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Abstract: Siberia, which experienced disastrous heat waves in 2010 and 2012, is one of the regions in
which extreme climate events have occurred recently. To compare the long-term trends of extreme
climate events in the southern part of Siberia with those of surrounding regions, we calculated
11 extreme climate indexes from observational data for 1950-2019 and analyzed the trends in Siberia
and other parts of Russia using statistical techniques, i.e., Welch’s t-test, the Mann—Kendall test,
Sen’s slope estimator, and a cluster analysis. We clarified that high-temperature events in March
are more frequent in Siberia than in the surrounding areas. However, the increasing trends of high
temperatures in Siberia were lower than those in northwestern China and Central Asia. The intensity
of heavy precipitation is increasing in Siberia, as it is in the surrounding areas. Compared to the
surrounding areas analyzed in previous studies, the trend of heavy precipitation in Siberia has
not increased much. In particular, Siberia shows a more remarkable decreasing trend in heavy
precipitation during the summer than other regions. The dry trends in the summer, however, do not
occur in Siberia as a whole, and the opposite trend of summer precipitation was observed in some
areas of Siberia.

Keywords: climatic extremes; long-term trend; southern part of Siberia; air temperature; precipitation

1. Introduction
1.1. Background

Global warming has received considerable attention because it increases not only air
temperature but also the number of extreme events. These include heat waves, droughts,
heavy precipitation, disastrous tropical cyclones, floods, and storm surges. These events
not only lead to increases in mortality and morbidity associated with natural disasters
but also affect the economy, infrastructure, and ecosystem services [1]. The frequency of
abnormally high temperatures has increased, whereas the frequency of abnormally low
temperatures has decreased since 1980 in many parts of the world [2]. In addition, the
frequency of extreme events is significantly different from their frequency before 1979 [3],
which is consistent with a previous study [2]. However, regional differences exist in the
trends of extreme events; therefore, it is important to investigate their regionalities.

Among the extreme events that have occurred around the world in recent years,
one famous example is the Russian heat wave of 2010 [4,5]. This event was caused by a
prolonged anticyclonic circulation centered over European Russia, which was generated by
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quasi-stationary Rossby waves caused by very high sea surface temperatures in the Indian
and Atlantic Oceans [6]. At the same time, the absence of evaporative cooling owing to
soil dryness caused by a persistent clear sky also intensified the heat wave [5]. After that,
Siberia also experienced a severe drought in 2012 [7,8] and catastrophic flooding caused
by heavy rainfall in 2014 [9] and 2019 [10]. In the future, extreme events are expected to
continue to occur in this region.

1.2. Literature Review

Figure 1 shows the trend in the occurrence of extreme events around the southern
part of Siberia, which this study defined as the region located to the south of 60° N in
Siberia, the Ural district in Russia, and neighboring regions. Extreme events related to high
temperatures are increasing everywhere. Precipitation extremes are also increasing in many
regions but are decreasing only in southwestern Siberia (60-85° E and 50-65° N) [11]. The
previous study [11] used data from 26 sites from 1969 to 2011 and calculated 10 extreme
climate indexes which were used to evaluate temperature and precipitation extremes [12]
(see Section 2). In this region, extreme climate indexes for precipitation averaged over
the entire region are decreasing. However, the numbers of sites showing increasing and
decreasing trends in heavy rainfall events are comparable. Moreover, only a few sites show
statistically significant trends.

Air temperature increases in all regions. (IPCC 2021)

Extremely high temperature events increase over most of Russia. (Bulygina et al. 2017)

Extreme precipitation increases.
(Bulygina et al. 2017, Kharyutkina et al. 2022)

AN

Precipitation decreases.
(Degefie et al. 2014)

Precipitation increases.
(Kuzhevskaia et al. 2020)

Extreme precipitation increases.
(Wang et al. 2021)

Air temperature increases.
(Dashkhuu et al. 2015)
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Air temperature increases.
(Feng et al. 2018)

Precipitation increases. (Zhang et al. 2019,
Ma et al. 2020, Tian et al. 2020, Yao et al. 2021)

Extreme precipitation increases.
(Wang et al. 2017, Dong et al. 2023, Jiang et al. 2013)

Precipitation increases.
(Hu et al. 2016, Zhang et al. 2019, Ma et al. 2020)

Figure 1. Summary of the trends in extreme climate events around Siberia, based on research
conducted in previous studies [1,11,13-26].

Seasonal trends of extreme events in Siberia were also investigated. For example,
the number of days with abnormally high temperatures in spring increased at a rate of
0.5-2 days/decade between 1951 and 2006 in the southern part of Western Siberia [13].
This upward trend in Siberia was noted to be as large as that in central European Russia.
At the same time, an increase in the number of days of extreme precipitation in spring was
also noted [13]. Comparing 95th percentile precipitation in 1979-2020 and 2011-2020, an
increase in the amount of extreme precipitation in Western Siberia during summer was
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noted [14]. Moreover, the monthly climatic extremes during the period 1950-2018 in the
Altai Mountains were also investigated [15]. This study found that changes in extreme
temperatures are apparent and mostly stronger at night than during the day [15]. April
and September have high probabilities of both dry and wet months, with April having
the most unstable precipitation regime [15]. Changes in air temperature and precipitation
in spring simultaneously cause earlier snowmelt [27,28] and dangerous floods in Western
Siberia [29].

Regarding the trends of extreme events in the surrounding regions of Siberia, the
frequency of high-temperature events across Russia increased significantly in winter and
spring. Trends in heavy rainfall events were slightly increasing, with large regional differ-
ences. [13,16].

A warming trend was observed for the average temperature and high-temperature
extremes [17,18] in northwestern China. The air temperature in the Tian Shan Mountains
(northwestern China) is steadily increasing [19]. Similarly, Mongpolia is experiencing an
increase in air temperature throughout the region, and the frequency of high-temperature-
related extreme events is increasing [20].

Heavy precipitation extremes showed significant increases in northwestern China [17,18].
The frequency and intensity of precipitation have strengthened at more than 70% of the sta-
tions in Uyghur (northwestern China) [21]. Winter precipitation in this region significantly
increased, whereas spring precipitation decreased [19]. In particular, this strengthening is
apparent in the northern region [21]. In the middle of the 1980s, climate shifts occurred in
this region, resulting in a warm and wet tendency of the climate [19,22,23].

The air temperature in Central Asia, including Kazakhstan, Uzbekistan, Kyrgyzs-
tan, Tajikistan, and Turkmenistan, is significantly increasing, especially in spring and au-
tumn [24]. The frequency of high temperatures significantly increased from Turkmenistan
to the Tian Shan Mountains [24]. In addition, the increase in air temperature in Central
Asia is larger than the average of the increases in the global and northern hemisphere [22].

Annual precipitation also shows an increasing trend in Central Asia [22,25]. The
amount of precipitation and the extreme precipitation index in the summer show significant
increases and abrupt changes around 1998 in this region [23]. The increase in precipitation
is linked to the transport of water vapor from the south [26]. Because the increase in air
temperature is correlated with the extreme rainfall index, heavy rainfall in this region will
intensify owing to global warming [26].

1.3. Problems of Previous Studies and Objective of This Study

The southern part of Siberia is adjacent to many regions with different climatic char-
acteristics, each of which was evaluated for extreme events in different studies [11,13-26]
(Figure 1). However, because each study analyzed only a single region, a comprehensive
analysis of the entire area is insufficient. Therefore, it is necessary to clarify differences in
the long-term variabilities of the climatic extremes in the southern part of Siberia compared
with all of Russia and the neighboring regions.

The studies for Siberia [11] are analyzed based on annual or seasonal data; however,
precipitation varies even within a season, as has been indicated [13]. The spatial distribu-
tions of trends in extreme climate indexes for Russia as a whole were also presented [13];
however, the descriptive statistics of the trends, which are required for a comparison with
other regions, have not been computed. By analyzing seasonal trends statistically, it is
possible to deeply understand the characteristics of extreme events in Siberia in comparison
with those of annual data [11].

In several studies showing the spatial distribution of trends in extreme climate indexes
in Siberia [11,13], there are variations in the trends from station to station, especially with
respect to precipitation. For example, a previous study [11] showed that there were equal
numbers of sites with increasing and decreasing trends in heavy rainfall events even in
the interior of southwestern Siberia. This feature suggests that sites with similar climatic
characteristics were located adjacent to each other. In fact, regional differences, with
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the south becoming drier and warmer while the north becomes wetter and cooler, have
been highlighted [11]. Regional differences in trends in the interior of Siberia should be
considered when understanding the climatic extremes of Siberia.

The main aim of this study is to elucidate differences in the long-term trends of extreme
climate events in the southern part of Siberia in comparison with those of surrounding
regions. Since it has been noted that trends in extreme climate events vary seasonally, this
study analyzes seasonal trends that have not been examined in previous studies [11], in
addition to conducting an analysis of annual trends. A cluster analysis of spatial patterns
in extreme climate events in the interior of Siberia is also conducted based on monthly
trends of extreme events to clarify regional differences in the climatic characteristics of
extreme events. Of course, it is important to analyze the relationship between variations
in climatic extremes and the atmospheric circulation field. However, this is beyond the
scope of this study. First, this study focuses on describing variations in actually occurring
climatic extremes.

2. Materials and Methods
2.1. Data

Meteorological data from 527 weather stations covering Russia are available [30]. The
mean, minimum, and maximum daily air temperatures and daily precipitation measure-
ments were used in this study. Because the measurement period varied from station to
station, data from 1950 onward were used; most stations began their observations during
this period.

Quality control was carried out for the dataset because it contained missing values,
outliers, and inhomogeneity resulting from the relocation or replacement of observation
equipment and changes in the observation environment. Initially, this study excluded
observed stations that contained 5% or more missing values for the period 1950-2019, which
was the threshold for missing values [31]. Since the missing periods for air temperature
and precipitation differed, we calculated the missing ratio for each item and selected the
data for the analysis. After this procedure, a homogeneity test of the dataset was performed
using the R-based software RHTest Version 4 [32-34]. The test was recommended by
the joint CCl/CLIVAR/JCOMM Expert Team (ET) on Climate Change Detection and
Indexes (ETCCDI). This study used observed data without significant inhomogeneities in
temperature and precipitation.

Figure 2 shows the locations of these meteorological stations. Only observed data from
stations located in southern Russia (20-150° E, 50-60° N) were used in this study because
the number of stations in northern Russia is small and they are sparsely distributed. As a
result, 128 stations were available for air temperature, and 142 stations were available for
precipitation. To compare the frequencies and trends of extreme events in Siberia versus all
of Russia, the observed data were classified into three regions based on federal districts
in Russia: European Russia (the Central, Northwestern, Southern, North Caucasian, and
Volga federal districts), Siberia (the Siberian and Ural federal districts), and the Far East
(the Far Eastern Federal District), which are abbreviated as ER, SI, and FE, respectively
(Figure 2). Since the boundaries of Siberia are not clearly defined, this study considered the
Siberian region based on traditional administrative divisions. This study also described
the climate of the interior of Siberia, which is enclosed by a thick rectangle (Figure 2). This
is based on a cluster analysis of extreme climate events from a different perspective of
administrative divisions.
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Figure 2. Study area and the distribution of weather stations in Russia. The circles represent the
stations at which only temperature-related indexes were calculated, while the triangles represent the
stations at which only precipitation-related indexes were calculated. Squares represent the stations at
which all indexes were calculated. The colors indicate the three regions of Russia: European Russia
(ER; red), Siberia (SI; green), and the Far East (FE; blue). The thick rectangle denotes the range of
observation stations used in this study.

2.2. Methods

To evaluate extreme climate events in Russia, especially in S, this study focused
on 27 extreme climate indexes [12] which contain 16 temperature-related indexes and
11 precipitation-related indexes. These indexes were computed using the R-based software
RClimDex Version 1.9, which was developed by ETCCDI. All indexes were calculated as
annual values, and 11 indexes were calculated as monthly values. Six temperature-related
(TX90P, TN90P, TX10P, TN10P, WSDI, and CSDI) and five precipitation-related indexes
(CDD, CWD, RX5day, R95P, and PRCPTOT) considered suitable for the analysis of the
study area were used (Table 1). The extreme indexes contain several relative indexes:
TX10P, TN10P, TX90P, TN90P, and R95P, which represent the percentage of days that air
temperature or precipitation were above (or below) the threshold; these values are the Nth
percentile values of the time-series data in the base period (1961-1990).

Table 1. Descriptions of the climate indexes [12]. TX, TN, and PRCP represent the daily maximum
temperature, daily minimum temperature, and amount of daily precipitation, respectively.

Index Definition Unit
High-temperature-related indexes
TX90P Percentage of days when TX > 90th percentile of TX in 1961-1990 %
TN9OP Percentage of days when TN > 90th percentile of TN in 1961-1990 %
WSDI Total number of days that TX exceeded the 90th percentile of TX in 1961-1990 D
for at least 6 consecutive days ays
Y
Low-temperature-related indexes
TX10P Percentage of days when TX < 10th percentile of TX in 1961-1990 %o
TN10P Percentage of days when TN < 10th percentile of TN in 1961-1990 %
CSDI Total number of days that TN was below the 10th percentile of TN in Days
1961-1990 for at least 6 consecutive days
Precipitation-related indexes
CDD Maximum length of a dry spell, maximum number of consecutive days with Days
PRCP <1 mm
Maximum length of a wet spell, maximum number of consecutive days with
cWD PRCP > 1 mm F g Days
RX5day Monthly maximum 5-day precipitation mm
R95P Annual total PRCP when PRCP > 95th percentile of PRCP in 1961-1990 mm
PRCPTOT Annual total precipitation in days with precipitation of 1 mm or more mm

Welch’s t-test [35] was used to investigate the differences in the extreme indexes
between SI and other regions. This is a test for the location between two populations and is
mainly used to detect differences in means. Furthermore, it does not assume that the two
populations have equal variances. The null hypothesis HO was that there was no difference
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in the mean between the two populations, and the alternative hypothesis H1 was that there
was a difference in the mean between the two populations. The statistic f in Welch's ¢-test
was computed as follows:

po X2 1)

7
2 2
st8
ny np

where X1 and ¥, are the means of each sample; 117 and 1 are the sample sizes; and s? and
s5 are the unbiased estimates of the variances of each sample.

In this study, the Mann—Kendall test [36,37] and Sen’s slope estimator [38] were
used for 11 indexes to elucidate trends in the occurrences of climatic extremes in SI and
throughout Russia. The Mann—Kendall test is a nonparametric method for identifying
whether a significant trend in time-series data is present [36,37]. In a Mann-Kendall test,
the null hypothesis HO is that there is no trend, and the alternative hypothesis H1 is that
there is an upward or downward trend. The statistic S in a Mann-Kendall test is obtained
as follows:

n—-1 n
S=13Y Y sgn(X;—X). )
k=1 j=k+1

Xj and Xj denote the annual values in years j and k, respectively; however, k is less than
j, and
1 (X] - Xk) >0
sgn(X;j— X)) =4 0 (Xj—Xx) =05. 3)
-1 (Xj—Xx) <0

After calculating the statistic S, the standard statistic Z was computed as follows:

Vars(;)ll/z §>0
Z= 0 S=0, )
Vur(S)l/2

where Var(S) is the variance of the statistic S. If the significance level is «, the hypoth-
esis HO was adopted if the standard normal variable Z satisfied 1Z1 < Z,,, (except
D(Zy /2) = /2, P(*): standard normal distribution). In addition, the time series exhibited
an upward /downward trend when S was more/less than zero.

The trends in the extreme indexes were calculated using Sen'’s slope estimator [38]
because the least-squares method, which is commonly used to estimate a trend, tends to be
affected by outliers. Sen’s slope estimator estimates the median of the slopes of all possible
pairs, which makes it possible to robustly calculate a linear trend. In this method, the slope
of the time series was estimated as follows:

(1~ 1)
Xi; = ~L—— (5)
G
where Xj; is the slope between the two points (¢;, Y;) and (¢}, Y;), where £; #* t. After calcu-
lating X;; for all pairs, the median of the total number N of X;; was computed as follows:
X[(N+1)/2] lf N is odd
3\ XNy + X((Ns2)/2))  if Niseven

The trend increases/decreases when X is positive/negative.

A cluster analysis was performed to identify climatic differences based on trends in
extreme events in the interior of Siberia. This study focused on the characteristics of trends
in extreme events by season and used TX90P and TX10P, which represent high- and low-
temperature events, respectively, in addition to RX5DAY, which represents precipitation
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events, as input data in the cluster analysis. Ward’s method [39], which is a hierarchical
clustering method, was used for data agglomeration. This method considers each data set
as a cluster and reduces the number of clusters by merging pairs of clusters closest to each
other. The normalized Euclidean distance was used as the distance measure. The optimal
number of clusters was subjectively determined from the dendrogram.

The above statistical analyses, i.e., Welch's t-test, the Mann—Kendall test, Sen’s slope
estimator, and the cluster analysis, were all carried out using Python 3.7.

3. Results
3.1. The Trends of Annual Extreme Indexes in Siberia and the Whole of Russia

Table 2 shows the decadal linear trends (Sen’s slope estimator) of climate indexes in
the three regions (European Russia, Siberia, and the Far East). High-temperature-related
indexes increased at most of the stations in all regions, and the characteristic of this trend is
seen in Figure 3, which shows the spatial distribution of the mean decadal trend of TX90P
in the period 1950-2019. In contrast, low-temperature-related indexes, which are TN10P
and TX10P, decreased because these indexes tend to decrease as the temperature increases.

Table 2. Decadal linear trends in the extreme indexes in the three regions from 1950 to 2019. The
trend is the Sen’s slope estimator of extreme indexes. The trend values, which are highlighted in
bold, indicate that the difference in the trend in climate indexes between Siberia and other regions is
statistically significant at the 5% level. Z+ and Z— respectively represent the number of stations with
positive or negative Z values in Mann—-Kendall test. Numbers in parentheses denote those stations
that are statistically significant at the 5% level. ER: European Russia, SI: Siberia, FE: the Far East.

ER SI FE
Index Unit Trend Z+ Z— Trend Z+ Z— Trend Z+ Z—
TX90P Y% 0.96 42 (40) 0 0) 0.81 56 (52) 0 0) 0.86 29 (28) 1 (0)
TN9OP Y% 1.09 42 (41) 0 0) 1.04 56 (56) 0 0) 0.93 30 (29) 0 0)
WSDI Days 1.23 42 (39) 0 0) 0.27 56 (43) 0 0) 0.27 29 (19) 1 0)
TX10P % —0.88 0 0) 42 (41) —0.77 0 0) 56 (53) —0.88 0 0) 30 (30)
TN10P % —-0.82 1 1) 41 (41) —-0.87 2 1) 54 (52) —1.02 0 0) 30 (28)
CSDI Days —0.12 1 0) 41 (31) —0.16 1 (0) 55 (39) —0.05 1 0) 29 (20)
CDD Days —04 5 0) 35 (12) —-1.01 1 (0) 54 (28) —1.16 7 1) 40 (23)
CWD Days 0.06 38 (20) 2 0) 0.02 41 7) 14 (1) 0.02 29 (8) 18 0)
RX5DAY mm 0.72 35 (10) 5 0) 0 32 (5) 23 2) 0.92 38 (6) 7 (0)
R95P mm 4.73 39 (23) 1 0) 1.18 38 8) 17 2) 3.72 39 (14) 8 (0)
PRCPTOT mm 15.13 39 (35) 1 0) 7.89 48 (30) 7 0) 11.31 42 (26) 5 (0)

2
1
0
2 -1
o
a rad S 72 -2
40°E 60°E 80°E 100°E 120°E 140°E 160°E 180°E

Figure 3. Spatial distribution of the TX90P decadal trend (% per decade) from 1950 to 2019. The
squares represent the stations that showed significant trends at the 5% level in a Mann-Kendall test.
Triangles also represent the stations that had no significant trend at the 5% level in a Mann—Kendall
test. The thick rectangle denotes the range of observation stations used in this study.

Except for CDD, precipitation-related indexes showed positive trends or no trends in
all regions. The increase in PRCPTOT and decrease in CDD throughout the entire region
indicate a wetting trend throughout Russia. Compared to the trends of the temperature-
related indexes, several observation points showed increasing trends, while other points
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showed decreasing trends within each region. Moreover, the number of stations that
showed significant trends in the precipitation-related indexes was lower than the number
of stations at which there were significant trends in the temperature-related indexes.

To clarify differences in the mean trend of climate indexes between Siberia and the
other regions, this study conducted Welch'’s t-test for the differences (Table 2). No differ-
ences in the trends of high-temperature-related indexes, such as TX90P and TN90P, were
observed between Siberia and European Russia, while the trend of WSDI in Siberia was
less than that in European Russia. This indicates that the increase in the duration of high
temperatures is more remarkable in European Russia. In contrast, the trends in the low-
temperature-related indexes, such as TN10P and CSD], in Siberia were smaller than those in
European Russia. Therefore, the frequency of extreme cold weather in Siberia was reduced
compared to that in European Russia. The increases in the precipitation indexes RX5day
and R95P in European Russia were significantly greater than those in Siberia. In addition,
the decrease in the length of dry spells represented by CDD in Siberia was significantly
greater than that in European Russia, despite the fact that CDD decreased in both regions
(Table 2). Thus, drought is less likely to occur in Siberia than in European Russia.

The decreases in TX10P, TN10P, and CSDI were greater in the Far East than in Siberia,
and the increase in TN90P was greater in Siberia than in the Far East. In other words, the
frequency of extremely low temperatures in the Far East is even lower than in Siberia, while
extremely high temperatures are more likely to occur in Siberia than in the Far East. The
increases in the precipitation indexes RX5day and R95P were significantly greater in the
Far East than in Siberia. The CDD and CWD trends in Siberia and the Far East were similar,
indicating that there was no significant difference in the long-term drier and wetter trends.

3.2. The Trends of Monthly Extreme Indexes in Siberia and in Other Regions of Russia

The frequency of extreme climate events varies greatly depending on the season.
Therefore, the long-term trends of the indexes were calculated monthly, and their variations
are shown in Figure 4. The monthly averaged trend of TX90P indicates that the upward
trend is the strongest in spring in Siberia and European Russia (Figure 4a). In particular, the
trend of TX90P in Siberia reached its maximum in March and has been increasing at a rate
of approximately 1.5% per decade. These features indicate that Siberia has seen the greatest
increase in the frequency of high-temperature events compared with other regions. In the
Far East, the maximum increase in TX90P appeared later than in other regions, reaching a
maximum in May. Correspondingly, TX10P reached its minimum in March in all regions
(Figure 4b). These features indicate that warming in Russia is particularly noticeable in
spring. The frequency of extreme low-temperature events has decreased at a rate of more
than 1% per decade in all regions, which is especially evident in data from March. On the
other hand, because the long-term trend of TX10P in summer and autumn is close to 0%
per decade, the effect of climate change on the frequency of low-temperature events may
not be as large as in spring.

TX10P (%/decade)
>

—ER SI FE

6 7 8 9 10 11 12 1 2 3 4 5 6 7 8 9 10 11 12
Month Month

Figure 4. Monthly averaged trends of (a) TX90P (%/decade) and (b) TX10P (%/decade) in 3 regions
in 1950-2019. ER: European Russia; SI: Siberia; FE: the Far East.
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Compared with the monthly trends of the temperature-related indexes, those of the
precipitation-related indexes exhibit different characteristics in each region (Figure 5). In
European Russia and Siberia, the increase in precipitation intensity in winter was the
strongest. The monthly trends of RX5day in Siberia were smaller in all seasons except
springtime than those in European Russia. However, the precipitation characteristics
in the Far East are different from those in other regions because the largest increase in
precipitation is observed in May. Furthermore, while all regions showed overall increases
in precipitation, Siberia showed a decrease in summer precipitation. This suggests that the
decrease in precipitation intensity during summer affects the drying trend.

1.0
0.8
0.6
0.4 - / \\/
N
—ER SI

0.0
FE
-0.2

RXSday (mm/decade)

1 2 3 4 5 6 7 8 9 10 11 12
Month

Figure 5. Monthly average trend of RX5day (mm/decade) in 3 regions in 1950-2019. ER: European
Russia; SI: Siberia; FE: the Far East.

3.3. The Trends of Monthly Extreme Indexes in the Interior of Siberia

Because Siberia is vast, there will be differences in the trends of extreme events within
the region. Therefore, a cluster analysis was performed based on the trends of extreme
climate indexes such as TX90P, TX10P and RX5day. The climatic characteristics of extreme
events were analyzed concerning the interior of Siberia.

Clustering based on the monthly TX90P trends yielded three clusters (Figure 6). Cluster
1, which was the smallest of the three clusters, was located in the region adjacent to
northwest Mongolia. Most of the stations in Siberia belonged to Clusters 2 and 3, which
were clearly separated depending on longitude. All stations located west of 75° E were
included in Cluster 2, whereas most stations located east of 75° E belonged to Cluster 3.

70°N__ == = R == =
< ~x—x @ Clustert m  Cluster2 s Cluster3

60°N}x..-
5
50°N
40°N e
60°E 80°F T00°E 120°

Figure 6. Spatial distribution of the clusters based on the monthly trends of TX90P in 1950-2019 in
the southern part of Siberia.

Figure 7 shows the monthly average trends of TX90P for each cluster. Cluster 1 had
the most significant increase among the three clusters. In particular, the rate of increase
in spring was over 0.3%/decade, indicating a large increase in the frequency of high-
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temperature events during the snowmelt season. Similarly, in Clusters 2 and 3, increasing
trends in spring were also noticeable. Comparing Clusters 2 and 3, the cluster of stations
east of 75° E had a stronger increasing trend than that of stations west of 75° E except for
in October.
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Figure 7. Monthly averaged trends of TX90P by each cluster.

Figure 8 illustrates the spatial distribution of clusters based on monthly TX10P trends.
The distribution of TX90P varied in the longitudinal direction (Figure 6), whereas the
distribution of TX10P, especially Clusters 1 and 3, varied mainly in the latitudinal direction
(Figure 8). Stations belonging to Cluster 1 were located separately in the Ural Federal
District and east of the Siberia Federal District. The stations included in Cluster 3 were
distributed throughout the Siberian region, especially at approximately 80° E.
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Figure 8. Same symbology as in Figure 6 but for TX10P.

The stations in Cluster 2 were fewer and more sparsely located than in the other
clusters; however, they tended to be higher in elevation than observations in the other
clusters. The monthly average trend calculated for each cluster indicated that the frequency
of low-temperature events decreased significantly in spring for all clusters (Figure 9).
Cluster 1, which contained stations further north, had a smaller decreasing trend in almost
all months than the other clusters. Although Clusters 2 and 3 showed similar monthly
trends, Cluster 2 showed a strong downward trend during winter.

The results of clustering by monthly RX5DAY trends showed that all clusters were
sparsely distributed compared with the results of the two indexes described above (Figure 10).
Comparing the number of stations in each cluster, Cluster 1 had the largest number of
stations, and they were distributed throughout Siberia. The results of the monthly average
trend of RX5DAY for each cluster indicated that the trend differed substantially between
Cluster 1 and the other clusters (Figure 11). Cluster 1 showed a stable and increasing trend
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in precipitation throughout the year. In contrast, Clusters 2 and 3 showed strong decreasing
trends in precipitation during summer, although it increased in all other seasons.
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Figure 9. Same symbology as in Figure 7 but for TX10P.
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Figure 10. Same symbology as in Figure 6 but for RXSDAY.
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Figure 11. Same symbology as in Figure 7 but for RXSDAY.

4. Discussion
4.1. Comparison of Trends of Extreme Indexes in Siberia with Previous Studies

The annual trends of the temperature-related indexes were clearly divided into either
an increase or decrease in each index (Table 2). These features are consistent with those of
a previous study [11] that showed the trends of extreme indexes in southwestern Siberia
(60-85° E and 50-65° N). However, the trends of TX90P and TN90P in this study are
smaller than those in the previous study. In addition, the trend for TN90P is shown to
be more than twice the trend for TX90P in southwestern Siberia; however, there was no
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significant difference between the two trends in the entirety of Siberia, as shown by this
study. Comparing the seasonal trends with previous studies [13,15], the largest trend of
increases in extreme high-temperature events in spring was consistent with the previous
studies. Although this study also showed an increase in high-temperature events during
summer, the increase in the trend was small in the previous studies [13,15].

Compared with a previous study with respect to the precipitation trend, southwestern
Siberia showed decreasing trends in precipitation-related indexes on average [11], although
there is no significant difference in the number of stations showing an increase and decrease
in trends in heavy precipitation. This finding is similar to the results of the present study;
however, the stations that show increasing trends of heavy precipitation are slightly more
predominant in this study. On the other hand, since CDD showed a decreasing trend in both
studies, they agreed that wetting is progressing in Siberia. The study analyzing seasonal
trends in climatic extremes indicated that heavy precipitation is more likely to occur in
Western Siberia during spring [13]. The present study also shows an increasing trend
of heavy precipitation in Siberia during spring; however, the trend is more pronounced
during winter.

4.2. The Trends of Extreme Indexes in the Interior of Siberia

There is variability in extreme event trends even within the vast region of Siberia.
The clustering of stations was used in this study to identify regional differences in the
distribution of extreme climatic trends. The classification based on temperature-related
indexes (TX90P and TX10P) showed cohesive distributions in climatically homogeneous
areas. Figure 7 shows that the Siberian region has the strongest increasing trend of high-
temperature events (TX90P) in spring, especially in the eastern part of the region, which
is consistent with the descriptions in previous studies [13,40] that examined trends in
the seasonal averaged temperature and the frequency of abnormally high-temperature
events. Additionally, it was also noted that in the recent decade (2011-2020), the fre-
quency of high-temperature events in winter has increased in most of Western Siberia [14],
i.e., high-temperature events are more likely to occur in colder seasons.

In clusters based on trends in the frequency of low-temperature events (TX10P),
clusters showing stronger decreasing trends are widely distributed in Southern Siberia
and around 80° E. These results are consistent with those of a previous study [13] in that
the frequency of extreme low-temperature events in winter is greatly reduced in Southern
Siberia, especially along the borders with Mongolia and Kazakhstan. However, a large
decreasing trend of TX10P in spring, as shown in Figure 9, was not noted in [13].

Because clusters based on trends in precipitation indexes are mixed, there is a regional
variation in precipitation characteristics within Siberia. Figure 10 shows that many stations
in Western Siberia belong to Cluster 1, in which precipitation tends to increase throughout
the year. Figure 11 presents an increasing trend in RX5day in all clusters in Siberia, except
in summer. This feature is consistent with an earlier study [13] that showed an increasing
trend in the frequency of heavy rainfall from fall to spring.

Cluster 2 was mainly located around 80° E (Figure 10) and showed a decreasing trend
in precipitation in August (Figure 11). Regarding the effect of atmospheric circulation on
precipitation, the 850 hPa geopotential height in summer tends to decrease near Eastern
Europe and Mongolia, and moisture flux tends to increase accordingly [23,41]. However,
the geopotential height around 80°E, sandwiched between two cyclonic circulations, is
increasing. Consequently, the moisture fluxes in this region are smaller than those in
Eastern Siberia. Therefore, these moisture flux characteristics influence the amount of
moisture inflow in each region and might contribute to summer precipitation variability in
the interior of Siberia.

In addition, convective precipitation is increasing, and non-convective precipitation
decreases across Russia throughout the year [42,43]. The trend of increasing convective
precipitation, especially in summer, is the strongest, and the ratio of convective precipitation
to total precipitation also increases. However, there are large regional differences in the
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convective precipitation trends, and in some areas, the trends do not increase. For example,
there are many stations belonging mainly to Cluster 2, which shows a decreasing trends of
RX5DAY in summer in the area between 70° E and 90° E. It is noted that non-convective
precipitation is decreasing in this region, whereas convective precipitation is not increasing
in summer [43]. Moreover, in Eastern Siberia (100° E to 110° E), the annual convective
rainfall trend does not increase [42]. Many stations in this region belong to Cluster 3, where
precipitation decreases in July despite increasing summer moisture fluxes. The distribution
of the clusters based on the RX5DAY trend may not be coherent because the occurrence of
convective precipitation is influenced by factors such as local topography and land cover.

4.3. The Trends of Extreme Indexes in Siberia and the Surrounding Regions

Several studies show that the trends of temperature-related indexes in the surrounding
regions of Siberia are clearly divided into increases or decreases [13,20,22,24], such as those
in Siberia. These uniform trends indicate that warming occurs not only in Siberia but also in
the surrounding regions because all trends indicate increases in air temperature. However,
there were differences in the trends for each index by region and season, although the
positive and negative trends of the indexes were consistent across all regions. For example,
a remarkable warming trend in spring was revealed in Siberia (Figure 4). An increase
in high-temperature events in Siberia during spring can cause a reduction in the extent
of snow cover and the earlier disappearance of snow cover, as indicated by previous
studies [27,28,44,45]. On the other hand, it has been reported that the snow depth in Siberia
during spring is increasing [27,44]. Therefore, the remarkable warming trend in spring
suggests that snowmelt accelerates in the spring, which consequently affects the occurrence
of snowmelt flooding. This finding is comparable to those of previous studies [11,13] that
investigated climatic extremes in Siberia, as well as a result of a previous study of climatic
extremes in Central Asia [24]. However, the absolute values of the indexes in this study
were somewhat smaller than those in the aforementioned studies. This may be due to the
fact that the increase in temperature in Central Asia is stronger than at higher latitudes [46].
In fact, the increase in spring temperatures has accelerated the timing of snowmelt, and the
rate of decrease in snow cover area has been faster in Central Asia than in Siberia [47].

Unlike temperature, the trends of the precipitation-related indexes varied positively
and negatively from station to station and did not exhibit a uniform distribution (Table 2).
However, with the exception of CDD, which is the index of drought, the number of stations
showing a positive trend was greater than the number of stations showing a negative trend.
Therefore, precipitation has an overall increasing trend in Russia. Long-term droughts
are less likely to occur because CDD shows a decreasing trend in all regions. These
characteristics are consistent with the increasing precipitation trend in Russia [19].

RX5day and R95P in Siberia are the smallest in Russia, and the increasing trend of
heavy rainfall in Siberia is smaller than in other regions. However, the monthly trend of
RX5day in Siberia increased except in summer (Figure 5), where CDD decreased at almost
all stations. Therefore, Siberia tends to be as wet as other regions of Russia, and these trends
have led to massive flooding and other natural disasters recently [29]. The risk of flooding
due to snowmelt is extremely high, especially during spring, because the frequency of
high-temperature events mostly increases. Consequently, if these trends continue, the
frequency of heavy rainfall and flooding in Siberia will increase in the future.

Compared with studies focusing on the surrounding areas of Siberia, the indexes
related to precipitation show increasing trends in northwestern China [17-19,21] and
Kazakhstan [22,23,25,26]. By analyzing the atmospheric field, cyclonic anomalies have been
observed above Central Asia since 1998 [23]; these anomalies produce southerly winds
from the Arabian Sea. Correspondingly, anticyclonic anomalies over Mongolia caused
a decreasing trend in precipitation over Eastern Siberia, which is adjacent to Mongolia
(Figure 2).
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5. Conclusions

This study revealed the characteristics of the climatic extremes in Siberia and compared
them with the characteristics of climactic extremes in the surrounding regions. Extreme
indexes were used to analyze the trends of climatic extremes. The climatic extremes in
Siberia revealed in this study are summarized as follows:

1.  The trends in climatic extremes related to air temperature showed that global warming
is progressing in Siberia and the surrounding regions. Comparing the trends of the
temperature-related indexes between Siberia and other regions, the frequency of
high-temperature events in Siberia was not significantly different from that in other
regions. In terms of monthly trends, a substantial increase in the frequency of high-
temperature events during spring was observed. In contrast, the increasing trends of
temperature-related indexes in Siberia were lower than those in northwestern China
and Central Asia.

2. Regarding the trends of the precipitation-related indexes, precipitation generally
increased in Siberia and the surrounding regions, although there were variations in
the positive and negative trends among the meteorological stations. However, Siberia
is one of the regions in Russia where heavy precipitation is less likely to occur, and the
monthly trend of precipitation showed an increase except for in summer. Snowmelt
and precipitation, combined with an increase in the number of high-temperature
events in spring, may influence the occurrence of flooding. Therefore, there is concern
that heavy rainfall and flooding will increase in Siberia in the future.

3.  Regarding the cluster analysis based on the trends of the temperature-related indexes
in the interior of Siberia, it is clear that climatically homogeneous regions are clustered
together. In particular, all regions showed marked warming trends in March. How-
ever, with respect to the cluster analysis based on trends in the precipitation-related
indexes in the interior of Siberia, climatically homogeneous regions were scattered. Al-
though precipitation tends to increase throughout the year in Siberia, several regions
show decreasing trends in precipitation during summer.

This study revealed the regional characteristics of the occurrence, seasonal changes,
and interannual variations in climatic extremes in Siberia. A future issue will be to elucidate
the relationship between the variations in extreme events and the atmospheric circulation
field. Moreover, it is necessary to investigate whether climatic features, whose trends in
precipitation-related indexes have large regional differences, are similar in the surrounding
regions of Siberia. In addition, the clarification of the factors contributing to regional
differences in precipitation trends is expected to reduce the risk of disasters associated with
climatic extremes. These issues will be discussed in the next article.
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