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Abstract—The analysis is carried out for changes in runoff of the Amur and Selenga rivers in the
21st century according to the CMIP6 (Coupled Model Intercomparison Project, Phase 6) climate model
ensemble simulations using the Bayesian approach versus stream gage data on annual runoff and
GPCP-2.3 dataset on annual precipitation over catchments on different timescales. For both catchments,
significant intermodel differences are associated with the projections of multiyear mean runoff and
interannual variability. The intermodel distribution of Bayesian weights indicates a high role of uncer-
tainty related to initial conditions for model simulations. There is a positive trend in total runoff in the
Amur River basin in the 21st century under all analyzed anthropogenic forcing scenarios. For total run-
off of the Selenga River, there are no trends in the 21st century for all analyzed scenarios. No significant
trends for the Amur and Selenga surface runoff were revealed for all algorithms for considering
Bayesian weights and all anthropogenic forcing scenarios. At the same time, significant interdecadal
variations in the interannual variability of runoff were found.
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1. INTRODUCTION

River runoff (water discharge in a river channel) is the major component both of hydrological processes
and regional climate as a whole [1-3, 5, 7, 9, 10, 13, 17-19, 21, 22, 25, 28, 37, 39-42, 49]. In case of
relatively small changes in soil moisture and in the absence of artificial structures on a river (dams,
reservoirs) on interannual and longer timescales, river runoff is determined by the integral difference
between precipitation and evapotranspiration over the river catchment. Extremely low and extremely high
values of river runoff on the mentioned timescales are associated with extreme climatic variations
manifested in the respective variations in the hydrological cycle [9, 13, 21, 48, 49]. In particular, with the
projected continuation of global warming in the 21st century along with further changes in runoff on a
secular scale [5, 17, 21, 47, 49], a significant change in the probability of extreme hydrological events with
reduced and extremely high runoff is expected [13, 21, 48].
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There are long time series of river runoff measurements (see, for example, https://por-
tal.grdc.bafg.de/applications/), and the analysis of climatic variations on interdecadal and secular scales is
possible for rivers with large catchments. This fundamentally distinguishes river runoff from a number of
other significant climatic variables, including hydrological ones.

Due to the problem of global climate change, projections of future changes in river runoff are needed
(for example, [13, 15]). Such projections are possible only using global climate models [5, 15-17, 21, 32,
47, 49] and regional hydrological models [45]. Regional hydrological models have high spatial resolution
as compared to the Earth system models, they can take into account local hydrological processes and,
therefore, are characterized by higher accuracy. At the same time, hydrological models utilize the Earth
system model output as boundary conditions and do not consider hydrological feedback with the state of
the atmosphere. Climate is characterized by internal natural variability, model output depends on initial
conditions, uncertainty of model projections should be taken into account [30, 35]. External forcing, both
anthropogenic and natural, can change according to different scenarios (pathways). Uncertainty is also
associated with the model features: with the consideration or non-consideration of various processes,
parameterizations of subgrid-scale processes, program code details (these features are referred to so called
structural uncertainty), as well as with specific values of model coefficients (“control parameters,” i.e.,
parametric uncertainty).

Uncertainty in the estimates of future changes in the climatic characteristics associated with specifying
initial conditions, as a rule, is considerably reduced as a result of ensemble averaging. In its turn, the ensem-
ble averaging does not obligatorily reduce a corresponding spread related to the model features. Neverthe-
less, mutually uncorrelated components of intermodel variations in a specific variable (and, hence, a part of
uncertainty of projections of its possible future changes) can be excluded when computing ensemble statis-
tics of simulation results for the ensembles of climate models [6, 8, 11, 33, 34, 43]. The Bayesian approach
with individual model weighting and subsequent analysis of different variants of weights for assessing the
sensitivity of results to such choice was taken to implement the averaging.

It is interesting to compare the results of simulations with the ensemble of the Earth system models and
the ensemble of hydrological models. According to [4], when using hydrological model simulations, the
normals of annual runoff are close to zero under the RCP 2.6 and RCP 4.5 scenarios and reach —5...—7% by
the end of the 21st century under the RCP 8.5 scenario. At the same time, for the Selenga River, a decrease
in the normal of annual runoff is projected almost for the entire 21st century for all scenarios used [12].

The objective of this paper is to analyze changes in runoff of the Amur and Selenga rivers in the 21st cen-
tury according to the simulations with the CMIP6 (Coupled Model Intercomparison Project, Phase 6, climate
model ensemble (https://esgf-node.llnl.gov/projects/cmip6/). It is essential that the size of the Amur and
Selenga catchments (1.9 x 106 and ~0.5 x 106 km?, respectively) is much greater than the typical size of a
horizontal cell of modern climate models (~103 km?). The Amur River with annual runoff of ~350 km3/year
[27] is among the most water-abundant rivers of the world. The Selenga River with annual runoff of
~30 km3/year [9, 20] is the major tributary of the largest freshwater reservoir (Lake Baikal). A distinctive
feature of the Amur and Selenga rivers is that the formation of precipitation in their catchments is
associated both with cyclonic processes and with monsoon activity [9, 11, 13, 15, 20].

2. DATA AND METHODS

The changes in surface and total runoff R (the variables mrros and mrro, respectively) for the Amur and
Selenga rivers were analyzed using the Bayesian averaging based on the simulations with the ensemble of
CMIP-6 latest-generation climate models for “historical” numerical experiments and SSPs (Shared
Socio-economic Pathways) 1-2.6, 2-4.5, 5-8.5 for 1979-2100 (see Table 1). Surface runoff is determined in
the models as runoff from the simulated soil layer (with a thickness of several centimeters). Total runoff in
the models from a unit area of soil almost (with an accuracy to the accumulation of moisture in soil) closes
(relative to the difference between precipitation and evapotranspiration) the hydrological balance of the
catchment on an annual and longer timescales. However, the latter case does not take into account the fill-
ing or emptying of underground water reservoirs, as well as (in some models) the water discharge for irriga-
tion. In view of the latter, both variables were used to analyze model river runoff.

The models were selected from the general ensemble, for which both variables (precipitation and run-
off) were synchronously presented for the “historical” numerical experiment and at least one of the men-
tioned SSPs. In the presence of simulations with different initial conditions for the same model, only one of
them was analyzed (il in the CMIP6 archive).
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Table 1. The CMIP6 ensemble models whose simulations were used for the analysis

Nglgl_ in tlll\g Ocdl\e/hp 6 Atmosphere model Land surface model Horlzon(;g;zzolutlon,

1 | ACCESS-CM2 MetUM-HadGEM3-GA7.1 | CABLE2.5 1.25x% 1.875
2 |BCC-CSM2-MR |BCC AGCM3 MR BCC _AVIM2 (S) 1.125x 1.125
3 | CanESMS5 CanAMS5 CLASS3.6/CTEM1.2 (S)2.813x2.813
4 | CESM2-WACCM | WACCM6 CLM5 1.25x%0.938
5 | CMCC-CM2-SR5 |CAMS.3 CLM4.5-BGC 1.25x0.938
6 | E3SM-1-1 EAM-1.1 ELM-1.1 (S) on average 1.0 x 1.0
7 | EC-Earth3 IFS cy36r4 HTESSEL (S) 0.703 x 0.703
8 | FGOALS-f3-L FAMIL2.2 CLM4.0 (S)1.0x 1.0
9 | FIO-ESM-2-0 CAM4 CLM4.0 1.25x%0.938

10 | GFDL-ESM4 GFDL-AM4.1 GFDL-LM4.1 (S)1.0x1.0

11 | INM-CMS5-0 INM-AMS5-0 INM-LND1 2.0x1.5

12 |IPSL-CM6A-LR | LMDZ-NPv6 ORCHIDEE-2.0 2.5%x 1.268

13 | KACE-1-0-G MetUM-HadGEM3-GA7.1 | JULES-HadGEM3-GL7.1 | 1.25x 1.875

14 | MIROC6 CCSR AGCM MATSIR06.0 (S) 1.406 x 1.406

15 |MPI-ESM1-2-HR | ECHAMS6.3 JSBACH3.20 (S) 0.938 x 0.938

16 | MRI-ESM2-0 MRI-AGCM3.5 HAL-1.0 (S) 1.125x 1.125

17 | NorESM2-LM CAM-OSLO CLM 1.875x 2.5

18 | TaiESM1 TaiAM1 CLM4.0 1.25x0.938

The column “Horizontal resolution” presents the horizontal resolution of the atmosphere module; the spectral atmo-
sphere models are marked with (S) (see also https://werp-cmip.github.io/CMIP6_CVs/docs/CMIP6_source id.html).

Data on the water discharge in the arms of the mentioned rivers (Khabarovsk station for the Amur
River and Mostovoi station for the Selenga River corresponding to the catchment areas of 1.63 x 10° and
0.36 x 10° km?, respectively) from https://gmvo.skniivh.ru/index.php?id=1 were taken as reference data D
for runoff. The mask of the Amur River catchment was specified according to [29]. The spatial mask of the
Selenga River catchment was obtained from O.Yu. Antokhina (private communication). Precipitation over
the catchment was determined by the interpolation of model simulations to the general 0.5°x 0.5° grid.

The ensemble mean E(R|D) caused by reference data D was calculated using the formula
E(R|D) = SRPw® (1

where R” is the values of runoff for the model with the number &, summation is carried out by the index k.

The value of E(R|D) can be calculated in different ways with different selections of Bayesian weights
W, The simplest method is when the same weight W = W, = 1/N (N is the number of models in the
ensemble; this approach is often called “model democracy” [33, 34]) is attributed to all models. Another
approach includes the calculation of weights depending on how well the model reproduces the selected
climatic characteristics as compared to real (reference) data. In this, W® is calculated as a likelihood
function for each model as compared to reference data D [36]: this is the approach with the Bayesian
averaging [6, 8, 24, 31].

On the interannual scale, river runoff is characterized by the difference between precipitation P and
evaporation in the catchment. Data on precipitation over the catchments were also used to determine the
Bayesian weights. The GPCP 2.3 (The Global Precipitation Climatology Project, version 2.3) [23] (pr in
the CMIP6 archive) dataset was taken as reference data for precipitation. Reference data for
evapotranspiration were not used due to the absence of reliable large-scale data.

The above likelihood functions were considered normally distributed by each variable [6, 8, 24]. In
particular, the following characteristics were computed for the variable Y (Y= R, P):

w =@ 8 2

where y (v; v, 8®) is the normal distribution for the variable y with the mean value y'* and standard

deviation 8”’; the superscript (D) indicates the calculation from reference data, the subscript i is the
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characteristic of timescale. Due to the need in analyzing the quality of models on different timescales, the
following scores were distinguished:

—the multiyear mean Y\ (i = m characterizes the timescale exceeding the length 7 of time series, the dot
points either to the model number £ or to reference data D);

—the linear trend coefficient for this variable o ;‘) (i = tr characterizes an interdecadal timescale);

0
Y, 1AV

Y" after removing the linear trend with the coefficienta |’ (i = IAV characterizes an interannual scale) [8].

—the standard deviation (SD) of interannual variability ¢ which is determined for the time series

The value of G(Y') 4y Was used as SD 85” for the multiyear mean (i = m); for the coefficient of the linear

trend (i = tr), the root-mean-square estimate of its sample estimation was used; for the interannual SD (i =
IAV), the value of 6 ;) Ay With© =[2/(I - 1)]"* was used. The latter relationship is the estimate of uncer-
0

Y, IAV

(k)
Y,

tainty for o for the time series of finite length 7 [44].

Using w,"’, the Bayesian weights were determined, in particular:

—the characteristic of the multiyear mean hydrological regime
WO — B 3)
m R,m ""P,m?>
—the characteristic of the trend coefficient reproduction for runoff and precipitation

k _ (k) (SN
W - WR,trWP.tr’ (4)

tr
—the characteristic of reproduction of interannual variability for these variables

W(k) — W(k) W(k) . (5)

TIAV R,IAV ""P,IAV °

—the characteristics of reproduction of variations in runoff and precipitation, respectively, on all
timescales

(GRS RN RN
WR - WR‘mWR,trWR,IAV’ (6)
B _ BB R
WP =Wp i Wre WR,IAV ’ (7)
—the combined weighting factor
B _ O 0 ® g6 e
Wa]l _W/m VVIT VVIAV _WR WP . (8)

The determination of the Bayesian weights was carried out for the period 1979-2014, which is the com-
mon time interval for available data and simulations in the “historical” model experiment (the starting year
of the interval is caused by availability of corresponding precipitation data; data on water discharge in the
rivers are available since the 1930s). For available model variables, different values of N correspond to dif-
ferent SSPs (17 for SSP1-2.6, 17 for SSP2-4.5, and 18 for SSP5-8.5). After selecting models for a specific
SSP, the weights W;k ) ( j=m,tr, [AV, R, P, all) were normalized:

=1 9)

Due to the absence of runoff values for the NorESM2-LM model for the first month under the SSPs for
January 2015, the January mean values for the 10 preceding years and 10 next years were used. This should
not have an essential effect on the output due to the smallness of the January runoff for the Amur and
Selenga river catchments [9, 13, 20].

When selecting the weighting algorithms, there was no aim to find the best algorithm. The objective
of the study was to analyze the ensemble statistics depending on the choice of realistic models. In view of
this, along with the weights (3)—(8), the arithmetic intermodel mean (that formally corresponds to the aver-
aging with the weights ;) was also used. The results of computing the Bayesian weights are presented in
Figs. 1-4.
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Fig. 1. The Bayesian weights for the CMIP6 ensemble models calculated for the Amur basin using the variable mrros (which
takes into account only surface runoff): (a) Wy, (b) Wy, (¢) Wiav, (d) Wk, (€) Wp, and (f) W, normalized according to the equa-
tion (9) for N = 18 (which corresponds to the SSP5-8.5). Here and in Figs. 2, 3, and 4, the model numbers are given on the
x-axis according to Table 1. The horizontal lines are the weights ¥, for the same value of N. The color circles show which
models were used for computing the ensemble statistics for the SSPs: (/) SSP1-2.6; (2) SSP2-4.5; (3) SSP5-8.5.
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Fig. 4. The same as in Fig. 2 for the Selenga River catchment.

3. RESULTS

3.1. Bayesian Weights

For surface runoff (the variable mrros, which takes into account surface runoff alone) from the Amur
and Selenga catchments, the greatest intermodel differences were found for the multiyear means (the
weights W,,; hereinafter, for shortness, the model index is not indicated) and interannual SD (the weights
Wiay, Figs. 1 and 3). The intermodel distribution for the trends is more uniform. This is associated with the
fact that for 1979-2014, the estimates of the precipitation and runoff trend are statistically indistinguishable
from zero both for reference data and for simulations with all models.
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For the Selenga River catchment, the intermodel distribution of W, is similar to the corresponding
distribution of weights for precipitation Wp, and the intermodal distribution of W,y is similar to the
distribution of weights for runoff . At the same time, the intermodel differences in the multiyear mean
regime for this catchment are determined mainly by the intermodel differences in precipitation, and the
interannual variability is determined by the corresponding variability of runoff. The similar correspondence
in the pairs W,—Wp and W ,—W} is also manifested for the Amur runoff, although to a smaller extent.

For both catchments, the intermodel distribution of weights for precipitation W, is more heterogeneous
than for the weights for river runoff W5. This indicates that the model deviations for the simulation of pre-
cipitation characteristics are compensated by the respective deviations in the simulation of evapotranspi-
ration characteristics, which generally leads to the better simulation of runoff for the CMIP6 ensemble.

For the combined weights W, characterizing intermodel differences in the simulation of both multiyear
means and interannual variability (as well as R and P), there is the most heterogeneous intermodel distribu-
tion.

For total runoff (mrro), unlike surface runoff, W,y are distributed more uniformly for both catchments
(Figs. 2 and 4). For the Amur, W, and W, are characterized by the significant intermodel differences (see
Figs. 1 and 2). The other features of the distribution of weights are similar to those obtained for surface run-
off (mrros).

For both analyzed catchments, no significant effect of the horizontal model resolution on the quality of
simulation of hydrological cycle characteristics was revealed. No connection was found either between the
quality of runoff and precipitation simulation by the models on different timescales and the choice of the at-
mospheric module of the land active layer in the models (see Table 1). In view of this, it is noteworthy that
only 3 of 18 models are characterized by the high value of W, for both catchments: the EC-Earth (No. 7 in
Table 1, with the smallest horizontal size of the model grid (0.7°) and the atmosphere and land modules that
are not used in the other models of the ensemble), BCC-CSM2-MR (No. 2 in the table, with the medium
horizontal resolution and the atmosphere and land modules that are not used in the other models of the en-
semble), and KACE-1-0-G (No. 13 in the table, with the medium horizontal resolution, the atmosphere
module from the HadGEM family that is also used in the other models, and the scheme of processes in the
land active layer from the JULES family). The models with a low horizontal resolution (INM-CM5-0 and
IPSL-CMO6A-LR) are generally characterized by relatively small Bayesian weights.

The revealed low correlation of the Bayesian weights with the choice of the model components (atmo-
sphere and land active layer modules) and their horizontal resolution (except for the models with a low
horizontal resolution) may be explained by a great contribution of uncertainty related to specifying initial
conditions for model simulations for such regional projections on a secular timescale. This differs from the
conclusions made in [30, 35], where the analysis was performed not for hydrological variables, but for
surface air temperature. It is essential that, unlike surface temperature with a greater trend on a secular
scale, the trends in runoff from the Amur and Selenga rivers and in precipitation over their catchments are
statistically insignificant with relatively high natural variability (see Section 3.2 below), except for the
changes in the Amur total runoff under the SSP5-8.5 with the highest anthropogenic emissions of green-
house gases to the atmosphere in the 21st century.

High uncertainty of the statistical estimation of Bayesian weights is associated with the high contribu-
tion of uncertainty caused by specifying initial condition [46]. Consequently, it is necessary to analyze the
ensemble statistics for a different choice of Bayesian weighting schemes (like in the present paper) and to
compare the results with the ensemble mean with a uniform distribution of weights among the models (the
weights W) [33].

3.2. Ensemble Statistics
3.2.1. The Amur River

For surface runoff (mrros), differences between different types of averaging for the Amur catchment are
statistically insignificant: the difference between the Bayesian means for different weights does not exceed
50 km?/year, which is comparable with the typical values of the intermodel Bayesian SD [6, 8, 24, 31],
which are equal to 60 to 140 km3/year depending on the choice of Bayesian weights (not shown). Neverthe-
less, the intermodel differences between E(R|D) allow judging about the features of hydrological cycle pro-
jections in modern Earth system models.

For the Amur, no statistically significant changes were revealed in E(R|D) for the 21st century for all
types of averaging and the variable that takes into account surface runoff alone (Figs. 5a, 5c, and 5e). At the
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Fig. 5. The ensemble means E(R|D) for annual runoff for the Amur River obtained using different weights for (a, b) the
SSP1-2.6, (¢, d) SSP2-4.5, and (e, f) SSP5-8.5 scenarios for (a, ¢, €) the variable mrros (which takes into account only surface
runoff) and (b, d, f) variable mrro (which takes into account total runoff). Here and in Fig. 7, the thin lines show the results of

simulations with individual models.

same time, on average for the model ensemble, there is a general increase in regional precipitation (see [37],
Fig. 8.14), which is compensated by a corresponding regional increase in evapotranspiration (see [37],
Fig. 8.17).

The ensemble means of annual surface runoff R in case of using W,,, and Wp are close. A close to them
ensemble mean for runoff was also obtained in case of using W, (and W;). The value of E(R|D) obtained
using these weights for the Amur catchment is smaller than for the other weights, especially for W and
Wiav.

For total runoff (mrro), the type of E(R|D) noticeably changes (Figs. 5b, 5d, and 5f). The Bayesian
means obtained using W, Wiy, Wp, and W, are close in the value and are 30—50% higher than the means
obtained for the other weights. At the same time, the difference in the values of runoff (~100 km3/year)
becomes comparable with the value of the intermodel Bayesian SD. Under the SSP5-8.5, there is a positive
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Fig. 6. The ensemble means E(c, ;,,|D) for the standard deviation of annual runoff for the Amur River obtained using

different weights for (a, b) the SSP1-2.6, (¢, d) SSP2-4.5, and (e, f) SSP5-8.5 scenarios for (a, ¢, ¢) the variable mrros (which
takes into account only surface runoff) and (b, d, f) variable mrro (which takes into account total runoff).

trend of about 1.7(+0.3) km3/year? (the limits of the 95% confidence interval are given in brackets). Ac-
cording to the results, the use of precipitation data alone when configuring the Earth system models leads to
the underestimation of the Amur runoff, and the use of data on river runoff alone leads to the overestima-
tion of precipitation (and, hence, evapotranspiration) in the models. It should be noted that for the “histori-
cal” scenario, the models generally overestimate annual precipitation over the Amur catchment.

As already noted, extreme hydrological events are often manifested in the form of either extremely high
or extremely low values of runoff in some years. Such events are uncorrelated among the models, which
is one of the manifestations of uncertainty related to specifying initial conditions for integration and,
hence, disappear in case of ensemble averaging. Their analysis is possible in terms of the ensemble mean
E(c |D). The value of 6 1oy Was calculated for the whole interval of 1979-2014 during the Bayesian

weighting, while it was calculated for the moving windows with a length of 11 and 21 years for analyzing

R,IAV
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the variability of runoff. In general, the results differ little for such moving windows, therefore, only the
results for the 11-year window are presented.

When analyzing surface runoff (mrros), as well as for E(R ‘D), no statistically significant linear trends in
the Bayesian ensemble mean forc , Ly Were revealed (Figs. 6a, 6¢, and 6e). At the same time, the periods
of high and low variability are manifested, with a variation range for ¢, ,,, between the maximum and
minimum values of about 1/3 of the mean. The highest absolute value of E(c, ,,, ‘D) is reached at the
beginning of the 21st century. The resulting variations are statistically insignificant: for the 11-year
window (/ = 11), even not taking into account the autocorrelation of time series, relative uncertainty of
the SD estimation is 6 = 0.67 (see Section 2). The uncertainty in the model projections of future changes in
the Earth system state associated with specifying initial conditions for numerical simulations hampers the
interpretation of the results with referencing to specific time intervals (this is not valid for the period of
1979-2014, for which the timing is carried out implicitly by calculating the Bayesian weights). At the same
time, significant variations in the characteristics of interannual variability of the Amur runoff were
revealed in the 21st century (with relatively small trends in the mean runoff). The noted variations in the
SD of interannual variability of the Amur runoff are close to quasiperiodic, with a variation period of about
20 years. The range of such quasiperiodic variations in £(c , {D) generally decreases as climate warms.
The more considerable the warming is, the greater this decrease 1s (Figs. 6¢ and 6e), although this result is
not statistically significant.

For total runoff (Figs. 6b, 6d, and 6f), the values of the mean E(c , |, ‘D) are higher than for surface
runoff by about two times. Under the SSP5-8.5 (Fig. 6f), a small positive trend emerges, which is not sta-
tistically significant though. Other features revealed for surface runoft (mrros) are also manifested for total
runoff.

3.2.2. The Selenga River

Some results obtained for the Selenga River are generally similar to the results for the Amur River. In
particular, for the Selenga River, no statistically significant trends were revealed for E(R ‘D) (Fig. 7) and
E(G 4 1av ‘D) (Fig. 8) without and with consideration of groundwater runoff.

It was found for surface runoff that the Bayesian means for river runoff in case of using W,y and Wy
differ little and are noticeably greater (by about 1/3) than those obtained for W, Wp, and W, (which, in
turn, also lead to the close values of E(R ‘D)). This, in particular, indicates a general underestimation of the
Selenga River runoff in the models. The Bayesian means in case of using W, are between those for Wi,y
and W on the one hand and W,,, Wp, and W, on the other hand. This averaging is also close to the averag-
ing with equal weights for all models due to an almost uniform intermodel distribution of ..

For total runoff, the Bayesian means in case of using Wp, W, and W,y are close in the value and are
about a third higher than those obtained with W,,, Wy, and W, which are also close to each other. The
means with W, Wp, Wy, and W, overestimate the value of the Selenga River runoff as compared to obser-
vational data. By the end of the 21st century under the SSP5-8.5, there is a small and statistically insignifi-
cant positive trend.

The conclusion made for the Amur catchment about the results of estimating the relative significance of
the models in the ensemble in terms of the quality of data simulation for different variables (R or P) by them
is also valid for the Selenga River catchment.

For surface runoff of the Selenga River, as well as for the Amur, in case of the averaging leading to the
higher R, 5, |,, 1s also higher (Figs. 8a, 8c, and 8¢). The ensemble means E(c, |, ‘D) with the weights
Wiav, Wi, and W are consistent with observations for 1979-2014, whereas the corresponding averaging
with the other weights (including W) underestimates the empirical value of 6, 14y by a fourth or a third.

A distinctive feature of the Selenga River catchment as compared with the Amur catchment is less
pronounced variations inc , |, (Figs. 8a, 8c, and 8e) without quasiperiodic variability. At the same time,

the periods of high and low variability are manifested, with a range between the maximum and minimum

values of 5, ,,, that is about 1/6 of the mean value.

For all SSPs used in the present study, the period of available observations is followed by the period of
low values of E(c , ,,,|D), with a subsequent noticeable increase in the second half of the 21st century.
This increase is especially long and significant in absolute value for the averaging with W,y and W, and
makes up about 1/3 of the mean value.
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Fig. 7. The same as in Fig. 5 for the Selenga River.

For total runoff of the Selenga River (Figs. 8b, 8d, and 8f), the ensemble means E(c , | AVILD) for all
weights have close values, which are consistent with observations. As well as for the Amur runoff, the total
runoff of the Selenga River is characterized by quasiperiodic variations, which have the smallest relative
range but similar periods of variability. No significant trends were revealed either.

4. CONCLUSIONS

The changes in runoff of the Amur and Selenga rivers in the 21st century were analyzed using the en-
semble of the CMIP6 climate models and the Bayesian weighting. The choice of the Bayesian weights was
determined by the quality of the model simulation of river runoff and precipitation over the catchments on
different timescales. In particular, multiyear means, linear trends, and interannual variability characterized
by standard deviations were analyzed. Data from the stream gages (Khabarovsk for the Amur River and
Mostovoi for the Selenga River) for annual runoff and GPCP-2.3 dataset for annual precipitation over the
catchments were used as reference data for the Bayesian weighting.
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Fig. 8. The same as in Fig. 6 for the Selenga River.

For the Amur and Selenga catchments, the greatest intermodel differences were found for the weights
W, and W}y, which characterize the multiyear mean runoff and SD of interannual variability, respectively.
At the same time, the intermodel distribution of weights W, was found to be similar to the corresponding
distribution for precipitation Wp, and the intermodel distribution of W,y was similar to the distribution of
weights for runoff W5. For the Selenga River, this correspondence is more clearly pronounced than for the
Amur River. For both catchments, no significant effect of horizontal resolution of the model with the selec-
tion of the atmosphere module or the land active layer module on the values of Bayesian weights was
found. For total runoff in the Amur basin, the averaging with all weights revealed a positive trend in the
21st century for all analyzed scenarios of anthropogenic forcing. No similar trend was revealed for total
runoff of the Selenga River.

The results obtained for the Amur River can be compared with the results of [4], where the prevalence of
the negative runoff anomalies was found for all SSPs in the 21st century both for the climate models of the
previous generation (CMIP5) and for the hydrological model in case of specifying atmospheric forcing
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based on the ensemble means for the CMIP5 ensemble models. The difference in the results of the present
study, on the one hand, and paper [4], on the other hand, may be associated with corresponding differences
in the algorithms for the calculation of ensemble statistics. In particular, even not taking into account differ-
ences between different generations of the models, it may be noted that only three of nine models used in
[4] are characterized by a significant contribution to the Bayesian means in the present paper (Fig. 2). This
additionally highlights the usefulness and need in the analysis of different assumptions about the algo-
rithms for assessing the quality of Earth system models when evaluating future climate change.

For surface runoff in both catchments, no statistically significant changes were revealed in annual runoff
and SD of its interannual variability (on a timescale up to decadal one) for the 21st century as a whole for all
types of averaging applied. At the same time, the interdecadal variations in the SD of interannual variability
were found: up to 1/3 of the multiyear mean 6, ,,, for the corresponding catchment. For the Amur, the
variations in the SD of interannual variability for runoff are close to quasiperiodic, with a variation period
of about two decades. For total runoff, the SD of interannual variability is higher by about two times, simi-
lar variations are observed for the Selenga River. In [14], the connection of such cyclicity of the Amur run-
off with the Pacific Decadal Oscillation was noted.

The low correlation of the Bayesian weights with the horizontal resolution of climate models and the
choice of the atmosphere module or the land surface module in the models may be explained by the large
contribution of uncertainty related to initial conditions for such regional projections on a secular timescale
with a relatively small secular variation in runoff. This is possible for a small secular trend in the corre-
sponding variable and for the high SD of interannual variability. The noted uncertainty hampers the refer-
encing of the revealed periods of high and low interannual variability of river runoff to the specific time in-
tervals. The detailed timing of such events for modern models is feasible only in the framework of decadal
projections [26, 38].
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