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Abstract. The present study was carried out within the framework of the International Inter-Sectoral Impact
Model Intercomparison Project (ISI-MIP) for 11 large river basins located in different continents of the globe
under a wide variety of natural conditions. The aim of the study was to investigate possible changes in various
characteristics of annual river runoff (mean values, standard deviations, frequency of extreme annual runoff) up
to 2100 on the basis of application of the land surface model SWAP and meteorological projections simulated
by five General Circulation Models (GCMs) according to four RCP scenarios. Analysis of the obtained results
has shown that changes in climatic runoff are different (both in magnitude and sign) for the river basins located
in different regions of the planet due to differences in natural (primarily climatic) conditions. The climatic elas-
ticities of river runoff to changes in air temperature and precipitation were estimated that makes it possible, as
the first approximation, to project changes in climatic values of annual runoff, using the projected changes in
mean annual air temperature and annual precipitation for the river basins. It was found that for most rivers under
study, the frequency of occurrence of extreme runoff values increases. This is true both for extremely high runoff
(when the projected climatic runoff increases) and for extremely low values (when the projected climatic runoff

decreases).

1 Introduction

In the reports of the IPCC (Intergovernmental Panel on Cli-
mate Change, 2001, 2014), there are estimates of the incre-
ment in the mean annual air temperature and annual precip-
itation both for the entire globe and for various regions of
the planet by the end of the 21st century. They show that for
the past 100 years the global values of air temperature and
precipitation have increased, respectively, by 0.6 °C and 2 %
with large differences between the continents (IPCC, 2001).
These climatic changes cause changes in characteristics of
hydrological regime in different regions of the world. Inves-
tigation of possible changes in hydrological characteristics
of various objects is an urgent problem in the environmental
sciences.

In 2013, the International Inter-Sectoral Impact Model In-
tercomparison Project (ISI-MIP) (Warszawski et al., 2013)
was launched. Its Water Sector was aimed at validation and
improvement of hydrological models on regional and global
scales and application of the models for hydrological pro-

jections of possible changes in water resources due to ex-
pected climatic changes. The present work was carried out
within the framework of the ISI-MIP2 and its purpose was
to study possible changes in characteristics of runoff from 11
large river basins (located on different continents under dif-
ferent natural conditions) by the end of 21st century caused
by projected changes of climate. Similar large-scale multi-
basin modelling studies were performed by nine hydrological
models participating in the ISI-MIP (Krysanova and Hatter-
mann, 2017). Here, in contrast to the mentioned paper, the
Land Surface Model (LSM) SWAP (Soil Water-Atmoshere-
Plants) (Gusev and Nasonova, 2010), rather than a hydrolog-
ical model, is used as a main calculational tool.

Changes in such characteristics of river runoff as climatic
runoff (runoff averaged over the period of 30-35 years), stan-
dard deviation of annual runoff within the specified climatic
period, as well as a frequency of extreme values of annual
runoff were calculated. The study of the two latter charac-
teristics was motivated by the fact that increase in the fre-
quency and magnitude of extreme climate events are stated in
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a number of publications (e.g., IPCC, 2001, 2014). As such,
river flows are also expected to become more variable in the
future, with more flash floods and lower minimum flows.
This is confirmed by some fragmentary studies of changes
in river runoff variability (e.g., Lin et al., 2008). The present
paper is devoted to investigation of this statement by means
of studying changes in standard deviation of annual runoff
(caused by its natural variability) and frequency of annual
runoff extreme values in the 21st century. In addition, the au-
thors tried to generalize the calculated changes in climatic
runoff in terms of the so-called climate elasticity of runoff in
relation to changes in climatic values of air temperature and
precipitation.

2 The study river basins

Objects of this study represent 11 large river basins located
in different continents under different natural conditions: the
Rhine and Tagus in Europe; the Ganges, Lena, Upper Yellow
and Upper Yangtze in Asia, the Niger in Africa; the Macken-
zie and Upper Mississippi in North America, the Upper Ama-
zon in South America and the Darling in Australia (Fig. 1).
The main characteristics of the selected river basins are given
in Table 1.

The basins were schematized as a set of regular grid cells
with a spatial resolution 0.5° x 0.5° in latitude and longitude
connected by a river network (Gusev et al., 2017b).

3 Methodology of investigation: SWAP model and
data

3.1  SWAP model

The main tool for the present study is the SWAP model de-
veloped in the Institute of Water Problems of the Russian
Academy of Sciences (Gusev and Nasonova, 1998, 2010).
It is a physically-based land surface model with distributed
parameters describing the processes of heat and water ex-
change in a soil — vegetation/snowpack — atmosphere system
(SVAS). For a large-scale modelling, a selected river basin is
divided into a number of calculational grid cells connected
by a river network. The model simulations are performed for
each calculational grid cell. After that the river routing model
is used to simulate runoff at the basin outlet.

The SWAP model outputs are several dozens characteris-
tics of thermal and water regimes of a river basin. However,
here, only river runoff is considered. Model inputs include
the land surface parameters and meteorological forcing data.

Different versions of the model SWAP were validated
against observations including characteristics both related to
energy balance or thermal regime of SVAS (sensible and
latent heat fluxes, ground heat flux, net radiation, upward
longwave and shortwave radiation, surface temperature, soil
freezing and thawing depths) and related to hydrological cy-
cle or water regime of SVAS (surface and total runoff from a
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catchment, river discharge, soil water storage in different lay-
ers, evapotranspiration, snow evaporation, intercepted pre-
cipitation, water table depth, snow density, snow depth and
snow water equivalent, water yield of snow cover). The val-
idations were performed for “point” experimental sites and
for catchments and river basins of different areas (from 10~!
to 10° km?) on a long-term basis and under different natu-
ral conditions (from arid to humid and from non-frozen soils
to permafrost). The results of validation (e.g., Boone et al.,
2004; Grippa et al., 2017; Guseyv et al., 2017a; Gusev and Na-
sonova, 2010; Nasonova et al., 2009) have shown that SWAP
is able to reproduce annual and interannual dynamics of the
mentioned characteristics fairly well.

3.2 Data

Here, for model calibration and validation, daily values of
meteorological forcing data for the period of 1970-2001 to
drive the SWAP model were derived from the Water and
Global Change (WATCH) data set (Weedon et al., 2011)
which was created on the base of the ERA-40 reanalysis
product hybridized with monthly values of ground-based
measurements (including air temperature, the number of
days with precipitation, cloudiness and precipitation) taken
from the Global Precipitation Climatology Center (GPCC)
and the Climatic Research Unit (CRU of University of East
England) data sets.

For hydrological projections, daily meteorological forc-
ing data simulated by five General Circulation Models
(GCMs: HadGEM2-ES, IPSL-CMS5A-LR, MIROC-ESM-
CHEM, GFDL-ESM2M, and NorESM1-M) for the period
from 2006 to 2099 and for the four RCP (Representa-
tive Concentration Pathways) scenarios (RCP2.6, RCP4.5,
RCP6.0 and RCP8.5) were used (Krysanova and Hatter-
mann, 2017). These scenarios were designed for the 5th as-
sessment report of IPCC (2014). The numbers in the names
of scenarios correspond to increment of incoming radiation
(in Wm™2) in 2100 caused by increased greenhouse gas
emission into the atmosphere as compared to a pre-industrial
period. The larger numbers correspond to more aggressive
anthropogenic scenarios due to increase in greenhouse gas
emission and weak measures for its limitation. To increase
the quality of hydrological projections a post-processing bias
correction of meteorological projections to the WATCH data
was performed within the framework of the ISI-MIP project.

The land surface parameters for each calculational grid
cell were derived from the global ECOCLIMAP parameter
data set (Champeaux et al., 2005) as described in Gusev et
al. (2017b).

River runoff data for gauges listed in Table 1 were pro-
vided within the framework of the ISI-MIP project (see
Huang et al., 2017 for details). Additional data for sub-
basins of the Lena and MacKenzie rivers were taken from
the Global Runoff Data Centre (GRDC).
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Table 1. River basins with their area; gauge stations with coordinates; averaged over 1971-2000 air temperature 7 and precipitation P;
change in the probability of extremely high runoff due to climate change (in accordance with RCP scenarios). The values of T and P are
taken from (Krysanova and Hattermann, 2017); F3 is the probability of extremely high runoff for the period P3, F{ is the probability of

extremely high runoff for the period PO, equaled to 2.5 %.

River Streamflow gauge Latitude  Longitude Area T, P, F3, F3/Fy
station (km?) °C mm yr_1 %
Lena Stolb 72.37 126.80 2460000 —10.2 384 67.6 27.0
U. Amazon Sao Paulo de Olivenca —3.45 —68.75 990781 21.7 2122 2.4 0.9
MacKenzie Arctic Red River 67.46 —133.74 1660000 —4.3 435 440 17.6
U. Yangtze Cuntan 29.61 106.60 804 859 6.8 768 5.2 2.1
Ganges Farakka 25.00 87.92 835000 21.1 1173 9.6 3.8
U. Yellow Tangnaihai 35.50 100.15 121000 -2 506 3.1 1.3
Niger Lokoja 7.80 6.77 2074171 27.7 625 2.2 0.9
Rhine Lobith 51.84 6.11 160 800 8.7 1038 4.8 1.9
U. Mississippi ~ Alton 38.89 -90.18 444 185 7.3 967 4.2 1.7
Tagus Almourol 39.47 —8.37 67490 14 671 1.8 0.7
Darling Louth -30.53 145.11 489300 19.2 590 0.9 0.4

¢ Streamflow gauge station

Figure 1. Location of the selected river basins (Gusev et al., 2017b).

3.3 SWAP model calibration and validation

To improve the quality of hydrological calculations an au-
tomatic calibration of the most important model parameters
based on the algorithm SCE-UA for searching the global ex-
tremum of an objective function (Duan et al., 1992) under
the additional condition that the systematic error of runoff
calculation cannot exceed 5 % (Nasonova et al., 2009) was
carried out. The Nash and Sutcliffe coefficient of efficiency
of simulating monthly river runoff was used as an objective
function. For each river basin, the calibration was carried out
for 8-year period (different for different rivers). Validation of
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the obtained optimal values of model parameters was carried
out for the period of 1970-2001 and showed a satisfactory
agreement between measured and simulated monthly runoff
(Gusev et al., 2017b).

4 Results and discussion

The obtained optimal values of model parameters were used
for simulating daily runoff for the selected rivers by the
SWAP model with meteorological forcing data from the
above five GCMs. The runoff simulations were performed
for two periods: historical PO (1962-2005) and prognostic
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(2006-2099). The latter was divided into three parts: P1
(2006-2035), P2 (2036-2065) and P3 (2066-2099). For the
prognostic period, runoff was simulated for the above four
climate scenarios of the RCP family.

4.1 Projections of changes in climatic river runoff

Some examples of the projected river runoff by the end of the
21st century are given in Fig. 2, where the dynamics of an-
nual values of river runoff (obtained as a result of averaging
of five runoff simulations with meteorological projections
from five GCMs) for six river basins and four climate sce-
narios are shown. Here, for the historical period, river runoff
was averaged over the period, while, for the prognostic pe-
riods, runoff values were calculated as 30-year moving aver-
ages to obtain an evolution of climatic runoff. Besides, Fig. 2
also shows the uncertainty of runoff projections caused by a
scatter in GCMs’ results and estimated as a root mean square
error of an ensemble average.

The obtained results confirmed an expected conclusion
that more aggressive scenarios lead to larger changes in river
runoff from the selected basins, both in the positive and nega-
tive directions (for different basins). As to the relative error of
climatic runoff (equaled to the absolute error divided by aver-
age runoff), it is the greatest for the Darling and Tagus rivers.
It should be noted that according to Gusev et al. (2017b)
these basins are also characterized by the greatest natural un-
certainty of runoff caused by weather noise. For the northern
rivers, Lena and Mackenzie, the relative error is the smallest
that corresponds to the lowest values the natural uncertainty
of river runoff from these basins (Gusev et al., 2017b). Ap-
parently, for basins with the greatest amplitude of weather
noise, the scatter of the dynamics of meteorological outputs
from different GCMs is also the greatest, which, in turn, leads
to greater differences between the values of river runoff cal-
culated on their basis.

As to the changes in river runoff AR, they are evidently
different (both in magnitude and sign) for basins in different
regions of the planet due to differences in natural conditions,
primarily climatic ones. We tried to generalize the obtained
results, using the concept of climate elasticity of runoff.

Climate elasticity, introduced by Fu (1981), is used to de-
termine the response of any variable (e.g., runoff) to cli-
mate change. For example, a precipitation elasticity of annual
runoff of 2.2 suggests that annual runoff would increase with
22 % due to an increase in annual precipitation with 10 %
(22%/10 % =2.2). Negative elasticity means that changes
of these two variables are of an opposite sign. The tempera-
ture elasticity (¢7) and precipitation elasticity (¢ p) of runoff
from each river basin was calculated as follows (Grijsen and
Patel, 2014):

AR/RO=e7AT/TO+epAP/PO, (D
where RO, T0 and PO are climatic values of annual runoff,

air temperature and precipitation, respectively; AR, AT and
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AP are changes of these variables (here, P and R are in
mm year’1 , while T is in K).

The calculated values of climate elasticities of runoff e
and ep for the selected basins were mapped, using the krig-
ing procedure in the phase coordinates of 70 and PO (Fig. 3).
As can be seen in Fig. 3, the temperature elasticity of runoff
er is negative, because an increase in temperature raises
evapotranspiration, leading to a decrease in runoff. The val-
ues of precipitation elasticity of runoff ¢p are positive, be-
cause an increase in precipitation results in an increment of
runoff.

The values of climate elasticities in Fig. 3 give an opportu-
nity to project, as the first approximation, changes in climatic
annual river runoff, provided that projections of changes in
mean annual air temperature and annual precipitation for a
river basin are available.

4.2 Projections of changes in natural variability of river
runoff

Now let us consider the second statistical moment — the stan-
dard deviation of annual river runoff or within a 30-year
range associated with a natural variability of runoff (caused
by a weather noise). An error of estimation of the second
moment is higher than that of the mean value of runoff and
equals to approximately 13 % of or for a sample of annual
runoff values of length ~ 30 (such an error is of the order of
averaged over the basins change in o in the 21st century).
As such, to increase the accuracy of estimation of changes in
runoff variability the values of or obtained for each of the
four climatic scenarios and five GCMs were averaged over
the scenarios and GCMs for the periods PO, P1, P2 and P3.
After that, their temporal dynamics was approximated by a
linear or parabolic function. The error of the obtained value
of or did not exceed 2 %.

The results of estimation of the dynamics of or in the
21st century obtained for different rivers are presented in
Fig. 4. They show that for all rivers, with the exception of
the Amazon, Darling and Tagus, the standard deviation of
annual runoff or increases by the end of the 21st century.
The values of or for the Amazon and Tagus rivers decrease,
but insignificantly.

As to climatic values of annual runoff R, averaged over all
climatic scenarios and GCMs, they have a noticeable down-
ward trend only for the Tagus and Darling rivers. (Note,
that the relative error of such estimates for different rivers
is within the range of 0.5-1.5 %). For the Lena, Mackenzie
and Ganges rivers, the climatic values of runoff demonstrate
its apparent increase. The climatic runoff of the remaining
rivers has an unremarkable growth by the end of the century
(the Mississippi, Niger, and Rhine rivers) or does not change
(the Amazon, Yellow and Yangtze rivers).

Figure 5 shows the relationship (for the climatic periods
P1, P2 and P3 and for 11 rivers) between the relative standard

o . . . . OR,
deviation of annual runoff from its climatic value &, = Kg}
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Figure 2. Dynamics of multi-modal climatic river runoff (bold line) by the end of the 21st century in accordance with four RCP scenarios,
as well as root mean square error of multi-model mean values (thin line).
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(where pr means any of prognostic periods: P1, P2 or P3;
oRr,pr and oR po are standard deviations of annual runoff R
for any of the prognostic period pr and for the historical pe-
riod PO, respectively) and the relative value of climatic runoff
ER = Ilj—l’f. It is seen that, in the first approximation (with a
coefficient of correlation & 0.8), the change in the relative
standard deviation of annual runoff ¢, is proportional to the
change in the relative climatic runoff er. This means that for
a particular river the variability of its annual runoff changes
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in proportion to changes in climatic runoff. Thus, as the first
approximation, the value of o p; can be obtained on the ba-
sis of the following equation:

Rypr
Rpo

2

OR,pr ~ OR P

However, the obtained relation can be treated only very ap-
proximately, which is confirmed by the deviations of the cir-
cles in Fig. 5 from the line 1 : 1. This means that the ratio of
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Figure 4. The dynamics of standard deviation of annual runoff o during the 21st century.
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Figure 5. Relative standard deviation of annual river runoff e, ver-
sus relative value of climatic runoff eR.

deterministic and stochastic components in runoff of a partic-
ular river (Gusev et al., 2017b) can vary with climate change
and, evidently, the value of oR ,r can be more accurately ob-
tained by means of model sumulations.

4.3 Changing the frequency of extreme runoff

First of all, it should be noted that, here, runoff values that
exceed quantile of annual runoff with 97.5 % probability for
the historical period PO are treated as extremely high annual
river runoff, while runoff values that are lower than quantile
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Figure 6. Probability density & of annual runoff R for the Ganges
River for the historical PO and prognostic P3 periods. Rg7 5 p is
the quantile of 97.5 % probability for the period PO (the cut point
for the extremely high runoff).

of annual runoff with 2.5 % probability for the period PO are
considered as extremely low ones. Here, the main attention
will be paid to changing the frequency of occurrence of ex-
tremely high runoff.

To solve this problem, we need to assess the impact of cli-
mate change on the distribution function of annual runoff.
Different variants for approximating the distribution of river
runoff on the basis of application of different distribution
functions (the lognormal distribution, the Pearson distribu-
tion, the gamma distribution, the distribution by Kritskii and
Menckel) are considered in Sikan (2007). An analysis of
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these variants in (Sikan, 2007) and the authors’ own expe-
rience (Gusev et al., 2017a, b) shows that empirical distribu-
tion of annual runoff (at least within the range of probabili-
ties from 0.025 to 0.975) can be satisfactorily approximated
by the function of the two-parameter lognormal distribution.
Application of more precise three-parameter functions of dis-
tribution in this case is not possible, because the accuracy of
estimation of the third statistical moment, which is necessary
to obtain the third parameter of the distribution function and
reflects the degree of its asymmetry, is rather low (in contrast
to the above-mentioned accuracy of the first two statistical
moments) in the case of application of the samples of annual
river runoff available for us. Therefore, in the present paper, a
hypothesis about the possibility of approximation of the em-
pirical distribution functions of annual runoff for the rivers
under study by the two-parameter lognormal distribution is
used.

The parameters of the lognormal distribution function of
annual runoff for a particular river and time period (PO, ...,
P3) were derived from the empirical distribution of annual
runoff calculated using forcing data from each GCM and for
each RCP scenario. Then, these parameters were averaged
over all GCMs and scenarios, and the obtained averages were
used for constructing the final distribution function of runoff
for each river and time period.

The obtained distribution functions of annual river runoff
were used for estimating the change in the frequency of its
extreme values due to possible climate change.

Figure 6 shows the calculated functions of distribution of
annual runoff of the Ganges River for the historical PO and
prognostic P3 periods. The probability of appearance of ex-
tremely high runoff changes from 2.5 % for the historical pe-
riod (the shaded area under the black curve) to 9.6 % for the
prognostic period (the shaded area under the grey curve).

Similar calculations were carried out for all rivers under
study. The results are shown in Table 1 (two last columns).
Analysis of the results shows that changes in the frequency
of occurrence of extremely high annual runoff f,.x depend
on the natural conditions of a particular river basin. For most
rivers the frequency increases due to climate change (espe-
cially for rivers in the boreal zone). As a rule, for such rivers,
according to the RCP scenarios, the climatic runoff also in-
creases. For the U. Amazon, U. Yellow and Niger rivers,
changes in fjax are within the error of its estimation (with
accounting for errors of estimation of parameters of the ap-
proximating functions). For these rivers, changes in climatic
runoff are also small. For the Darling and Tagus rivers, the
frequency of extremely high runoff is noticeably reduced.
And climatic runoff of these rivers also decreases. As to the
frequency of extremely low annual runoff fp;,, for the period
P3, itis 4.1 and 1.2 times larger (for the Darling and Tagus
rivers, respectively) than for the historical period PO, i.e. the
frequency of the appearance of extremely low annual runoff
is increasing.

proc-iahs.net/379/293/2018/
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5 Conclusions

For 11 large river basins, characterized by different natural
conditions, possible changes in characteristics of river runoff
caused by the expected climate changes according to cli-
matic scenarios of the RCP-family up to 2100 are investi-
gated. Changes in climatic runoff are different (both in mag-
nitude and sign) for the river basins located in different re-
gions of the planet due to differences in natural (primarily
climatic) conditions. Climatic runoff has a noticeable down-
ward trend only for the Tagus and Darling rivers. For the
Lena, Mackenzie and Ganges rivers, the climatic values of
runoff demonstrate its apparent increase. The climatic runoff
of the remaining rivers has an unremarkable growth by the
end of the century (the Mississippi, Niger, and Rhine rivers)
or does not change (the Amazon, Yellow and Yangtze rivers).

As to variability of annual runoff, changes in the standard
deviation of annual runoff from its climatic value, in the first
(fairly coarse) approximation, are proportional to changes in
climatic runoff. It is shown that for all rivers, with the ex-
ception of the Amazon, Darling and Tagus, the standard de-
viation of annual runoff or increases by the end of the 21st
century. The values of or for the Amazon and Tagus rivers
decrease, but insignificantly.

For most rivers under study, the frequency of occurrence
of extreme runoff values increases. This is true both for ex-
tremely high runoff (when the projected climatic runoff in-
creases) and for extremely low values (when the projected
climatic runoff decreases).
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