 0.85 since 1763) show divergent trends: 
Uda and Chikoy basins (KST, KRN) show a drying trend 
(decreasing PDSI), while Barguzin and Ider (BRG, HEC) 
show a wetting trend (increasing PDSI). HEC, however, 
remains below zero (never surpassing its long-term mean) 
(Fig. 3c).

Spatial correlation patterns

	 Fig. 4 shows maps of correlations between each 
reconstruction and observed PDSI (CRU TS) for 1931–2016. 
All reconstructions exhibit significant positive correlations 
over broad areas, indicating good representativeness. 

BRG has the largest area of correlation: high coefficients 
(r ≈ 0.3–0.7, p < 0.05) cover coastal Baikal, western 
Transbaikalia, and part of the Eastern Sayan. KST shows a 
strong correlation over Western Transbaikalia and parts of 
Eastern Transbaikalia. HEC correlates highly with grid cells 
across the Mongolian part of the Lake Baikal basin. The 
highest correlation for KRN is observed in the border areas 
of Russia and Mongolia. These results confirm that the 
reconstructions reliably capture spatial climate variability.

Extreme Dry and Wet Periods

	 The long reconstructions (EPS > 0.85; 250–480 years) 
enable identification of the most prolonged drought and 
pluvial periods in each part of the basin (Fig. 3a). Drought 
periods are sequences of years with negative PDSI, and 
wet periods are those with positive PDSI. In the Barguzin 
Valley (BRG), droughts were observed in 1797–1809 and 
1977–1984 and a wet period in 1925–1942. In the Uda 
Basin (KST), two 8-year droughts occurred: 1730–1737 and 
1838–1845 (the latter more severe, including the driest 
year, 1838); wet periods were 1740–1760, 1926–1943, 
1983–2002. In the border part (KRN), a drought occurred 
in 1648–1655 (including extreme 1650), followed by 
droughts in 1728–1738, 1954–1961, 1977–1984, and a wet 
period in 1865–1887. In NW Mongolia (Ider Valley, HEC), a 
drought occurred in 1769–1792. The 19th century featured 
the longest droughts: 1808–1843 and 1847–1869, with the 
peak wet interval of the entire record occurring between 
these mega-droughts (1793–1807).
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	 Extreme hydroclimatic events cause significant damage 
to ecosystems, agriculture, and economies, making their 
frequency important to understand. Extremely dry and 
wet years (below the 5th and above the 95th percentiles 
of PDSI) are listed in Table 3 for periods with EPS > 0.85. 
Some extremely dry and wet years affected broad areas 
across Baikal Asia – from the northern to the southern parts, 
as reflected in synchronous dry years (1863, 1923, 2003) 
and a synchronous wet year (1938).Our reconstructions 
and extremes align with previous studies. The negative 
extremes 1801, 1838, 1840 and the positive 1827–1830 
coincide with Selenga River flow reconstructions (Andreev 
et al. 2001; Belokopytova et al. 2018; Demina et al. 2022). The 
HEC series (NW Mongolia) also matches prolonged drought 
and wet periods in west-central Mongolia (Davi et al. 2006) 
and certain common phases spanning central and eastern 
Mongolia (Pederson 2001; 2014; Davi et al. 2010; 2013). The 
late 18th–early 19th centuries exhibit spatial asynchrony: 
the central-western basin was wetter compared to the 
eastern basin (Davi et al. 2006). Our data confirm such out-
of-phase regimes: during this period, the Mongolian part 
was anomalously wet, whereas the northern part of the 
basin experienced extreme droughts (1800–1805 period 
ranks among the driest years). In the modern era, a similar 
asynchrony is seen in the events of 1984, 2014 and 2016–
2017 (based on the 10th and 90th percentile thresholds).
	 The reconstructed extreme years were compared 
with natural chronicles from Transbaikalia and Mongolia 
(Zadonina and Levi 2008) to validate the results for the 
pre-instrumental period, including asynchronous phases. 
The chronicles confirm, for example, the forest fires in the 
Barguzin Valley in 1804, and in the asynchronous year 1889 
a severe drought occurred in Barguzin, while Cisbaikalia and 
eastern Transbaikalia simultaneously experienced flooding. 
Some events did not coincide, as chronicles more often 
describe regional-scale catastrophes rather than local ones.
	 During the recent asynchronous period of 2016–2017, 
the northern part experienced the largest forest-cover 
losses in 20 years due to wildfires, which were preceded 

by spring-summer droughts (Tsydypov et al. 2022). In the 
same years, catastrophic floods caused by heavy rains 
were recorded in the northwestern and western aimags 
of Mongolia (Serdyanjiv et al. 2024). In Khovd, total annual 
and summer precipitation has decreased by ~20% over 
the past 40 years, yet extreme downpours have become 
more frequent. Among such anomalously wet years, the 
asynchronous year 1984 stands out, when up to 85% of 
the annual precipitation norm fell within a single season in 
some locations (Narangerel et al. 2025).

Spectral and Wavelet Characteristics

	 Fig. 5 shows power spectra and Morlet wavelet spectra 
for all four PDSI series (p < 0.05). High-frequency peaks 
appear in all series: BRG ~2.2–2.3 years; KST ~2–5 years; 
KRN ~2.2–2.6 years; HEC ~2.4–3.6 years. Low-frequency 
oscillations (multi-decadal) are most pronounced in KST 
and HEC. KST has persistent cycles of ~26–36, ~46.5, ~48.7 
years; HEC has ~26.9–36.6, ~39.4, ~42.7, ~46.5, ~51.2, ~56.8 
years. KRN shows significant power at ~14–17, ~23–27, ~33 
years. These periods match the Pacific Decadal Oscillation 
(PDO) timescales (~20–30, 50–70 years). The ~14–17 year 
cycle in KRN is consistent with the ~18–year lunar nodal 
cycle.
	 Wavelet analysis confirmed the main intra-centennial 
periodicities identified by the MTM method. In addition to 
high-frequency oscillations, the BRG chronology exhibited 
a pronounced low-frequency cycle with a period of ~16–22 
years. This periodicity is consistent with the Hale solar cycle 
and was particularly evident from the 1720s to the 1770s. A 
common ~26–48-year cycle was simultaneously observed 
in KST and HEC throughout approximately the 1800s–1950s. 
Of note, the power of the 50–60-year periodicities in KST 
is weakly expressed. In KRN, ~14–17-year cycles were 
recorded around 1650–1720, followed by dominant ~23–
33-year oscillations in 1720–1750. An approximately 32-year 
common cycle was identified in both KST and HEC during 
1920–1970.

Fig. 4. Maps of spatial correlation between reconstructed and actual PDSI (1931–2016): (a) BRG, (b) KST, (c) KRN, 
and (d) HEC. The correlations are statistically significant at r > 0.21 (p < 0.05)
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Table 3. Extremely dry and wet years in the reconstructed PDSI

BRG KST KRN HEC

5P 95P 5P 95P 5P 95P 5P 95P

1556, 1574, 
1579–1580

1561, 1565

1689, 1692–
1693

1620, 
1649–1650, 
1661, 1671

1617, 1627, 
1657, 1689, 

1692

1640, 1649–
1651, 1653, 
1666 1678, 
1682–1683, 
1696–1697

1634, 
1638–1639, 
1643, 1647, 
1657–1659, 
1689–1690, 

1692

1702, 1730–
1731

1740, 1758–
1760, 1762, 
1777–1778

1737 – 1730–1732
1711, 1717, 
1719, 1743, 

1745
1780 1798–1799

1801, 1804–
1805, 1809, 
1829, 1838, 
1880, 1889

1871

1838, 1840, 
1843–1844, 
1850, 1863, 
1888–1889, 

1892

1826–1827, 
1836, 1856, 
1860, 1867, 

1870

1815, 1893, 
1898

1829–1830
1819, 1858–
1859, 1863

1800–1805, 
1889–1891

1980–1982
1908–1909, 
1921, 1932–

1933

1923, 1954–
1955, 1958, 
1969, 1981

1907–1910, 
1932–1933, 
1937–1938, 
1995, 1997

1904, 1954, 
1980 1911–1912

1901, 1903, 
1923, 1927, 

1978

1938–1939, 
1944, 1962

2003, 2016, 
2019

– 2006 – – – 2003, 2008 –

Note: Synchronous dry or wet years are highlighted in bold; asynchronous years are marked with a dash.

Fig. 5. Spectral power of the series: (a) BRG, (b) KST, (c) KRN, (d) HEC (p < 0.05) obtained by the multitaper method and 
their Morlet wavelets
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Synchrony and Asynchrony Between Regions

	 Because the fluctuations can be both synchronous and 
asynchronous, we calculated running correlations for each 
pair of reconstructed PDSI series for 1763–2016 (EPS > 0.85 
for the common interval), using 11- and 30-year windows 
with a 1-year step. Correlation values range from negative 
values (indicating antiphase) to positive values (indicating 
in-phase behavior). The results (Fig. 6) clearly illustrate the 
sequence of synchronous and asynchronous intervals over 
the past 253 years.
	 The 11-year running correlations (Fig. 6a) show that 
among the chronologies BRG, KST, and KRN (Russian 
part of the basin), positive relationships dominate, with 
only occasional negative episodes. Between the Russian 
and the Mongolian PDSI series, phases of synchrony and 
antiphase regularly alternate; correlation coefficients vary 
approximately from –0.8 to 0.8 (Fig. 6b). 
	 In the 30-year window, the synchrony among the 
Russian PDSI series strengthens during the 20th century, 
especially between BRG and KRN (Fig. 6a). Correlations 
between the Russian and the Mongolian series, which 
were predominantly negative until the late 19th century, 
shift toward positive values by the mid-20th century: 
in the second half of the 20th century, all chronologies 
demonstrate persistent in-phase behavior (Fig. 6b).

	 Cross-wavelet analysis of the series (Fig. 7) reveals 
coherent variations across multiple temporal scales. For 
pairs of Russian part chronologies, the phases of oscillations 
within the significant regions of the spectrum predominantly 
coincide (arrows ), or one series slightly leads the other 
by π/2 ( / ) (Fig. 7a). It was found that in the KST, KRN, and 
HEC PDSI reconstruction series, persistent low-frequency 
(multidecadal) oscillations are present throughout the entire 
interval, with phase arrows transitioning from antiphase 
through intermediate phase shifts to in-phase behavior 
and then back to antiphase (with some episodes falling 
outside the cone of influence). High-frequency (interannual) 
coherence between the Russian and Mongolian series 
appears only from the late 19th century onward (Fig. 7b).
	 Between the BRG and HEC series, in-phase oscillations are 
detected only during ~1860–1880 (with a ~22-year cycle); in 
subsequent years, low-frequency coherence is absent. The 
presence of a common ~32-year cycle allows it to be linked 
to the Pacific Decadal Oscillation previously documented 
for the Russian (Demina et al. 2017) and Mongolian (Davi 
et al. 2010) sub-basins. The absence of pronounced low-
frequency variations in the Barguzin chronology is likely 
explained by the orographic isolation of Lake Baikal, which 
is shielded from the west and east by mountain ranges that 
block the intrusion of near-surface Pacific and Atlantic air 
masses (Mizandrontseva 1985).

Fig. 6. Running correlations between reconstructed PDSI series calculated using 11- and 30-year moving windows: 
(a) among the Russian series; (b) between the Mongolian and Russian series

Fig. 7. Cross-wavelet of reconstructed PDSI series for the period 1763–2016, arrows (  in phase,  – out of phase, 
/  – advance/delay), the white line indicates the cone of influence: (a) between the PDSI series of the Russian part of the 

basin, and (b) between the PDSI series of the Mongolian part of the basin and the Russian part
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DISCUSSION

	 The results show that the chronologies from the Russian 
territory are periodically synchronous and asynchronous 
with those from northwestern Mongolia, reflecting the 
influence of both local orographic factors and large-scale 
atmospheric processes of southern Siberia (Voropay and 
Ryazanova 2023). Local blocking anticyclones over eastern 
Siberia and the Mongolian Plateau play a significant role 
in shaping the precipitation regime (Antokhina et al. 2019; 
2023).
	 Mean values of the reconstructed PDSI demonstrate a 
climatic gradient from the humid north to the semi-arid 
south. The 11-year smoothed PDSI values indicate similar 
climatic conditions during the second half of the 20th 

century in the valleys of the Uda, Chikoy, and Ider rivers. 
Long-term 30-year trends (1763–2016) show decreasing 
moisture availability (increasing aridity) in the Uda and 
Chikoy valleys and increasing moisture availability in the 
Barguzin and Ider basins. These findings are consistent 
with reconstructions of multidecadal streamflow variability 
of the lower Selenga (Andreev et al. 2001; Belokopytova et 
al. 2018) and its upper reaches (Davi et al. 2006). Recent 
hydrological studies from the Selenga basin also indicate 
spatially heterogeneous runoff changes under recent 
warming (Frolova et al. 2017). Notably, modern droughts in 
Mongolia, although extreme, are not unprecedented within 
the multi-millennial context of climate reconstructions for 
Central Asia (Hessl et al. 2018).
	 These regional trends align with global aridification 
dynamics. According to Sardans et al. (2024), between 
1960 and 2023 approximately 28% of global land areas 
became drier, while ~20.5% became wetter. In the study 
by Gelfan et al. (2021), for the period 1976–2016 compared 
with 1950–1975, the streamflow regime of rivers flowing 
into Baikal changed: discharge increased in the northern 
tributaries of the lake (from the Turka River and northward), 
as well as in the upper Selenga tributaries (the Selenga 
and Delgermuren rivers), whereas discharge decreased 
in the lower tributaries (Uda, Chikoy, Khilok rivers). Our 
reconstructions are broadly consistent with these patterns.
	 The observed strengthening of synchrony among the 
Baikal basin tree-ring series is consistent with the global 
trend of increasing tree-growth synchrony, attributed to 
the intensification of shared climatic influences (Shestakova 
et al. 2016; Wang et al. 2021; Li et al. 2024). In particular, 
synchrony tends to increase in regions with pronounced 
moisture deficit, where drought is the primary limiting 
factor of growth (Gazol et al. 2020; Tejedor et al. 2020), 
whereas in the Mediterranean region, severe droughts 

instead lead to desynchronization of growth (Sangüesa-
Barreda et al. 2019). Despite the increase in regional (a)
synchrony, substantial spatial heterogeneity persists. 
This heterogeneity manifests in high-frequency growth 
fluctuations and is driven by local site conditions and 
species composition (Shestakova et al. 2019; Dolgova et 
al. 2019), which may reduce synchrony and modify growth 
sensitivity (Muffler et al. 2020).
	 A comparison of tree-ring data from adjacent regions of 
the Pacific coast reveals coherence of climatic fluctuations 
at multidecadal scales (Fang et al. 2018). Results of spectral 
and wavelet analyses show common low-frequency (~32-
year) PDSI oscillations in the tributary basins of the Selenga 
River, indicating the influence of Pacific processes even on 
remote inland territories. The detected 14–17-year cyclicity 
in the border region of the study area corresponds to ~18-
year lunar nodal cycles documented in the Minusinsk Basin 
and on the Mongolian Plateau (Demina et al. 2022; Davi et 
al. 2010). Thus, the microclimate of the Baikal basin responds 
sensitively to both local factors and global atmospheric 
processes. Tree-ring chronologies confirm their value as 
indicators of large-scale climatic phenomena.
	 Modern warming driven by increasing greenhouse 
gas concentrations, together with variability in Pacific and 
Atlantic ocean-atmosphere systems, may substantially 
influence future drought dynamics in Inner Asia (Dai 2021; 
Davi et al. 2010; Wang et al. 2022).

CONCLUSION

	 In this paper, we reconstructed multi-century changes 
of the Palmer Drought Severity Index for the transboundary 
territory of the Lake Baikal basin, reflecting both local 
climates and connections to large-scale atmospheric 
processes. A drought tendency was identified for the 
central-southern territories (KST, KRN) in the basins of the 
Uda and Chikoy rivers, whereas the opposite trend, i.e., 
increasing moisture availability, is observed in the northern 
part (BRG) and in northwestern Mongolia (HEC), in the 
basins of the Barguzin and Ider rivers.
	 Promising avenues for future research include analyzing 
the spatial synchrony and asynchrony of climatic signals 
in other parts of the Lake Baikal basin and examining the 
teleconnection mechanisms driving these differences 
across multiple temporal scales. This will provide a stronger 
basis for understanding drought and moisture dynamics 
in the Lake Baikal basin, which contains the world’s largest 
reservoir of liquid freshwater and is experiencing warming 
faster than the global average.
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