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Abstract

Historical data analyses show that the Lena River and its major tributaries experienced an extended low water period over

1936–1957 and high water periods over 1974–1983 and 1988–2001. Higher than normal river discharge and annual

precipitation is particularly pronounced since the late 1960s due to large-scale changes in atmospheric circulation patterns. The

trend in runoff observed in the Lena River basin increased by 10% from 1936 to 2001 due to extended wet periods during the

second part of last century. The trend is weakened for the Vilui River basin since it experiences reservoir regulation, which

causes additional water losses through reservoir filling and increased evaporation. Runoff regulation strongly affects the winter

runoff regime of both the Vilui River and the lower reaches of the Lena River causing an increased winter discharge at the Lena

river outlet station of approximately 33%.

D 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Paleoclimatic studies provide evidence of enor-

mous changes experienced by the Laptev Sea region

since the last glacial maximum (Polyakova et al.,

2000; Bauch et al., 2001; Mueller-Lupp et al., 2003).

The rate of changes for many environmental character-

istics observed during the last century is quite likely
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unprecedented (Vörösmarty et al., 2000). Overpeck et

al. (1997) reported that from 1840 to the mid-20th

century, the Arctic warmed to the highest temperatures

in last four centuries. The arctic hydrological system is

particularly sensitive to the temperature rise since it is

strongly affected by both the meteorological factors

(precipitation, air temperature, evapotranspiration) and

land-surface processes affecting runoff (development

and propagation of taliks, active layer dynamics)

(Hinzman and Kane, 1992). A recent analysis of

discharge records from the six largest Eurasian rivers

including the Lena River indicates an increase in

annual runoff of 7% from 1936 to 1999 (Peterson et

al., 2002). Sazonova et al. (2004) examined the impact

of various scenarios of climatic warming to the depth
nge 48 (2005) 84–95



S. Berezovskaya et al. / Global and Planetary Change 48 (2005) 84–95 85
of thaw of the active layer over the East-Siberian

transect, which covers the central part of the Lena

River basin from the headwaters to the delta. Results

indicate that an air temperature rise of 3–7 8C will

produce additional thawing of the active layer by 0.5–

2.0 m within the transect. Zhang et al. (2003) believe

that permafrost degradation produce sufficient water to

increase the runoff over the major Siberian river

basins, whereas Holmes et al. (2003) argue that

permafrost thawing is not a significant contributor to

the observed long-term river runoff increase. Precip-

itation variability is a primary factor controlling the

change in river discharge in northern regions. The

correlation coefficient of summer precipitation (June–

August) with Lena River runoff in June–September

(which is approximately 82% of the annual mean

runoff) is 0.89 for 1979–1995 (Fukutomi et al., 2003).

Yang et al. (2002) report that the magnitude of changes

in precipitation and air temperature is large enough to

alter the hydrological regime of the Lena River.

The primarily goal of this paper is to analyze the

annual variability of the Lena River water balance in

light of a changing climate as well as assess the

human impacts on the basin hydrology. The long-term

variability of the river discharge has been analyzed to

detect the statistical significance of changes in stream

flow. Water balance analyses have been applied to

identify how the changes in meteorological processes

affect the variability of river discharge.
2. Data

Hydrological information has been primarily pro-

vided by the digital data bank R-ArcticNET version

2.0 of observed discharge across the pan-Arctic region

(Lammers et al., 2001). Most of the database covers

the period from 1936 to 1990 for the stations within

the Laptev Sea watershed with the exception of outlet

station (Kusur), where the most recent data available

are from 1994. Recent monthly discharge data (1995–

2001) for the Kusur station have been kindly provided

by the Regional Tiksi Hydrometeorological Service.

There are 46 stations used in this study that have an

observational period of more than 50 years (Fig. 1).

Meteorological information (monthly air temperature,

precipitation, relative humidity), provided by the

Russian Federal Service for Hydrometeorology and
Environment Monitoring (Roshydromet), has been

collected for 52 stations. These data partly available

through the All-Russia Research Institute of Hydro-

meteorological Information—World Data Center

(Obninsk) and the National Snow and Ice Data

Center, Boulder Colorado (NSIDC). Data on ice

regime and water temperature for eight stations were

obtained from Hydrological Yearbook published by

Roshydromet for the period 1948–1987. Several years

(1960, 1981) are missing because of technical

difficulties in data collection.

Since the available long-term data set is based only

on observational records, we must carefully assess the

nature and quality of the data (Legates and Willmott,

1995). This is especially true for the precipitation

records, which have a high bias of gauge measure-

ments. Available precipitation data have been adjusted

to Nipher-shielded rain gauge replacement in late

1940s to early 1950s (Shver, 1965). Adjustments of

the Tretyakov gauge measurements consist of wind-

induced undercatch, wetting loss and trace amount of

precipitation (Groisman et al., 1991). Wetting loss

corrections have been applied according to Nechaev

(1966). Wind undercatch has been incorporated based

on the results in Yang and Ohata (2001) derived from

the WMO Solid Precipitation Measurements Inter-

comparison data set (Goodson et al., 1998). The mean

annual wind correction factor was estimated for each

sub-basin (Fig. 1) as a function of air temperature,

precipitation and wind speed in Yang and Ohata

(2001). Then the annual precipitation for each sub-

basin was adjusted to account for wind undercatch.
3. Methods

The hydrometeorological data have been analyzed

to determine the temporal homogeneity using tests of

mean and variance. The parametric tests have been

estimated on the basis of the simple Markov chain

model, which is sensitive to the correlation between

adjacent terms of the time series (Rojdestvensky,

1984; Saharyk, 1981). The temporal homogeneity of

average was tested using Student’s test (t*) and the

variance stationarity was tested by application of

Fisher’s test (F*) (Mendenhall and Sincich, 1996).

The Kolmogorov–Smirnov test (K*), based on the

difference between two empirical probability func-



Fig. 1. Location map of hydrological, meteorological stations and regions with synchronous fluctuations of river runoff (1): I—the upper Lena

basin (outlet station—Solyanka), II—the Vilui basin (outlet station—Hatyryk-Homo), III—the Aldan basin (outlet station—Verhoyansky

Perevoz).
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tions, was calculated to evaluate the nonparametric

homogeneity criteria (Yevjevich, 1972; Rojdestven-

sky and Saharuk, 1981).

K4¼ max
1ViVm

max
i

m
�Fn zið Þ

� �
; max Fn zið Þð Þ � i� 1

m

� �

ð1Þ

where zi is a standardized value, using zi=(xi= x̄) /r; r
is the standard deviation; Fn(zi) is the probability

value, determined from coordinates of second half of

time series (sample size m) using the empirical curve

of the probability distribution from the first part of this

row (sample size m); mVn. The Kolmogorov–Smir-

nov, Student and Fisher tests were used to quantify the

degree to which the observed distribution, mean and

variance before 1970 differed from time series after

1970 at a statistical significance level. Critical values
of Kolmogorov–Smirnov test were estimated using the

approximation (Yevjevich, 1972) Kcr ¼ 1:36=
ffiffiffi
n

p
. The

level of confidence for all tests was set at 95%.

Annual water balance calculations have been

conducted to determine the response of the Lena

River basin to long-term alteration in climatic factors.

The water balance equation for a hydrological year is

applied in the following form: FU =P (precip-

itation)�R(runoff)�E(Evapotranspiration). Water

storage in the basin (U) is actually the sum of two

factors: the change in the ground water storage and

changes in volume of depression or other surface-land

storage. The third possible component, change in the

volume of water stored in snow cover and ice, is

eliminated because this frozen water is transformed

into the surface runoff each hydrological year. The

change in water storageFU is an indicator of changes

within the particular watershed. It should be noted that
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only approximate values of FU are obtained due to

uncertainties in measuring and calculating meteoro-

logical parameters (P, E).

Numerous precipitation data sets have been created

in the last two decades, but these data sets often show

marked difference in their spatial and temporal

distributions (Fekete et al., 2004). Within the frame

of this work, P and E components have been

estimated from the point data and improved by

applying the empirical functions of elevation devel-

oped specifically for the mountainous region of the

Lena River watershed (Vuglinsky, 1972).

The annual precipitation (P) over a defined

watershed has been calculated based upon the

corrected values of observed precipitation using the

Thiessen polygon method.

P ¼
Xn
i¼1

Pi

Ai

A
; ð2Þ

where Pi and Ai are precipitation and area, related to

the ith station; A is total area; n is number of

stations. Precipitation patterns vary significantly

within the Lena River watershed with maximum

values in the southern mountainous part of the basin.

Vuglinsky (1972) derived three annual precipitation

functions of elevation (H) from detailed data

analyses over a 20-year period on 48 meteorological

stations in the Vitim basin and part of the Aldan

basin (the Aldan highlands). These inter-relation-

ships vary with distance from the north-western

margins, yielding minimum precipitation in the

western part and maximum values in the north-

western region. Elevation adjustments in mountain-

ous region (the upper Lena River, part of the Aldan

River basin) have been accounted for using Pi= f(Hi)

functions in Vuglinsky (1972) with an average
Table 1

Statistical criteria for the major watersheds

Station a tTa a*n,

(mm)

Lena–Kusur 0.35 2.08 22.4

Vilui–Hatyryk-Homo 0.17 0.64 9.0

Lena–Solyanka 0.62 1.64 33.4

Aldan–Verhoyansky Perevoz 0.42 1.12 22.8

a—regression coefficient; tTa—Student’s statistics for regression coefficient
elevation of each Thiessen polygon (Hi). Elevation

adjustments result in an average increase of 10% in

the annual precipitation within the mountainous

margins.

The annual depth of evapotranspiration (E) was

calculated using Konstantinov’s method separately for

snow-covered period (October–April) and the snow-

free period (May–September). Konstantinov’s (1965)

scheme is based on the method of the turbulent

diffusion and the relationship between evapotranspi-

ration and the vertical gradients of air temperature and

relative humidity. E values were estimated for each

meteorological station and total evapotranspiration

was then computed from the weighted contribution.

All spatial calculations required for water balance and

statistical studies have been conducted with GIS using

ESRI software.
4. Results

The long-term change in annual runoff over the

Lena River basin for the observational period,

represented by regression coefficient (slope of the

trend line) (a) multiplied by the number of years (n) in

Table 1, is about 8–12% increase over average annual

value. The observed increase is indeed less than a

standard deviation (r) in runoff variability although it

is consistently positive among all basins analyzed in

this study. In addition, t*-, F*- and K*-test estima-

tions lie within the critical limits of 95% confidence

level suggesting a temporally homogeneous time

series without statistically significant changes in mean

and variance. Similar results in t*-, F*- and K*-tests

were obtained for the annual runoff time series

analysis of the 46 stations within the Lena River

watershed.
r, (mm) tT FT KT

(%)

10.3 25.8 1.26 1.15 0.15

8.8 29.5 0.74 1.29 0.15

12.3 44.0 0.93 1.16 0.25

8.8 43.4 1.70 1.10 0.26

(a/ra); ta , 95%=2.008; n—number of years; r—standard deviation.
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Fig. 3. Mean annual air temperature averaged over the Lena River

watershed and 5-year running average.
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The Lena River runoff periodicity during 1936–

2001 has been analyzed applying cumulative curves

calculated as an integral sum of normalized values

(annual discharge/mean annual discharge). The neg-

ative slope of the cumulative curve corresponds to the

relatively low discharge with regard to mean (dry

period) whereas positive slope is typical for the water-

abundant (wet) period. The cumulative curve shows

that the Lena River experienced an extended low

water period in first part of the century (1936–1957),

which was followed by the wet periods of 1974–1983

and 1988–2001 in the latter of the century (Fig. 2).

Similar combinations of dry and wet periods in river

runoff were observed for the upper Lena basin and

Aldan River. Analyses of summer precipitation and

moisture convergence for the Lena River basin during

the period 1979–1995 show that wet years clearly

occurred during the early 1980s (1980–1983) and late

1980s (1988–1989); the dry period occurred in middle

1980s (1984–1987) (Fukutomi et al., 2003). These

cycles correspond well with the observed low and

high flow periods in long-term fluctuations of annual

discharge implying that changes in summer meteoro-

logical conditions control the annual runoff.

The Lena River basin experiences a range of

changes in meteorological factors, i.e. air temperature

rise and precipitation increase (Yang et al., 2002;

Savelieva et al., 2000). For example, Fig. 3 shows an
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Fig. 2. Trend (A) and cumulative curve (B) in annual runoff depth

(h) for the Kusur station (the Lena River).

Table 2

Mean annual water balance (1936–1990) (mm)

Vilui basin—

Hatyryk-Homo

Aldan basin—

Verhoyansky

Perevoz

Upper

Lena—

Solaynka

Precipitation ( P) 354 493 552

Evapotranspiration (E) 253 233 280

Runoff (R) 101 260 272
increase of annual air temperature over the Lena River

basin since the middle 1970s. The water balance

approach has been applied to determine how changes

in meteorological factors affect the river discharge

variability. Based on flow regime and character of

interannual variability, three hydrological regions

have been defined within the Lena River (Chistyakov,

1964). They are the Vilui River watershed (452,000

km2), the Aldan River watershed (696,000 km2) and

the upper Lena drainage basin (770,000 km2) (Fig. 1).

The mean annual water balance components for

each region are shown in Table 2. In verifying the

calculated values of meteorological components (P, E),

the results have been compared to those reported in

Plitkin (1985) and Babkin and Vuglinsky (1982). Mean

annual, seasonal and monthly water balance compo-

nents estimated by Plitkin are based on runoff depths,

precipitation and evapotranspiration calculated from

air temperature, humidity and saturation deficit records

for the period 1895–1970. Table 3 compares mean

annual precipitation and the runoff ratio with results in

Plitkin (1985). Long-term precipitation means for the

Vilui basin compare well with each other. The

maximum discrepancy of 12% occurs in the mountain-



Table 4

Precipitation and evapotranspiration at the Aldan (Ust-Mil station

in particular years

Year Babkin and

Vuglinsky, 1982

Berezovskaya Discrepancy

E, mm P, mm E, mm P, mm E, % P, %

1973–1974 277 575 250 583 10 1

1972–1973 245 502 237 498 3 1

S. Berezovskaya et al. / Global and Planetary Change 48 (2005) 84–95 89
ous Aldan watershed. The underestimation of P in

Plitkin (1985) is likely caused by overlooking the

orographic effect. A year-by-year comparison of our

calculated values of precipitation is similar to those in

Babkin and Vuglinsky (1982) with differences of 1%

(Table 4). Overestimation of evapotranspiration in

Babkin and Vuglinsky (1982) is likely associated with

the limitations of the Budyko method for the northern

margins and mountainous regions (Budagovsky,

1962). The structure of the Budyko formula suggests

that given high values of solar radiation and small

values of precipitation, E strongly depends on precip-

itation; whereas given low solar radiation input and

high precipitation, E is controlled by the radiation

balance. Budagovsky (1962) showed that in conditions

of low air temperatures and saturation deficit, potential

evaporation is significantly less than the radiation

balance and, hence, Budyko method overestimates E.

A second factor is the so-called phenomena of

physiological drought during spring and at the begin-

ning of summer, when transpiration is limited due to

low soil temperature. Vuglinsky (1972) reported that

under these conditions, solar radiation absorbed by

plants primarily goes to the turbulent heat exchange

with atmosphere, the consequence of which, evapo-

transpiration is much less than estimated with the

Budyko formula. Konstantinov’s approach used here

does not have these limitations as it is based on

turbulent diffusion process and can be applied in

various landscape and climatic conditions. The con-

sistent comparisons provide confidence that our
Table 3

Mean annual precipitation (mm) and runoff ratio

Source Vilui basin—

Hatyryk-Homo

Aldan basin—

Verhoyansky

Perevoz

Upper

Lena—

Solaynka

Precipitation

Plitkin, 1985

(1895–1970)

357 434 501

Berezovskaya

(1936–1990)

354 493 552

Runoff ratio (R/P)

Plitkin, 1985

(1895–1970)

0.29 0.51 0.55

Berezovskaya

(1936–1990)

0.28 0.53 0.49 4 Mamakansky reservoir capacity is 105.2 m3; water-surface area

is 10.8 km2.

3 Vilui reservoir capacity is 36 km3; water-surface area is 2200 km2
)

estimations of water balance components are fair to use

in further analysis.
5. Annual water balance

Analysis of long-term discharge data (Lammers

et al., 2001) indicates that the annual runoff of the

south east Lena basin has increased more than 10%

during the 1980s relative to the 1960–1979 time

periods. Considering the results of water balance

analyses, this increase is likely associated with

precipitation variability. It should be noted that this

section is focused on analysis of periodicity in long-

term water balance components fluctuations rather

then long-term trend analysis.

Results of water balance estimations are shown in

Fig. 4 as value graphs (black line) and corresponding

cumulative curves (grey line), where K is the

normalized value (annual value/mean annual value).

Long-term annual precipitation fluctuations for the

three regions show similar patterns, slightly decreas-

ing until the late 1960s and then increasing until

middle 1980s (Fig. 4A). Next a wet period occurred in

the late 1980s. Wet and dry periods in runoff depth

generally follow this pattern with exception of the

Vilui basin. The latter is primarily related to hydro-

power reservoirs constructed within the Vilui water-

shed, which contributes significantly to the additional

water losses such as reservoir filling and enhanced

evaporation from the reservoir surface.3 The impact of

reservoirs on basin hydrology will be more specifi-

cally considered in Section 6. The Mamakanskaya

power station4 built at the Mamakan River (right

tributary of the Vitim River—the Upper Lena Region)
.
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Fig. 4. Long-term fluctuations of water balance components: A—precipitation, B—river runoff, C—evapotranspiration, D—value of

accumulated or dissipated moisture within the region: 1—the upper Lena basin, 2—the Vilui watershed, 3—the Aldan watershed. K is

normalized value.
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in 1961 has a reservoir of considerably smaller size

than those at the Vilui River and cannot strongly affect

the annual discharge at the Lena River—Solaynka
station. Herewith we discuss the Upper Lena and

Aldan River regions as negligibly disturbed by human

activity.
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A period of enhanced evapotranspiration in the

Aldan and Upper Lena basin corresponds well to the

air temperature rise since middle 1970s (Figs. 3, 4C-

1). However, it does not contribute much to the river

runoff fluctuations. In fact, there is a wet period that

occurred in the basins as discussed previously and as

shown in Fukutomi et al. (2003).

The residual term of the water balance over a

hydrological year (U) is considered to be a quantity

of accumulated or dissipated water within the drain-

age basin, which could characterize the basin feed-

back to the changes in factors affecting runoff

(meteorological and land-surface factors). There is

a period prior to 1965 with a decreasing tendency in

the water storage (FU), which is detected in all

regions (Fig. 4D). This period is followed by number

of years of generally accumulating water within each

watershed. In analyzing the possible processes

causing that increase in accumulated watershed

storage, the atmospheric circulation pattern deserves

special attention. Based on Vangengeim’s study

(1961), Girs (1971) suggested three major atmos-

pheric patterns over Eurasia: western type (W),

eastern type (E) and meridional type (C). The W

pattern is characterized by small amplitude waves

that rapidly move from the west driving all near-

surface atmospheric formation eastward. The E and

C patterns are characterized by waves of bigger

amplitude moving eastward and in meridian direction

respectively. The basic distinction between W and E

patterns is that an eastward transfer of pressure

systems and isallobaric fields is significantly inten-

sive during E pattern (Girs, 1956). Russian scientists

Girs (1956), Kalinin (1967), Davydova (1968) and

others described the close relationships between

these patterns and hydrometeorological processes.

Recently, Sun et al. (2001) documented the notable

changes in cloudiness over the Northern Hemisphere,

which may be related to changes in atmospheric

circulation. As shown in Fig. 5 (adapted from

Borisenkov and Kondrat’ev, 1988), the W pattern

began a recession in the middle 1930s, which

extended to the 1990s. The E pattern started

intensifying in the middle 1960s and is still under-

way. According to Girs (1971), the E pattern

established the negative anomaly of land atmospheric

pressure, creating a surplus of precipitation over the

Lena River basin. Fig. 4A demonstrates the prevail-
f

ing wet period since late 1960s. It suggests that there

is a general increase in annual precipitation, river

runoff and water storage (FU) in recent decades

associated with the shift in atmospheric circulation

patterns.
6. Anthropogenic impact

Water withdraws within the Lena River basin are

much less then that in the adjacent Yenisey basin.

Water withdraws from the Lena River basin are

mainly controlled by mining, heat power, hydro

power industries and irrigation. Magrizky (2001)

showed that consumptive use during the 1985–1995

period (excluding filling losses and evaporation from

reservoir surface) decreased from 0.451 km3/year in

1985 to 0.399 km3/year in 1990 and 0.150 km3/year

in 1995. With respect to the mean annual runoff of the

Lena River (527 km3), water consumptive use

comprises less than 0.5%. Water consumption due

to the dam establishment is significantly more (Ye et

al., 2003). For instance, during the period 1967–1971,

water losses induced by the Vilui reservoir filling

(dead storage) comprised 4–9 km3/year (Magrizky,

2001) whereas the mean annual runoff volume of the

Vilui River comprises 46 km3. The period of reservoir

filling is clearly apparent in annual hydrograph in Fig.

4B. Another impact is an enhanced evaporation from

water surface of reservoir. According to Magrizky
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(2001), the additional evaporation from the Vilui

reservoir, estimated as difference between evaporation

from water surface and possible evaporation from

flooded land, comprised 0.460 km3/year in 1995. His

forecast of a higher loss of approximately 0.75 km3/

year in 2010 seems reasonable since the Vilui

hydropower station-3 started filling in 2002. A

comparison between reconstructed and observed

stream flow records for the period 1942–1999 at the

Kusur station (Ye et al., 2003) shows that the

observed rate of annual runoff increase is only half

of the reconstructed one. It suggests that dam’s impact

spreads down the Lena River decreasing the natural

annual runoff.

The impact of the Vilui reservoir on the water

regime of the Vilui and Lena Rivers is especially

pronounced during the winter period (November–

April) (Fig. 6). Winter discharge at the outlet station

of the Vilui River has increased by 800 m3/s, i.e.

almost a factor of 10, since 1970. The same amount of

discharge increase has been observed at the Lena river

outlet station-Kusur, where the stream flow increased

by 33% from the average value for the period prior

1970 (Fig. 6). To determine if there is any impact in

winter runoff increase from middle and upper Lena

River basin, temporal homogeneity of winter stream

flow data on 41 stations has been analyzed (Section

3). The number of stations differ for the summer and

winter seasons since some rivers completely freeze

during the winter. The hypothesis of homogeneity of
- mean discharge before and after damming
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Fig. 6. Long-term winter discharge at the outlet stations of the Lena

and Vilui Rivers. (1) The Lena River—Kusur station, (2) the Vilui

River—Hatyryk-Homo station.
mean and dispersion cannot be rejected at the 95%

level of confidence for most of the winter discharge

time series examined in this study. Three stations

(Suntar, Hatyryk-Homo and Kusur) marked in bold

font in Fig. 7 are characterized by non-homogeneity

of the mean, which is caused by a pronounced

increase of winter runoff since 1970 due to reservoir

operation. The winter runoff into the Laptev Sea has,

therefore, increased one third due to influence of the

Lena River left tributary—the Vilui River (Berezov-

skaya, 2002; Ye et al., 2003).

Reservoir establishment substantially alters not

only the water regime but also thermal and ice

regimes. According to Zamanschikova (2003), the

strong impact of the Vilui reservoir regulation on the

thermal regime spreads over 200 km downstream

from the dam. The difference in mean water temper-

ature between the period under natural conditions

(1948–1959, 1961–1966) and the period under the

dam regulation (1970–1980, 1982–1987) is greatest

for the Suldjukar station (�2.2 8C), which is next to

reservoir (Utesheva, 2003). Lui et al. (this issue)

suggests that this is caused by releasing relatively

cold water from the bottom of reservoir during the

summer. The change in mean water temperature over

the same time periods is an order of magnitude lower

downstream in the Vilui River and the Lena River

(Table 5).

The ice regime of the Vilui River is also strongly

affected by reservoir regulation. The change in

duration in the ice-covered period (Lfr) is greatest

for the Suldjukar station and decreases with distance

from the dam (Table 5). The Suntar station is

characterised by small change in comparison to the

neighbouring Viluichan and Verneviluisk stations.

The freezing period before damming was 10 days

shorter as compared to neighbouring stations (Vilui-

chan and Verneviluisk stations). This longer period of

open water is probably associated with specific water

mineralization in the section of Suntar station due to

inflow of the saline Kempendayi River, which has

salinity 8 g/l (Fig. 7). Ice thickness changes along the

Vilui River vary significantly, with maximum thick-

ness at the distance from reservoir at the Verneviluisk

(�16 mm) station and minimum values close to

reservoir at the Viluichan (�8 mm) and Suldjukar

(�10 mm) stations. On the other hand, the Jigansk

and Kusur stations have experienced notable changes



Fig. 7. T-test values for the mean winter discharge. A is the Vilui Reservoir, B is the Mamakan Reservoir, list of stations a–j corresponds to the

results in Table 5.
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in ice thickness, �13 and �14 mm, respectively. It is

difficult to define a consistent pattern of the ice

thickness change along the Vilui and Lena Rivers

using ice data alone. It might be controlled by climatic

factors rather than by reservoir regulation.
Table 5

Comparison of the ice regime characteristics and water temperature betwe

Vilui River (a–e)

Suldjukar (a) Viluchan (b) Suntar (c) Verne

Twater (8C) nat 12.1 11.9 12.0 12.

reg 9.9 12.1 12.5 13.

D �2.2 +0.2 +0.5 +0.

H ice (mm) nat 82 92 68 94

reg 72 84 53 78

D �10 �8 �15 �16

Lfr (days) nat 211 212 202 212

reg 179 194 195 202

D �32 �18 �6 �10

Twater is water temperature (8C); Hice is ice thickness (mm); Lfr is freezing

conditions; station’s locations are shown in Fig. 7.
7. Conclusions

An increasing trend in annual runoff has been

observed along the Lena river basin in recent decades.

Many previous evaluations of the water balance in the
en natural conditions and regulated flow

Lena River (f–j)

viluisk (d) Viluisk (e) Jigansk (f) Jardjan (g) Kusur (j)

3 11.5 10.0 8.5 7.5

2 11.1 9.9 8.0 7.6

9 �0.3 �0.1 �0.5 +0.1

85 116 120 130

73 115 107 116

�12 �1 �13 �14

203 209 215 223

192 200 207 216

�11 �9 �8 �7

period (days); D is the difference between regulated flow and natural
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Lena River watershed have been conducted. These

studies were utilized to verify these assessments of

changes in the thermal and hydrological dynamics of

the Lena River. The purpose of this study was not to

reassess the water resources of the Lena River

watershed, but to focus on the long-term changes in

water balance components and consistency of their

fluctuations to understand the mechanisms driving

this runoff increase.

The Lena River experienced an extended low water

period in the early part of the century, 1936–1957,

which was followed by the relatively wet periods,

1974–1983 and 1988–2001. Similar combinations of

dry and wet periods in river runoff were observed for

the upper Lena basin and the Aldan River. The last

period of increased runoff beginning in the 1970s

reflects a positive trend in discharge records, at many

stations up to the 12% above the average annual value.

Water balance analyses of three regions suggest

that the runoff increase is mainly associated with

precipitation variability. The large area over which

these changes have occurred suggests a link to large-

scale variability of atmospheric processes and corre-

sponds to a change in atmospheric circulation

patterns. According to Girs (1971), an intensifying

of eastward transfer of pressure systems and isallo-

baric fields since the middle 1960s resulted in a

surplus of precipitation over the Lena River basin.

High and low periods in runoff generally follow this

cycle with exception of the Vilui River basin.

Construction of hydropower reservoirs within the

Vilui watershed caused additional water losses due

to reservoir filling and enhanced evaporation from the

water surface yielding changes in the hydrological and

thermal regime that would overwhelm changes in

response to atmospheric dynamics.
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