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Abstract

Long-term phases (lasting 10-15 years or more) of decreased and increased annual and
seasonal runoff and related differences in the frequencies of low-water and high-water river
flow years were identified for the Lena across Kyusyur and Tabaga and its tributary, the
Aldan in Verkhoyanski Perevoz, for observation periods beginning in the 1930-1940s. Phase
boundaries were identified by cumulative deviation curves and the statistical homogeneity
of runoff time series. The frequencies of abnormal years were estimated based on the
empirical exceedance probability curves, derived from multi-year time series of annual
and seasonal flows. Two main long-lasting, quasi-synchronous contrasting phases were
revealed on each of the rivers under consideration during an 80-year series of observations
for both annual and seasonal runoff. At first, there was a phase of decreased runoff, which
was followed by a phase of increased runoff during the period of modern global warming.
These contrasting phases exhibit quasi-synchronicity not only within the same river but
also across different rivers. However, the duration and magnitude of the flow difference
between phases vary both on each river and between them. The phases of increased runoff
are characterized by a noticeably higher frequency of high-water years (when runoff is at
least 25% of the exceedance probability) and a lower frequency of low-water years (when
runoff is at least 75% of the exceedance probability). This inverse relationship has been
revealed for the phases of decreased runoff.

Keywords: permafrost-covered large river basins; annual and seasonal river runoff;
long-lasting phases of decreased/increased runoff; frequency of low-water and high-water
flow years; global warming

1. Introduction

Contemporary global warming has brought about clear changes in various compo-
nents of the natural environment, including river runoff [1,2]. Many publications are
devoted to the study of long-lasting contrasting periods regarding multi-year variations in
runoff in different regions of the world [3-12]. These contrasting periods (termed “phases”
in the USSR and Russia [13]) are characterized by specific, relatively steady river water
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regimes [6]. They constitute a significant part of the overall long-term variability of river
runoff caused by climate change. In most cases, the differences in the average runoff of
such phases are statistically significant [8]. There is experience in using parametric and
nonparametric criteria to assess the statistical uniformity of the runoff time series based on
its average values [14-17]. The phases commonly last 10-15 years or more, even extending
over several decades. It has been established that the long-term dynamics of contrasting
phases in relation to the world’s largest rivers are asynchronous [12]. In the territory of
Russia, where the water regime is dominated by snowmelt flood flow, the years of the
annual runoff contrasting phase transition, associated with the onset of modern global
warming, change in the meridional types of circulation [18]. The main characteristics (phase
duration, runoff differences between them) have been assessed for the rivers of Northern
Eurasia [5-11], Europe [4], Asia [10,11] and Africa [3]. For the East European Plain and
Siberia, several characteristic types of long-term dynamics of seasonal-scale contrasting
phases of annual runoff and runoff have been identified [5-7].

In the East European Plain, against the background of long phases of decreased /increased
flow, years are identified in which extremely low flow is observed, caused by the most
severe droughts affecting large river basins. These occur not only in the summer—autumn
period, but also in other seasons and over the year as a whole. Abnormally low and high
runoff between seasons and annual runoff are fairly typical for this region. Their frequency
during long phases of contrasting annual and seasonal runoff differs significantly. This
issue has been studied to a much lesser extent in relation to river flow between hydrological
seasons [6]. Also, the question of how the frequency of low- and high-water years is related
to long phases of increased /decreased annual and seasonal runoff remains understudied.

The primary objectives of our study were (1) to identify the boundaries of long-term
phases of increased / decreased annual and seasonal runoff and to assess their characteristics
(boundaries, duration, and average runoff) and (2) to estimate the number of years with
low and high runoff for the major rivers of the Lena River Basin—one of the largest river
basins in the world. This Basin is almost entirely covered by permafrost. The main study
areas included the entire Lena River Basin up to the Kyusyur gage station; the basin of
the Lena River’s largest right-bank tributary, the Aldan River; and the Lena River Basin
up to the confluence of the Aldan River. The working hypotheses are that in the phases of
increased runoff, the frequency of high-water years notably increases, while the frequency
of low-water years decreases, and vice versa. Furthermore, the difference in the frequency
of such years depends on the hydrological season of the year.

2. Materials
2.1. Study Area

The Lena River catchment in the village of Kyusyur is one of the largest in Russia
(Figure 1) and is over 90% permafrost (Table 1). Most of the territory is occupied by taiga
forests and tundra. This vast region is characterized by a sharply continental climate.

Table 1. Main characteristics of the river basins studied.

Proportion of the . Permafrost Share . .

. . Share of Main o Main Reservoirs
. Basin Area, Basin with . o (All Types), % of .
River Gauge 312 . Natural Zones *, % of . . Total Capacity,
10° km Elevation the Basin Area [20] the Entire Basin km? [22]
>1000 m, % [19] Area [21]
Tu: 22
Lena—Kyusyur 2430 17 T:71 94 35.9
.7
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Table 1. Cont.

Proportion of the Permafrost Share

. Basin Area, Basin with Share of Mau;l (All Types), % of Main Reservsnrs
River Gauge 312 . Natural Zones *, % of . . Total Capacity,
10° km Elevation the Basin Area [20] the Entire Basin km? [22]
>1000 m, % [19] Area [21]
Lena-Tabaga 897 25 1; 973 99 0
. Tu: 18
Aldan—Verkhoyanski 696 2 T 78 93 0
Perevoz
I: 4
Note(s): * TU—tundra, T—taiga, and I—Intrazonal (swamps and others).
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Figure 1. The Lena catchment. The flows studied here are measured at gauges on (1) the Lena River
across Tabaga, (2) the Aldan River in Verkhoyanski Perevoz, and (3) the Lena River across Kyusyur.
Map projection: Lambert Azimuthal Equal Area (central meridian 20° E, latitude of origin 45° N).

Runoff during the spring—summer flood period accounts for approximately 60% of
the annual flow in the lower Lena near Kyusyur (where the flood lasts longer than in the
upper and middle parts of the Basin) and over 40% in the Lena near Tabaga and Aldan
(Table 2). During the decline of the snowmelt flood, rain floods make a certain contribution
to its volume. Between 30 and 50% of the annual flow occurs during the summer-autumn
period, and during this period, it is formed by rainfall and groundwater recharge. Winter
runoff (from November to April), when the river is covered with ice, accounts for less than
10% of the annual flow.
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Table 2. Characteristics of the flow of the studied rivers, averaged for the entire observation period.

Mean Daily Water Discharge, m®/s

River-Gauge OI;eriod (-)f .Mean Annual3 Spring-Summer Summer-Autumn .
servation River Runoff, m°/s pring Winter Runoff
Snowmelt Runoff Runoff
Lena—Kyusyur * 1936-2019 17,176 40,489 22,961 2621
Lena-Tabaga 1936-2022 7300 18,077 10,743 1406
Aldan-Verkhoyanski 1942-2022 5453 14,921 7882 677

Perevoz

Note(s): * naturalized water discharges (for the restoration method see Section 2.2).

The average long-term volume of water flow for the entire observation period reaches
542 km? in the Lena across Kyusyur, 230 km? in the Lena across Tabaga, and 172 km? in
the Aldan.

The main anthropogenic influences on the Lena flow, especially in winter, are due to
the long-term regulation reservoir on the left tributary, the Vilui, which flows into the Lena
downstream of Yakutsk city. The total volume of the reservoir, which was filled in 1966, is
44.4 km?3, and its active storage capacity is 22.4 km?. Other types of anthropogenic impact
have an insignificant effect on the river flow and water regime of the Lena and Aldan.

2.2. Data

The study was based on long-term hydrometric observations conducted at the network
of Roshydromet stations. The Lena River’s flow records across Kyusyur, for the period fol-
lowing the start of filling the Vilyui Reservoir, were naturalized by transforming the annual
hydrograph of daily water discharges [8] via a linear model describing the relationship
between water discharges at the inlet and outlet of the river reach under consideration,
using Kalinin-Milyukov influence functions [23].

The boundaries of hydrological seasons, which were assumed to be constant for the
entire observation period, were determined by analyzing long-term records of monthly
water discharges, as well as of river freezing and ice cover destruction [6].

3. Methods
3.1. Detection of Transition Years for Phases of Contrast Annual and Seasonal Water Flow

The transition years between long phases of contrasting annual and seasonal water
flow were identified using cumulative deviation curves (based on their maximum and
minimum coordinate values) in combination with an assessment of the statistical homo-
geneity in the runoff time series between adjacent phases using their mean values. The
nonparametric homogeneity test was applied for this purpose [5-7].

3.1.1. Cumulative Deviation Curves

Cumulative deviation curves (CDCs) represent the cumulative sum of deviations of a
given characteristic from its mean value, calculated over the entire observation period [7,24].
The values of normalized cumulative deviation curves are calculated as follows:

1 T
CDC, = C—E(Ki —1)
vi=1
Ki = E;i/En
o
Cp = B
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o =

n

Y (B En)? )
i=1

where CDC is the value of the cumulative deviation curve for year 7; E; is the value of the

ith member of the time series (i = 1, . .. n); n is the number of members in the time series; E;;,

is the average long-term value; K; is the modular coefficient of the ith member of the time

series; C, is the coefficient of variation of the time series; and ¢ is the standard deviation.

3.1.2. Criteria for Statistical Homogeneity of Long-Term Time Series of River Water Flow
Based on Their Mean Values

The Mann-Whitney—Pettitt (MWP) test [25] from the AnClim 5.025 package [26] was
used to assess the statistical significance of deviations in the mean values of series of
long-term contrast phases of hydrological characteristics, the boundaries of which were
determined using the cumulative deviation curve.

3.2. Estimation of the Exceedance Probability of River Low-Flow and High-Flow Years

Low-flow years were defined as those in which the average seasonal (summer-autumn,
winter low-water, and snowmelt flood) and annual runoff were equal to or lower than
the runoff corresponding to 75% exceedance probability. Conversely, high-water years
were defined as those with flows equal to or greater than the values corresponding to 25%
exceedance probability [27]. Years between these two brackets were deemed medium-flow
years [6].

The exceedance probability of the runoff of the rivers under consideration was calcu-
lated using empirical exceedance probability curves constructed from long-term time series
of the rivers’ average seasonal (snowmelt flood, summer-autumn, winter) and average
annual water discharge values.

Empirical values of the exceedance probability were calculated using the following
formula [15]:

m; o
PQ; = (n+1> 100%, )

where m; is the rank position of the year in the time series of water discharge values in
descending order, and # is the total number of water discharge values in the time series.

4. Results
4.1. Long Phases of Seasonal and Annual Water Flow

Two main long-term (lasting several decades) quasi-synchronous phases were revealed
during the 80-year series for both the annual runoff and the runoff of each hydrological
season. First, a phase of decreased runoff was observed, which was replaced by a phase
of increased runoff under modern global warming (Figure 2). The years of transition to
the phase of increased runoff associated with global warming for the annual and seasonal
runoff were different for the rivers. The change in contrasting runoff phases on each of
the rivers occurred, as a rule, in the 1980s and 1990s. The earliest and latest changes
in contrasting phases were identified at the Lena-Tabaga gauge. For snowmelt flood
runoff, the transition occurred in 1977/1978, and for summer—autumn runoff, it occurred in
2003/2004. Two contrasting phases (one of decreased runoff; another of increased runoff)
on each of the rivers are most clearly distinguished for winter runoff. For the Lena River
across Kyusyur and the Aldan, a change in contrasting winter runoff phases occurred in
the 1980s-1990s, and, for the Lena across Tabaga, it occurred in the late 1990s. It should
be noted that two long-term contrasting phases (one of decreased and another one of
increased runoff) were also identified for snowmelt flood runoff, summer—autumn runoff,
and annual runoff for the Lena across Tabaga, as well as for summer—-autumn and annual
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runoff for the Lena across Kyusyur. Two phases of increased runoff and two phases of
decreased runoff were identified for snowmelt flood runoff in the Lena across Kyusyur,
and for the snowmelt flood, summer-autumn, and annual runoff in the Aldan. In some
cases, relatively short phases (a little less than 10 years) of contrasting runoff were observed
against the background of long phases of decreased /increased runoff, which were included
in the longer phases.

The Lena River The Lena River The Aldan River
at Kyusur at Tabaga at Verkhoyanski Perevoz
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Figure 2. Long-term changes in snowmelt flood flow, summer—autumn water flow, winter water
flow, and annual water flow in the Lena River across Kyusyur, the Lena River across Tabaga and the
Aldan River in Verkhoyanski Perevoz. Blue and red fields indicate positive and negative deviations
relative to long-term averages, respectively; the green line is the normalized cumulative deviation
curve (CDC). The vertical black lines show phase boundaries (shift points) between increased or
decreased values of the water flow [6].

4.1.1. Transition Years of Long Phases of Contrasting Annual and Seasonal River
Water Flow

The years of phase change of contrasting annual and seasonal runoff identified using
cumulative deviation curves are confirmed by estimates of the statistical significance of the
differences in their mean values, determined using nonparametric criteria (Table 3). Only
in a few cases were differences noticeable, particularly for the Lena snowmelt flood runoff
across Tabaga.
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Table 3. Shift points for contrasting phases of annual and seasonal river water flow in the Lena River

across Kyusyur, the Lena River across Tabaga and the Aldan River in Verkhoyanski Perevoz.

River Gauge Station

Method Lena Across Kyusyur Lena Across Tabaga Aldan in Verkhoyanski Perevoz
Shift Point p Value Shift Point p Value Shift Point p Value
Snowmelt flood flow
D—11960/1961 D—11965/1966
CDC 1—-D 1970/1971 - D—11977/1978 - I—D 1984 /1985 -
D—11996/1997 D—11994/1995
1961 0.01 1966 0.01
MWTP test 1971 ~0.05 1994 0.01 1985 0.05
1997 ~0.1 1997 0.05
Summer-Autumn flow
D—11971/1972
CDC D—11987/1988 - D—12002/2003 - I—D 1983/1984 -
D—11995/1996
0.05 1972 0.05
MWTP test 1988 0.05 1997 (d 031) 1984 0.05
’ 1996 0.1
Winter water flow
CDC D—11987/1988 - D—11997/1998 - D—11989/1990 -
MWTP test 1989 0.01 1994 0.01 1990 0.01
Annual water flow
D—11969/1970
CDC D—11996/1997 - D—11996/1997 - I—D 1983/1984 -
D—11993/1994
1970 0.01
MWTP test 1996 0.01 1997 0.01 1984 0.05
1996 0.05

Note(s): I—increased river runoff and D—decreased river runoff, with the arrows showing the direction of
runoff shift.

4.1.2. Characteristics of Contrasting Phases of Water Flow

The total duration of the decreased annual and seasonal runoff phases in the Lena
across Kyusyur and Tabaga appreciably exceeds the increased runoff phase duration (except
for the snowmelt flood runoff across Tabaga, for which it is virtually identical) (Table 4).
The maximum duration of the decreased runoff phase is 58 years (for Lena—Tabaga, for
annual runoff), and the minimum is 24 years (for Lena-Kyusyur, also for annual runoff). In
the Aldan River, on the other hand, the increased runoff phase is longer than the decreased
runoff phase (for the snowmelt flood runoff and annual runoff). For summer-autumn
runoff, it did not differ, and only for winter runoff did the decreased runoff phase last
longer than the increased runoff phase.

The most significant flow difference (as a percentage of the phase of decreased flow)
for contrasting phases was revealed for winter flow. It ranges from 40% (Lena-Tabaga)
to more than 76% (Aldan). For summer—autumn runoff, it varies within 18-24%, while
for snowmelt flood runoff, the range is within 11-22%, and for annual runoff, the range is
within 14-19%.
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Table 4. Characteristics of contrasting phases of water flow of the Lena River across Kyusyur, the

Lena River across Tabaga and the Aldan River in Verkhoyanski Perevoz.

River Gauge

Lena Across Kyusyur

Lena Across Tabaga

Aldan in Verkhoyanski Perevoz

Long Phase DMean Wateg Length of Mean Wateg Length of Mean Wateg Length of
ischarge, m°/s Phase/Years Discharge, m°/s Phase/Years Discharge, m°/s Phase/Years
Snowmelt flood flow

D 38,081 1939-1960/22 16,004 1936-1977 /42 13,452 1944-1965/22
D 39,372 1971-1996/26 - 12,882 1985-1994/10
Daverage 38,780 13,274

I 44,275 1961-1970/10 18,106 1978-2022/45 16,249 1966-1984/19
I 42,578 1997-2019/23 - 16,052 1995-2022/28
Laverage 43,092 16,132

Loverage — Daverage, m°/s 4312 2102 2858

%0%?2 r:g eDaverage relative 11.1% 13.1% 21.5%

Summer-Autumn flow

D 21,379 1939-1987/49 8774 1939-2003/65 7161 1945-1971/27
D - - 6671 1984-1995/12
Daverage 7010

I 25,169 1988-2019/32 10,559 2004-2022/19 8844 1972-1983/12
I - - 8607 1996-2022/27
Liverage 8680

Luverage — Daverage, m*/s 3790 1784 1670

{?)‘%aai r:geDaverage relative 17.7% 20.3% 23.8%

Winter flow

D 2228 1937-1987/51 1251 1939-1997/59 497 1944-1989/46
I 3246 1988-2019/32 1750 1998-2022/25 878 1990-2022/33
Taverage — Daverage, m°/s 1017 499 382

k‘)"gﬁra—ge})“erage relative 45.6% 39.9% 76.8%

Annual flow

D 16,493 1939-1995/57 6924 1939-1996/58 4977 1945-1969/25
D - - 4805 1984-1993/10
Daverage - - 4928

I 18,785 1996-2019/24 8083 1997-2022/26 5735 1970-1983/14
I - - 5957 1994-2022/29
Laverage 5885

Laverage — Daverage, /s 2293 1159 957

laverage — Daverage relative 13.9% 16.7% 19.4%

to Daverage

Note(s): Abbreviations for I and D are the same as in Table 3. In the table, the symbol ‘- means that phases have
not been revealed.

For the Lena near Kyusyur, Lena near Tabaga, and Aldan near Verkhoyansk Perevoz,

changes in the standard error of mean runoff for the contrasting phases were within single-
digit percentages. For snowmelt flood runoff, the values were 2.2-2.7 (2.3-3.1), 2.7-2.8
(3.0-3.8), and 2.9-5.1 (3.1-5.8), respectively. For summer-autumn runoff, they were 3.2—4.0
(4.8),4.2-7.5 (5.1-7.7), and 4.4-5.9 (4.9-8.9). For winter runoff, they were 1.5-2.9 (2.3-5.5),
2.2-2.8 (2.94.7), and 3.6-6.9 (5.0-7.9). For annual runoff, they were 1.6-2.6 (3.0-3.4), 2.2-3.1
(3.3-3.6), and 2.6-4.9 (2.9-6.6). Values in parentheses account for autocorrelation. The
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standard errors of the mean runoff estimates for the increased and decreased runoff phases
were several times smaller than the differences between the phase means, especially for
winter runoff. Accounting for autocorrelation [15] produced only a moderate increase in
standard errors.

When more than one increased or decreased runoff phase was detected during the
observation period (Table 4), the differences among their mean values were much smaller
than—or, for short phases, comparable to—the standard error. In these cases, mean
runoff was calculated for the full period that included the corresponding increased or
decreased phases.

4.2. The Difference in the Frequency of Extreme Runoff Years in the Long Phases of Contrasting
Water Flow

During the longest phases of increased flow (caused by modern global warming)
compared to the decreased flow phases in each of the rivers, both for the annual flow and
for the flow of the main hydrological seasons, there is a significant increase in the proportion
of high-water years (Figure 3, Table A1). The most noticeable increase in the proportion
of high-flow years was found for winter runoff, increasing from 2-5% to 27-64%, while,
on the contrary, for low-flow years, it decreases from 36—41% to 0-3%. The proportion of
high-flow and low-flow years changed in similar proportions during contrasting phases in
the three considered rivers for snowmelt flood, the summer—autumn period, and annual
runoff. Moreover, the proportion of years with runoff in the range corresponding to 25-75%
exceedance probability remained relatively constant, with the exceptions of the winter
runoff of the three rivers and the annual runoff of the Aldan.

Lena at Kyusyur

Snowmelt Mean annual
flood flow flow

Lena at Tabaga

Snowmelt Mean annual
flood flow flow

Aldan at Verkhoyanski Perevoz

D‘[D‘[

Mean annual
flow

Winter flow

Snowmelt Summer—
floodflow | Autumn flow

E<25 O25<P<75 ®>=75

Figure 3. The proportion of low-water and high-water years (with exceedance probability >75 and
<25%, respectively) in long-lasting phases of increased (I) and decreased (D) annual water flow.
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5. Discussion

Studies show that modern global warming is causing differently directed changes in
both annual and seasonal runoff over the world [3,5-7,12]. Russia and southern Africa
have been studied in the most detail in this regard, and noteworthy results have also been
obtained for other regions [3,4,10,11].

Although a number of results have already been obtained regarding the typification
of long-term dynamics of long phases of contrasting runoff for some regions [6], as well
as at the global level [27], there is an obvious need for further study in this direction,
covering a diversity of territories both at the level of large regions of the world and
at the global level, taking into account the accumulated long-term data and available
methodological experience.

Our experience [7] shows that, as a rule, water flow characteristics exhibit statistically
significant linear increase (or decrease) trends, as determined by the Mann-Kendall and
Spearman tests, and linear regression. A statistically significant linear trend during the
entire observation period under review is usually detected in the presence of at least
two long-term contrasting phases [28,29]. At the same time, often there is no noticeable
increasing (or decreasing) trend during the phase of decreased or increased runoff. Thus,
taking phases into account when calculating the characteristics of river flow and other
hydrological components allows us to obtain additional information about the nature of
their long-term changes. Therefore, in recent years, when analyzing multi-year variability,
both linear trends and long-lasting phases have been considered [28,29].

The climatic conditions of long-term phases of decreased/increased runoff have been
insufficiently studied. Some features of these conditions (air temperature, precipitation,
macroscale atmospheric circulation, permafrost thawing) have been identified for a number
of Arctic rivers: Northern Dvina, Pechora, Ob, Yenisei, Lena, etc. [6,30,31].

However, research on determining the initial boundary of the period of modern global
warming in different regions and the degree of its conjugation with the boundaries of the
change in long-lasting phases of contrasting runoff during this period remains insufficient.

Methods for detecting abrupt changes (shift points) in the mean, variance, and fre-
quency structure have been developed and are widely used [16,32]. Various statistical
packages include such tests [26]. New methods are also being developed, such as the robust
regime-shift detection algorithm for water-flow dynamics [33]. Although brief summaries
of these methods are available, the authors are not aware of any detailed comparison of
their application to long-term flow changes in rivers with different water regimes.

The relationship between the frequency of low- and high-water flow years and the
nature of prolonged water flow phases also remains poorly understood. The results
obtained show that alternating prolonged periods of increased /decreased flow are closely
linked to significant changes in the frequency of low- and high-flow years. This can bring
about significant, including negative, impacts on both ecosystems and human activities,
which have adapted to these conditions over a long period of time.

6. Conclusions

We revealed how long phases of decreased /increased flow are related to the frequency
of years with abnormally low water (when the water flow was less or equal to 75% ex-
ceedance probability levels) and high-water years (when the water flow was higher or
equal to 25% exceedance probability levels) on the Lena River across Kyusyur and Tabaga,
as well the Aldan River in Verkhoyanski Perevoz (the Lena’s right tributary), for periods
starting from the 1930s and 1940s.

Two main quasi-synchronous phases were revealed over the 80-year observation time
series for both annual flow and the flow of each hydrological season (with phases lasting
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several decades). Initially, this was a phase of decreased flow, which was replaced by a
phase of increased flow during the current period of global warming.

The phase-transition years corresponding to increased runoff associated with global
warming for annual runoff and the runoff of the main hydrological seasons of the year
varied among the gauge stations, but typically, these years occurred in the 1980s and 1990s.
The earliest and latest changes in contrasting phases in the Lena-Tabaga were identified
for snowmelt flood runoff (1977/1978) and summer—-autumn runoff (2003/2004). Two
contrasting phases are most clearly distinguished for winter runoff for each of the rivers.
For the Lena across Kyusyur and for the Aldan, the change in contrasting phases of winter
runoff occurred in the 1980s-1990s, while for the Lena across Tabaga, they occurred in the
late 1990s.

The years of long phase change regarding contrasting annual and seasonal runoff
identified using cumulative deviation curves are, in most cases, confirmed by estimates
of the statistical significance of the differences in their mean values, determined using the
Student and Mann-Whitney—Pettit tests. Only in a few cases were differences in the results
noticeable, particularly for the Lena snowmelt flood runoff across Tabaga.

The total duration of the low-flow phases of annual and seasonal flow in the Lena
River across Kyusyur and Tabaga appreciably exceeds the duration of the snowmelt flow
phases (except for the snowmelt flood flow across Tabaga, where it is virtually identical).
The maximum duration of the low-flow phase is 58 years (for the Lena-Tabaga (annual
flow)), and the minimum is 24 years (for the Lena—Kyusyur (annual flow)). On the other
hand, for the Aldan, the duration of the increased flow phase exceeds the duration of
the decreased flow phase (for snowmelt flood and annual runoff). For summer-autumn
runoff, it is the same, and only for winter runoff is the decreased flow phase longer than
the increased flow phase.

The most significant flow differences (as a percentage of the phase of decreased flow)
for contrasting phases were revealed for winter flow. It ranges from 40% (Lena-Tabaga) to
more than 76% (Aldan). For summer—autumn runoff, it ranges within 18-24%, while for
snowmelt flood runoff, the range is 11-22%, and for annual runoff, the range is 14-19%.

The standard error of the mean runoff estimates for the compared increased and
decreased runoff phases were several times smaller than the differences between the phase
means, especially for winter runoff. Accounting for autocorrelation substantially increased
the standard error in some cases. The largest relative differences in the frequency of
abnormal years between contrasting runoff phases occurred in winter. In other seasons and
for the year as a whole, except for the Aldan River, these differences were less pronounced.

In the Lena near Kyusyur, the proportion of high-water years varied from 37%
(summer—autumn runoff) to 62% (winter runoff) in the phase of increased runoff and
from 2% (winter runoff) to 16% (summer—autumn runoff) in the phase of decreased runoff.

In the Lena across Tabaga, it varied from 42% (snowmelt flood runoff) to 64% (winter
runoff) in the increased flow phase and from 5% (winter runoff) to 14% (annual runoff) in
the decreased runoff phase.

In the Aldan in Verkhoyansky Perevoz, it varied from 27% (winter runoff) to 46%
(annual runoff) in the phase of increased flow and from 0% (annual runoff) to 10% (summer—
autumn runoff) in the phase of decreased flow.
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Appendix A

Table Al. The proportion of low-water and high-water years (with exceedance probability >75 and
<25% of probability of exceedance) in long-lasting phases of increased and decreased annual and
seasonal water flow in the Lena River across Kyusyur and Tabaga, as well as the Aldan River in
Verkhoyanski Perevoz.

Lena Across Kyusyur Lena Across Tabaga Aldan in Verkhoyanski
Phase Perevoz
>75% <25% >75% <25% >75% <25%
Snowmelt flood flow

1939-1960 1944-1965

D 1971-199% 1936-1977 1985-1994
35 12 36 7 50 6

1961-1970 1966-1984

I 1997-2019 1978-2022 1995-2022
9 42 16 42 6 38

Summer-Autumn flow

1945-1971

D 1939-1987 1939-2002 1984-1995
30 16 31 17 37 10

1972-1983

I 1988-2019 2003-2022 1996-2022
19 37 10 50 13 38

Winter flow
1937-1987 1939-1997 1944-1989
D

39 2 36 5 41 2
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Table Al. Cont.

Lena Across Kyusyur Lena Across Tabaga Aldan in Verkhoyanski
Phase Perevoz
>75% <25% >75% <25% >75% <25%
1988-2019 1998-2022 1990-2022
L 3 62 0 64 0 27
Annual flow
1945-1969
b 1939-1995 1939-1996 1984-1993
33 14 33 14 43 0
1970-1983
I 1996-2019 1997-2022 1994-2022
8 50 11 50 9 46
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