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Abstract: The main goal of this study was to obtain the attribution results of a physical assessment
of the modern hydrological consequences of separately natural and anthropogenic components of
climate change, based on the synthesis of detailed process-based models of river runoff formation
and an ensemble of Earth system models (ESMs) within the large river basins in Eastern Siberia.
This approach allows calculating the river flow using ESM-based data over the observation period
under two scenarios, considering: (1) the anthropogenic impact of increasing greenhouse gas emis-
sions and (2) only internal fluctuations of the climate system and natural external forcing. According
to the results of the numerical experiments, the attributions of anthropogenic components of climate
change in the dynamics of the Lena runoff are weak, i.e., during the observation period, the Lena
River flow statistically significantly increases, but it occurs mainly due to natural climate variability.
The changes in the Selenga runoff are intensely influenced by the anthropogenic component of
climate change. Since the 1970s, the Selenga runoff increased under natural climatic conditions,
but since the mid-1980s, it decreased under anthropogenic greenhouse gas emissions, due to reduced
summer precipitation. This was the main reason for the last low-water period of 1996-2017 in the
Selenga basin.

Keywords: climate change attribution; natural and anthropogenic climate-driven runoff change;
runoff generation; process-based modeling; ESMs; the Lena River; the Selenga River; the ECOMAG
model; ISIMIP

1. Introduction

Among the methods used to estimate the hydrological consequences of climate change
are those based on statistical analyses of long-term hydrometeorological observations
(e.g., [1,2]) and elasticity criteria [3,4], to identify trends in features and their significance.

The assessments of river flow changes based on calculation results using only Earth
system models (ESMs) or global hydrological models, which have simplified parameteri-
zations of land hydrological cycle processes, do not take into account regional features of
runoff formations. Such approaches with significant errors reproduce seasonal features of
intra-annual runoff related to snow accumulation and snowmelt processes in the watershed
and flow routing. In addition, the spatial resolution of climate models and global hydrolog-
ical models is challenging when assessing the hydrological consequences of climate change
in parts of the river basin.

More reliable estimates of climate change impacts on the water regime can be ob-
tained using spatially distributed process-based models of the land hydrological cycle [5,6].
The values of most parameters of such models are set from global databases of land sur-
faces, which, in combination with the physical description of hydrological processes, allows
detailed spatial and temporal analyses of the runoff formation conditions.

In recent years, methods used to assess the climate change impact on the water regimes
of large rivers, using regional spatially-distributed hydrological models, in which scenarios
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of hydrometeorological impacts on the watersheds, according to the ESM-based data,
are set as boundary conditions, have become increasingly common (e.g., [7-9]). However,
the vast majority of scientific articles on the hydrological implications of climate change
are concerned with determining the cumulative impact of climate change on river runoff,
using variously detailed runoff formation models. Moreover, the main research focus is
related to calculations of the future water regime, when the anthropogenic component
of climate change is strongly manifested according to the Representative Concentration
Pathway (RCP) 8.5 scenario or by the end of the 21st century, especially for high latitudes.
At the same time, it is important to determine the climate-driven causes of current changes
in river flow, which may have both natural and anthropogenic genesis, i.e., the so-called
method of detection and attribution (D&A).

The main goal of this study was to obtain the attribution results of a physical as-
sessment of the modern hydrological consequences of the natural and anthropogenic
components of climate change, based on the synthesis of detailed process-based models of
river runoff formation and ESMs within large river basins in Eastern Siberia. This approach
allows calculating the river flow using ESM-based data over the observation period under
two scenarios, considering: (1) the anthropogenic impacts of increasing greenhouse gas
emissions and (2) only internal fluctuations of the climate system and natural external
forcing. A review of publications on this topic showed that there are very few studies of the
effects of climate change components on streamflow based on runoff formation modeling
using ESM-based data, and they were conducted for individual river basins (e.g., [10,11]).

In this study, the Coupled Model Intercomparison Project (CMIP5) [12] ESM-based
data from 1861 to 2005 were used to attribute the hydrological consequences of natural and
anthropogenic components of climate change, according to two sets: (1) the piControl (pre-
industrial) dataset, considering only variations in the climate system, mainly due to ocean
heat redistribution and natural external, including changes in solar radiation and volcanic
activity, when it was assumed that the anthropogenic impact on climate change associated
with greenhouse gas emissions was negligible. (2) The Historical dataset, when the impact
of anthropogenic activities (greenhouse gases, aerosols, and the resulting changes in clouds
change in the albedo of the Earth’s surface associated with land use) became more intense.

At the same time, the rate of increase in greenhouse gas emissions of CO,, CHy,
and N,O, as a result of fossil fuel use, agriculture, energy, forest, and fire, etc., normalized to
the CO, content in the atmosphere, was forced in ESMs, according to the CO, concentration
observations at the Mauna Loa station since 1958, and prior to that, according to the
recovered values from the ice cores. This approach made it possible to estimate both the
natural climate variability during the development of industrialization and to determine the
anthropogenic component of climate change (the greenhouse gases (GHG) dataset) from the
difference between the Historical and piControl datasets. Calculations of the water regime
using various datasets of ESMs as boundary conditions of a spatially distributed process-
based hydrological model made it possible to attribute observed changes in river flow and
identify natural and anthropogenic components of climate change. Thus, the influence
of physically-based earth system dynamics processes on regional changes in river flow
was investigated.

2. Data and Methods
2.1. Study Area

The study is based on the major river basins in Eastern Siberia: the Lena and Selenga
(Figure 1). The Lena basin is the eighth largest river basin in the world (2,490,000 km?)
and is located in a cold continental climate and permafrost. The water regime of the
Lena River is characterized by high spring flood, summer—autumn floods, and winter
runoff due to groundwater. The highest water month is June. The mean annual discharge
is 16,970 m® s~1. The main tributaries of the Lena River are the Aldan, Vilyui, Vitim,
and Olekma rivers. The top three land use/land cover (LULC) by area are: deciduous
conifer forest, deciduous and mixed boreal forest, and small leaf mixed woods.
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Figure 1. Location of hydrological gauges used in the models of the Lena and Selenga river basins.

The Selenga is the largest tributary of Lake Baikal, providing about 50% of the river
flow into the lake. The Selenga basin (445,000 km?) is about 80% of Lake Baikal’s catch-
ment area. The water regime is characterized by low spring floods, a series of high
summer—-autumn floods, and winter low-water periods. The highest water month is Au-
gust. The mean annual runoff is 880 m> s~!. The main tributaries of the Selenga River
are the Orkhon, Eg, Chikoi, Khilok, Uda, and Dzhida Rivers. Two-thirds of the Selenga
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Basin in Mongolia generates about one-third of its river flow. The top three LULCs by
area: herbaceous with sparse tree and shrubs, needleleaf deciduous forest, needleleaf
evergreen forest.

2.2. Changes in the Water Regime According to Observation Data

During the 20th and 21st centuries, the Lena River basin experienced some of the
most intense changes in climate and river flow [13]. Since the early 21st century, the Lena
River has been characterized by high-water availability [14]. Analyses of the annual Lena
River runoff over the observation period, since 1936, at the outlet gauge Kusur, using the
Mann-Kendall test, showed a statistically significant increase in flow at the 5% level after
1997. During the period 1936-1997, the mean annual runoff of the Lena River was 525 km?;
during the period 1998-2011 (since 2012, discharge was not measured), it was 582 km?,
i.e., 11% more (Figure 2). An analysis of the intra-annual flow distribution showed that
the increase in the Lena River runoff could be explained by the 37% increase in the runoff
from September to May (Figure 3). At the same time, the greatest increase in runoff was
noted for May, September, and October. The magnitude of annual flow fluctuations was
from 401 km? in 1986 to 727 km? in 1989.
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Figure 2. Annual runoff of the Lena and Selenga Rivers during the observation period and average

values for multi-year periods.
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Figure 3. Monthly runoff of the Lena (a) and Selenga (b) Rivers during contrasting periods.

The Selenga runoff corresponds to an extremely low-water period after 1995 [15,16].
Analyses of the annual Selenga River runoff over the observation period, since 1938, at the
outlet gauge Mostovoi, using the Mann-Kendall test, showed a statistically significant
decrease in flow at the 5% level after 2008. During the period 1938-1995, the mean annual
runoff of the Selenga River was 29.9 km?, and during the low-water period (1996-2017),
it was 21.9 km3, i.e., 27% less (Figure 2). An analysis of the intra-annual flow distribution
showed that the decrease in the Selenga runoff was explained by a 30% decrease in runoff
from May to October, which accounts for over 85% of the annual runoff (Figure 3). At the
same time, the greatest decrease in runoff was noted for July. The magnitude of annual
flow fluctuations was from 16 km? in 2002 to 46.7 km? in 1973. Such contrasting changes
in the large rivers in Eastern Siberia may be caused by global climatic processes affecting
precipitation and evaporation under global warming,.

2.3. Hydrological Modeling

Hydrological models of river runoff formation previously developed for the Lena [17]
and Selenga [18,19] basins, based on ECOlogical Model for Applied Geophysics (ECOMAG)
software [20,21], were used as the main research tool. The models take into account the
basic processes of runoff generation, including infiltration of precipitation, snow melt-
ing, freezing, and thawing of the soil, evapotranspiration, pre-channel, subsurface and
groundwater flow, and streamflow transformation in the channel system. A more detailed
description of the model structure and mathematical description of the flow generation
processes in the ECOMAG model is presented in [20,22-24]. The Harmonized World Soil
Database (HWSD) and the global land cover characterization (GLCC) database were used
in the Lena and Selenga models to set the land surface parameters. Schematization of the
catchment and river network were performed based on the HYDRO1k digital elevation
model (DEM). As a result, river basins were divided into hydrological response units
(HRUs). The Lena basin was divided into 664 HRUs with an average area of 3700 km?,
and the Selenga basin was divided into 469 HRUs with an average area of 970 km?.

The data from 203 weather stations by the RIHMI-WDC database (http://meteo.ru/
english/climate/cl_data.php, accessed on 30 November 2021) were used as meteorological
inputs in the Lena basin model. Due to the lack of homogeneous observation data in
the Russian and Mongolian parts of the Selenga basin, the model used the EWEMBI
reanalysis data with a spatial resolution of 0.5° x 0.5°, prepared by the Potsdam Institute for
Climate Impact Research (Germany) based on the ERA-Interim reanalysis [25]. The initial
meteorological data in the runoff formation models were the daily air temperature and
vapor pressure deficit, and precipitation, according to the location of weather stations
or the reanalysis grid. Based on the prepared information component of the models,
they were calibrated by various parameters, among which, the most sensitive were the
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soil moisture evaporation coefficient, snow-melting coefficient, horizontal and vertical
hydraulic conductivity of soil, critical temperature for transformation of the precipitation
phase, and snow melting.

Model parameters were calibrated and verified by comparing the accuracy of the
simulated daily runoff to the observed values in different gauges according to the statis-
tical criteria Nash—Sutcliffe efficiency (NSE) and percent bias (PBIAS). The model for the
Lena basin was calibrated for the period 1994-2003 and verified for the period 2004-2013.
The periods of model calibration 1984-1993 and verification 1994-2003 were chosen for the
Selenga basin, to evaluate the performance of the runoff formation model for the high-water
period (before 1995) and for the following low-water period.

Before proceeding to numerical experiments with the ESMs data, it is necessary
to evaluate the accuracy of simulation of mean annual and monthly normal runoff by
hydrological models relative to observational data for long-term periods, including beyond
the periods of model calibration and verification. The period of the late 20th century
(1970-1999) was chosen for the Lena basin, and the 25-year period (1981-2005) was chosen
for the Selenga basin, due to the limited duration of reanalysis data.

2.4. Calculations Using the ESMs Data

The ensemble of four ESMs (GFDL-ESM2M, HadGEM2-ES, IPSL-CM5A-LR, and MIROC5)
of the Inter-Sectoral Impact Model Intercomparison Project (ISIMIP) were used for the
climatic calculations within the Lena and Selenga basins. The ESM output data were down-
scaled to a regular grid of 0.5°, and bias-correction procedure was carried out relative to the
EWEMBI reanalysis [26]. Two datasets (Historical and piControl) were used as boundary
conditions in the hydrological models of the Lena and Selenga river basins. The hydrologi-
cal simulations were performed for each of the four ESMs, and then the averaged-ensemble
was obtained for the Historical and piControl datasets. Hydrological modeling using
ESM data was performed at the parameter set for the calibration period. As a result,
the corresponding ensemble of long-term hydrographs of daily runoff was calculated.

According to [27,28], for extrapolation calculations from the ESM data, we need
to assess the accuracy of their reproduction of meteorological and hydrological values
simulated by runoff formation models for the Lena basin (from 1970 to 1999) and for the
Selenga basin (from 1981 to 2005). In addition, we verified the annual runoff calculations
at the outlet gauges for the observation period at Kusur gauge (from 1936) and Mostovoi
gauge (from 1938 to 2005) using the hydrological modeling based on the ESM Historical
dataset, and smoothing the series by a 30-year moving average.

Anomalies of meteorological and hydrological parameters using the piControl dataset
were estimated relative to the baseline (reference) period, which was chosen as a 30-year
period of the late 20th century (1970-1999) for both river basins. For this purpose, the mean
value determined for the baseline period was subtracted from the mean annual and seasonal
values calculated for each year. Then the obtained anomalies were averaged to a 30-year
moving average. Anomalies of meteorological parameters and runoff using the GHG
dataset were estimated by subtracting the piControl value from the Historical value for
each year. Then the obtained anomalies were averaged to a 30-year moving average. The air
temperature anomalies were estimated in degrees Celsius, and in terms of precipitation
and river runoff—in percent.

To compare the two river basins by meteorological characteristics, there was a unified
division of the year into seasons: winter (November-March), spring (April-May), summer
(June-August), autumn (September—October). The division of runoff into seasons was as
follows: spring flood on the Lena (May-June) and Selenga (April-May), summer-autumn
floods on the Lena (July-October) and Selenga (June—October), winter low-water period on
the Lena (November—April) and Selenga (November—March). Such a choice is explained
by both climatic parameters and the size of the river catchments, as well as the time flow
routing up to outlet gauges.
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To assess the climate change impact on the high and low river flow, we used the
approach of determining the discharges corresponding to the probability of exceedance by
the daily flow duration curve, averaged for the 30-year periods of the late 19th, and middle
and late 20th centuries. The high flow (Qjp) corresponded to a 10% probability value,
and the low flow (Qg) corresponded to a 90% probability value. Based on the performed
numerical experiments using hydrological models and ESMs, a spatial analysis of the
attribution of anthropogenic component of climate change to changes in the mean annual air
temperature and precipitation, as well as the annual runoff depth in the Lena and Selenga
basins for the late 20th century (1970-1999), was carried out. Differential integral curves
of the Lena and Selenga annual runoff under a natural climate variability (the piControl
dataset)—taking into account anthropogenic greenhouse gas emissions (the Historical
dataset)—were used to determine periods of increased and decreased water availability in
the river basins.

3. Results and Discussion
3.1. Calibration and Verification of Hydrological Models

The results of calibration and verification of runoff formation models (Table 1) showed
that 85% of the calculated criteria values for gauges in the Lena and Selenga river basins,
according to [29], corresponded to good modeling quality (NSE > 0.70, | PBIAS| < 15%),
and the remaining values were satisfactory. In addition, model robustness was noted for
the verification period.

Table 1. Statistical criteria for calculating daily runoff in the Lena and Selenga river basins for the
period of calibration and verification of hydrological models.

Ri G ) Calibration Verification
et Catchment Area, km NSE PBIAS, % NSE PBIAS, %
Lena-Stolb 2,460,000 0.94 -0.2 0.92 2.3
Lena—-Kusur 2,430,000 091 —6.9 0.90 -27
Lena-Tabaga 897,000 0.85 —16 0.82 —15
Lena-Krestovskiy 440,000 0.76 -25 0.73 —25
Aldan-Verkhoyanskiy Perevoz 696,000 0.87 —-2.7 0.83 10
Vilyui-Khatyryk-Khomo 452,000 0.78 17 0.56 25
Olekma-Kudu-Kuel 115,000 0.79 8.5 0.82 8.1
Selenga-Naushki 282,000 0.76 9.7 0.56 -12
Selenga-Novoselenginsk 360,000 0.87 10 0.82 —-13
Selenga—Mostovoi 440,000 0.84 11 0.80 —6.4
Selenga—-Kabansk 445,000 0.85 8.8 0.82 -87

The error in calculating the normal annual runoff of the Lena River using data of
weather stations for the period 1970-1999 was —2%, the normal annual runoff of the
Selenga River using reanalysis data for the period 1981-2005 was 3% compared with the
observed runoff (Figure 4). The Lena was characterized by an underestimation of the
normal runoff in June. There was an overestimation of the normal winter runoff and an
underestimation of the normal spring runoff for the Selenga River.

3.2. Testing Results of Hydrological Models Using the ESMs Data

The error in calculating the mean annual air temperature for the Lena and Selenga
basins using the ESM data compared to weather stations or reanalysis data was 0.1-0.2 °C,
precipitation up to 3%, and vapor pressure deficit up to 5%. For two river basins, seasonal
air temperature variations are reproduced most accurately by ESMs (Figure 5). According to
ESMs, precipitation in the Lena basin is overestimated in winter by 14% and underestimated
from June to September by 3%, compared to weather stations. Precipitation in the Selenga
basin is overestimated by 9% in May and underestimated by 5% in July and September.
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Vapor pressure deficit is overestimated in the warmest months (July, August) for the Lena
by 9% and the Selenga by 4%.
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Figure 4. Modeling of the normal monthly runoff at the outlet gauges of the Lena River for the period
1970-1999 and the Selenga River for the period 1981-2005.

According to ESMs, the Lena River is characterized by an overestimation of runoff in
June by 10%, relative to observational data (Figure 5). For the Selenga River, there was an
overestimation of runoff in June by 16% and an underestimation from August to October
by 10%. The calculations of the normal annual runoff using the ESMs data were more
accurate. The PBIAS was 4% for the Lena and 5% for the Selenga.

As a long-term verification of the Lena and Selenga annual runoff calculations for the
observation period at the Kusur gauge (since 1936) and Mostovoi gauge (since 1938),
the runoff was calculated by hydrological models using the Historical ESMs dataset,
and smoothing the series by a 30-year moving average (Figure 6). For the Lena runoff,
the error did not exceed 5%, consistently decreasing from the beginning of the observation
period, and for the Selenga runoff, up to 7%, because ESMs did not reproduce the low-
water period of 1976-1982, but successfully reproduced the runoff decrease during the long
low-water period since 1996. At the next stage, the attribution of impact of the natural and
anthropogenic components of climate change on river runoff was carried out.

3.3. Impact of Natural and Anthropogenic Components of Climate Change on Air Temperature
and Precipitation

During the calculation period from 1861 to 2005, analyses of air temperature anomalies
using the 30-year moving average for the Lena and Selenga basins showed that the mean
annual air temperature decreased by 0.1 °C, and by 0.2 °C for some seasons under natural
climate variability (Figure 7). The anthropogenic component of climate change was very
pronounced in the increase in the mean annual air temperature in the Lena basin, by 1 °C
during the 20th century, especially in winter and spring (Figure 8). Anthropogenic warming
for the Selenga basin has been expressed in an increase in the mean annual temperature
since the mid-1980s, by 0.3 °C, especially in the summer and autumn.

An analysis of precipitation anomalies for the Lena basin showed that annual precipi-
tation almost did not change under natural variability. The trend of winter precipitation
decreasing by 6% was noted in the first two decades of the 20th century as well as a
monotonic increase in autumn precipitation by 5% during the calculation period (Figure 9).
For the Selenga basin, there was a 3% increase in annual precipitation in the last two
decades of the 20th century due to an increase in summer precipitation, which was about
70% of the annual total.



Water 2022, 14,118 90f18

Lena Selenga
(b)
J FMAMIIJIAZSOND JFMAMIIJITAZSOND
Eweather stations BEESMs Ereanalvsis BESMs
P.mm c P.mm d
N © il @
80 80
60 - 60 -
40 40 -
20 20 -
0 0
J FMAMTI I AS OND J FMAMIIJI ASOND
B weather stations BESMs Ereanalysis BESMs
10 _]tha (E) 10 _Dtha (D

J FMAMIJT AS OND JJ FMAMIJT AZSONTD
Eweather stations B ESMs Ereanalysis BESMs
Q. m*st (2)
80,000 -
60,000 -
40,000
20,000
D =i}
JFMAMIJ JAS OND JFMAMIJIJ AS OND
Eweather stations BMESMs Breanalvsis BESMs

Figure 5. Normal monthly averaged-basin values of air temperature (a,b), precipitation (c,d), vapor
pressure deficit (e f), and runoff (g h) of the Lena and Selenga Rivers, based on hydrological modeling,
using the data of weather stations or reanalysis and the Historical Earth System Models (ESMs) dataset
for the period 1970-1999 and 1981-2005, respectively.
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Figure 6. The 30-year moving average of the observed annual runoff of the Lena (Kusur gauge) and

Selenga (Mostovoi gauge), calculated by hydrological models using the Historical ESMs dataset.
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Figure 7. Anomalies of mean annual and seasonal air temperature in the Lena and Selenga basins,

calculated using the piControl dataset relative to the reference period 1970-1999.

AT, °C Lena AT. °C Selenga
L2 4 R
0.8 - 0g -
0.4 0.4
0.0 1 0.0
04 04
—0.8 - —0.8 -
1875 1900 1925 1950 1975 1875 1900 1925 1950 1975
——annual —— winter — spring — summer —— autumn

Figure 8. Anomalies of mean annual and seasonal air temperature in the Lena and Selenga basins,
calculated using the greenhouse gases (GHG) dataset relative to the piControl dataset.
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Figure 9. Anomalies of annual and seasonal precipitation in the Lena and Selenga basins, calculated
using the piControl dataset relative to the reference period 1970-1999.

The anthropogenic component of climate change on the dynamics of annual precipi-
tation in the Lena basin was almost unaffected; the variations were within 2%, as well as
for summer precipitation, which was about half of the annual total. There was a tendency
to increase for winter and spring precipitation in the 1910s and 1920s. The anthropogenic
component of climate change is mainly expressed in the gradual decrease in the annual
(especially summer) precipitation in the Selenga basin during the second half of the 20th
century, and more pronounced in the 1980s and 1990s, up to 6% (Figure 10).
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Figure 10. Anomalies of annual and seasonal precipitation in the Lena and Selenga basins, calculated
using the GHG dataset relative to the piControl dataset.

The spatial analysis results of the attribution of anthropogenic climate change to
changes in the mean annual air temperature and precipitation showed that an increase in
warming from south to north, due to an increase in greenhouse gas emissions, was noted for
both river basins. During the late 20th century (1970-1999), the most intensive warming in
the Lena basin was in the Vilyui, by 0.7-0.9 °C; in the Selenga basin, it was in its tributaries,
Khilok and Uda by 0.2-0.3 °C (Figure 11). At the same time, for the most Mongolian part of
the Selenga basin, it was characterized by cooling relative to conditions of natural climate
variability. The impact of anthropogenic climate change on precipitation in the Lena basin
was expressed as follows: there was a negative trend of up to 2-4% in the Upper Lena,
Vilyui, Vitim, and especially in the Central Yakutian Lowland, for the remaining part of the
basin, in general, an increase in precipitation of 2%. The Mongolian and Russian parts of the
Selenga basin are characterized by a decrease in precipitation by 4-6% and 2%, respectively
(Figure 12).
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Figure 11. Anomalies of mean annual air temperature in the Lena and Selenga basins, calculated
using the GHG dataset for the period 1970-1999, relative to the piControl dataset.
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Figure 12. Anomalies of annual precipitation in the Lena and Selenga basins, calculated using the
GHG dataset for the period 1970-1999, relative to the piControl dataset.

3.4. Impact of Natural and Anthropogenic Components of Climate Change on River Runoff

Annual runoff of the Lena River under natural climate variability, over the historical
period, tended to increase, with some decrease in spring flood runoff and, respectively,
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annual runoff during the first two decades of the 20th century, due to a decrease in winter
precipitation by 6%. In particular, a monotonic increase in runoff has been noted for the
runoff observation period since the 1930s, by 10% (Figure 13). This was because of a
gradual increase in snowmelt and summer—autumn runoff due to increased precipitation
in autumn and winter. The Selenga runoff under natural climatic conditions was almost
unchanged until the early 1970s; after that, there was an intense increase in flow due to
increased precipitation.
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Figure 13. Anomalies of annual and seasonal runoff of the Lena and Selenga, calculated using the
piControl dataset relative to the reference period 1970-1999.

The anthropogenic component of climate change on the dynamics of the Lena River
runoff was weak: the changes did not exceed 2-3% (Figure 14). The anthropogenic compo-
nent of climate change was clearly pronounced in the Selenga runoff: the runoff calculated
using the Historical dataset, taking into account anthropogenic greenhouse gas emissions,
was, before the early 1970s, on average 10% higher than that calculated under natural
climatic conditions. Then the natural Selenga runoff increased, while the runoff, taking into
account the anthropogenic impact on climate, on the contrary, decreased on average by
11%, and has been more pronounced since the mid-1980s, due to a decrease in the annual
(especially summer) precipitation in the river basin.
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Figure 14. Anomalies of annual and seasonal runoff of the Lena and Selenga, calculated using the
GHG dataset relative to the piControl dataset.

It should be noted that, variability since the 1970s, the runoff calculated under natu-
ral climates of both the Lena and Selenga prevailed over the runoff calculated using the
Historical dataset. However, while both scenarios were positive for the Lena River, the nat-
ural Selenga runoff increased, and the runoff under the anthropogenic impact decreased.
The reasons for the excess of the natural runoff of the Lena and Selenga over the runoff
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under anthropogenic greenhouse gas emissions were different. The slowdown in the Lena
runoff increase calculated using the Historical dataset was explained by an increase in
evaporation due to intense warming compared to the piControl dataset, while the decrease
in the Selenga runoff relative to that calculated under natural climate variability was due to
a decrease in precipitation.

The anthropogenic component of climate change did not affect the changes in high
(Qq0) and low (Qgp) flow of the Lena River; the variation did not exceed +2%. The high
and low flow of the Selenga River under the anthropogenic climate change impact tended
to increase in the late 19th and middle 20th centuries, while in the late 20th century, the Qg
and Qg decreased by 10% and 15%, respectively (Figure 15).
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Figure 15. Anomalies of the high (Q9) and low (Qgg) flow of the Lena and Selenga, calculated using
the GHG dataset for 30-year periods of the late 19th, and the middle and late 20th centuries, relative
to the piControl dataset.

Differential integral curves of the Lena and Selenga annual runoff for the period
1861-2005 showed that the Lena runoff tended to increase under natural climate variability
(the piControl dataset) and taking into account anthropogenic greenhouse gas emissions
(the Historical dataset) over the observation period (Figure 16). Since the 1970s, the Selenga
runoff has clearly increased under natural climate variability. This conclusion is confirmed
by the values of annual runoff coefficients calculated for the 30-year periods of the late 19th,
and the middle and late 20th centuries (Table 2).
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Figure 16. Differential integral curves of the Lena and Selenga annual runoff under natural climate
variability (piControl) and taking into account anthropogenic greenhouse gas emissions (Historical).
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Table 2. Annual runoff coefficient of the Lena and Selenga rivers, calculated using the piControl and
Historical datasets for the 30-year periods of the late 19th, and the middle and late 20th centuries.

Period Lena River Selenga River
erto piControl Historical piControl Historical
The late 19th century 0.57 0.57 0.20 0.20
The middle 20th century 0.60 0.60 0.19 0.20
The late 20th century 0.62 0.61 0.23 0.21

The spatial analysis results of the attribution of anthropogenic climate change to
changes in the annual runoff depth in the Lena and Selenga basins showed that the an-
thropogenic component of climate change in the late 20th century generally affected the
reduction of runoff depth for both river basins (Figure 17). The intense decrease in the
Selenga runoff from the Mongolian part of the catchment was mainly due to contrasting
changes in precipitation. Changes in the spatial distribution of runoff were more heteroge-
neous for the Lena basin. A slight increase in the runoff depth was noted in some, mostly
mountainous areas, but a negative runoff trend was characteristic for most of the basin,
with higher values for the area of reduced precipitation in the Upper Lena, Vilyui, Vitim,
and Central Yakutian Lowland, for which this effect was more clearly expressed due to
increased evaporation caused by more intense air temperature increases.
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Figure 17. Annual runoff anomalies in the Lena and Selenga basins, calculated using the GHG dataset
for the period 1970-1999 relative to the piControl dataset.

4. Conclusions

The ensemble of four ESMs (GFDL-ESM2M, HadGEM2-ES, IPSL-CM5A-LR, and MIROC5)
satisfactorily reproduces annual and seasonal values of both air temperature and precipita-
tion and river runoff, calculated using hydrological models. The PBIAS in the calculation of
annual runoff was 4% and 5% for the Lena and Selenga rivers, respectively. Annual runoff
of the Lena River under natural climate variability, over the historical period, tended to
increase. In particular, a monotonic increase in runoff has been noted for the runoff obser-
vation period since the 1930s, by 10%. This was because of a gradual increase in snowmelt
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and summer-autumn runoff. The Selenga runoff under natural climate variability has been
almost unchanged until the early 1970s; after that, there was an intense increase in flow
due to increased precipitation.

The anthropogenic component of climate change on the dynamics of the Lena River
runoff was weak. The changes did not exceed 2-3%, i.e., the Lena River runoff increased
statistically significantly over the observation period, but this was mainly due to natural cli-
mate variability. The anthropogenic component of climate change was clearly pronounced
in the Selenga runoff. This has been particularly pronounced since the 1970s, when the
runoff should have increased under natural climatic conditions, but under the anthro-
pogenic impact, given the increase in greenhouse gas emissions, it decreased, especially
since the mid-1980s, due to decreased summer precipitation, which was caused by the
last low-water period of 1996-2017 in the Selenga River basin. In the late 20th century,
the anthropogenic component of climate change influenced a more intense decrease in
the Selenga runoff from the Mongolian part of the catchment compared to the Russian
part, which was mainly due to contrasting changes in precipitation. Changes in the spatial
distribution of runoff were more heterogeneous for the Lena basin. A slight increase in the
runoff depth was noted in some mostly mountainous areas, but a negative runoff trend was
characteristic for most of the basin, with higher values for the areas of reduced precipitation
in the Upper Lena, Vilyui, Vitim, and Central Yakutian Lowland.

Thus, this study focused on the attributions of observed changes in the runoff of
large rivers in Eastern Siberia by separating the influence of natural and anthropogenic
components of climate change. However, one direction of further research, on the effects of
natural and anthropogenic components of climate change, should be a detailed analysis of
changes in atmospheric circulation processes, formation of atmospheric blocking, and the
main climatic indices, which affect the processes of land hydrological cycle. Another
direction of research development could be to consider, in addition to climate change,
the dynamics of LULC, which is more relevant to the Selenga basin. However, this approach
is complicated by the limited period of availability of initial satellite data of the land surface
in the context of runoff modeling since the middle of the 19th century, as well as by the
possibilities of dynamic (annual, and not only for individual periods) accounting of the
LULC parameters in hydrological models. The study of the impact of climate change
components is particularly relevant for Eastern Siberia, given the projected changes in the
runoff of large rivers. For example, according to [30,31], the Lena River runoff is expected
to increase by 15% and 21% by the middle and end of the 21st century, respectively, relative
to the end of the 20th century. According to [19], the Selenga River runoff is expected to
decrease by 25-30% by the middle and end of the 21st century under scenarios RCP 6.0
and RCP 8.5.
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