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Ab stract—The pos si bil ity of as sess ing changes in river run off till 2100 for a num ber of large river bas -
ins of the world for a wide range of nat u ral con di tions is in ves ti gated. The as sess ment is based on the
SWAP (Soil Wa ter–At mo sphere–Plants) model us ing me te o ro log i cal data as in puts which were sim u -
lated with dif fer ent gen eral at mo sphere–ocean cir cu la tion mod els in ac cor dance with the RCP cli mate
change sce nar ios. The pos si ble cli ma tic changes in an nual run off for some rivers by the end of the 21st
cen tury are com pared with the nat u ral interannual vari abil ity of river run off caused by weather noise.
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IN TRO DUC TION

Nowadays, many studies deal with the assessment of possible climate change impact on inland water
resources using different models. However, such estimates are mostly provided on the global and conti-
nental scales. As to the modeling of changes in hydrological regime on the regional scale (for example, on
the scale of a river basin), such studies are largely fragmentary, are based on different climate scenarios and 
on the results of simulations with various climate and hydrological models. As a result, the obtained
scenarios of possible changes in hydrological characteristics sometimes cannot be summarized and
systematized and do not always include the uncertainty assessment. In view of this, the Inter-Sectoral
Impact Model Intercomparison Project (ISI-MIP) was organized in 2013 [12]. One of its goals was to
combine efforts of the community of developers of hydrological models in order to generalize the obtained
projections of global climate change impact on water resources on various spatial scales, in particular, on
the river basin scale. The present research was performed in the framework of ISI-MIP2; its objective was
to investigate the possible variation in river runoff till 2100 for 11 large river basins characterized by a
wide range of natural conditions. Such studies were also carried out by other ISI-MIP2 participants using
different hydrological models [5, 9]. Unlike the above papers, the present study utilizes the SWAP (Soil
Water–Atmosphere–Plants) model simulating interaction between the land surface and atmosphere which
has been developed before by the authors of the present paper [1]. The authors have enough experience in
solving the problems of the scenario-based prediction of water balance components, in particular, of river
runoff for river basins (for example, see [2]). Besides, the authors tried to summarize the obtained results in
the given paper based on the construction of the regression dependence of river runoff variations on the
changes in climatic predictors (surface air temperature and precipitation) and to compare the scale of
climatic changes in river runoff with its natural variability caused by so called weather noise [6, 8].

DATA AND METHODS

SWAP model. The SWAP phys i cal and math e mat i cal model of the land sur face–at mo sphere in ter ac -
tion de vel oped in the Wa ter Prob lems In sti tute of Rus sian Acad emy of Sci ences de scribes the pro cesses of
heat and mois ture ex change in the soil–plants/snow cover–at mo sphere sys tem. The lat est ver sion of the
model con sid ers the fol low ing pro cesses: the in ter cep tion of liq uid and solid pre cip i ta tion by veg e ta tion;
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the evap o ra tion, melt ing, and freez ing of in ter cepted pre cip i ta tion in clud ing the melt wa ter refreezing; the
for ma tion of snow cover un der the for est can opy and in the open ar eas; the for ma tion of sur face and
ground wa ter run off; the in fil tra tion of wa ter into the soil; the for ma tion of wa ter bal ance in the aer a tion
zone in clud ing tran spi ra tion, evap o ra tion from the soil, wa ter ex change with un der ly ing lay ers, and soil
mois ture dy nam ics; ground wa ter level variations; the for ma tion of heat bal ance and tem per a ture re gime of
the above sys tem; the freez ing and melt ing of soil.

In hy dro log i cal ap pli ca tions, the ki ne matic wave equa tion is used for mod el ing run off within the model
grid cell. A large-scale river ba sin is split on the sur face to a num ber of grid cells con nected by the river net -
work. Within each cell the heat and wa ter re gimes are sim u lated re gard less of the other cells. The val ues of
run off from the ba sin grid cells are used as in put in for ma tion for the next model com po nent: the com po nent 
of run off trans for ma tion in the river net work. 

Output variables for the SWAP model are the several tens of characteristics of thermal and water
regimes of the analyzed river basin. However, in accordance with the goal stated and due to the limited
volume of the paper, the present study considers only the most interesting characteristic for hydrologists:
the river runoff. 

The de tailed de scrip tion of SWAP and its ver i fi ca tion are pro vided in [1].

Analyzed river basins and their schematization. The objects of the present study are 11 large river
basins located on the different continents of the globe in different natural conditions: the Rhine and Tagus
in Europe; the Ganges, Lena, Upper Yellow, and Upper Yangtze in Asia; the Niger in Africa; the
Mackenzie and Upper Mississippi in North America; the Upper Amazon in South America; the Darling in
Australia (Fig. 1a). The use of only upper reaches of such rivers as the Yellow, Yangtze, Mississippi, and
Amazon for the analysis is caused by the fact that these parts of river basins are least subjected to
anthropogenic impacts which considerably affect the river runoff and do not require additional information
related to the runoff control. The basic characteristics of the selected river basins are presented in Table 1
[7, 9]. 

In the pres ent study, the bas ins were schematized as the set of reg u lar grid cells with the spa tial res o lu -
tion of 0.5° along the lat i tude and lon gi tude that are connected by the river net work. The num ber of grid
cells for each ba sin is given in Ta ble 1. 

Fig ure 1b pres ents two sets of spa tial land ob jects in the phase space of two cli ma tic char ac ter is tics (av -
er age long-term val ues of av er age an nual tem per a ture and an nual to tal pre cip i ta tion). The first set is the set
of all land cells (ex cept for Antarctica), and the sec ond one is the set of 11 se lected river bas ins. The av er -
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Fig. 1. The lo ca tion of the an a lyzed river bas ins (a) on the globe and (b) in the phase space of the climatic val ues
of sur face air tem per a ture T and pre cip i ta tion P that were averaged over the area of the re spec tive ob ject. The
small crosses in fig ure b mark the po si tion (in the phase space) of the val ues of T and P be long ing to the ter ri tory
of land cells of the spa tial global grid with the res o lu tion of 1°; the cir cles mark the in ves ti gated river bas ins.



age long-term val ues of air tem per a ture and an nual to tal pre cip i ta tion for the men tioned ob jects are the
area-averaged char ac ter is tics de ter mined from the global me te o ro log i cal da ta base Wa ter and Global
Change (WATCH) [13]. It fol lows from Fig. 1b that river bas ins form the sam ple of land ob jects which
more or less rep re sen ta tively in di cate (at least in terms of cli mate char ac ter is tics) the spe cific fea tures of
most of the land on the globe. 

SWAP in for ma tion sup port. Sur face me te o ro log i cal data (on pre cip i ta tion, air tem per a ture, air hu mid -
ity, in ten sity of long- and short-wave ra di a tion fluxes, wind speed, and air pres sure) are needed to spec ify
up per bound ary con di tions for the SWAP model; the pa ram e ters of land sur face (the char ac ter is tics of soil,
veg e ta tion, ter rain, etc.) are specified; hy dro log i cal char ac ter is tics are also needed to cal i brate and ver ify
the model.

To cal i brate and ver ify the model, the daily val ues of me te o ro log i cal data for the pe riod of 1969–2001
were taken from the above WATCH global da ta base which is based on the hy brid iza tion of ERA-40 reana-
lysis data with monthly val ues of sur face mea sure ments from the da ta bases of GPCC (Global Pre cip i ta tion
Cli ma tol ogy Cen ter) and Uni ver sity of East Anglia CRU (Cli ma tic Re search Unit) (in clud ing data on air
tem per a ture, num ber of days with pre cip i ta tion, cloud i ness, and pre cip i ta tion).

For prognostic calculations, daily meteorological data for the period of 2006–2099 were used
whichw ere obtained from five general atmosphere–ocean circulation models (GCMs): Had-GEM2-ES,
IPSL-CM5A, MIROC-ESM-CHEM, GFDL-ESM2M, and NorESM1-M [9] based on four representative
concentration pathways (RCPs) [10], RCP2.6, RCP4.5, RCP6.0, and RCP8.5, which were used to prepare
the IPCC Fifth Assessment Report. The numbers in the acronyms of scenarios correspond to the increase in
the values of incoming radiation in 2100 which is caused by the increase in greenhouse gas emissions to the 
atmosphere as compared to the preindustrial period. High values correspond to more aggressive
anthropogenic scenarios caused by the high greenhouse gas emission to the atmosphere and by poor
emission control measures. Besides, the present study used the values of meteorological parameters
simulated with GCMs for the historical period (1962–2005). 

To im prove the qual ity of the fur ther hy dro log i cal cal cu la tions dur ing ISI-MIP2 [12], the post-pro-
cessing cor rec tion was pro vided for the val ues of me te o ro log i cal pa ram e ters ob tained with the above five
GCMs in or der to re duce pos si ble cal cu la tion bi ases. The cor rec tion was based on cor re spond ing data from
WATCH for the his tor i cal (base) pe riod P0 (1962–2005) which was used to op ti mize the most im por tant
pa ram e ters of the bas ins. 

The land sur face pa ram e ters for each grid cell of the bas ins were ob tained us ing the ECOCLIMAP
eco sys tem database [3] by the method de scribed in [7].

Data on river run off for the cal i bra tion and ver i fi ca tion of the model were pro vided by the ISI-MIP2
or ga niz ers. 
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Ta ble 1. The char ac ter is tics of the in ves ti gated river bas ins 

River Runoff
station Latitude Longitude S, km2 N T, °C

P R
R/P

mm/year

Lena
Up per Amazon

Mackenzie

Upper Yang tze
Gan ges
Up per Yel low
Niger
Rhine
Up per Mis sis -
sippi
Tagus
Dar ling

Stolb
So Paulo de 
Olivensa
Arc tic Red
River
Khun Tan
Farakka
Tangnaihai
Lokoja
Lobith
Alton

Almourol
Louth

72.37° N
3.45° S

67.46° N

29.61° N
25.00° N
35.50° N

7.80° N
51.84° N
38.89° N

39.47° N
30.53° S

126.80° E
  68.75° W

133.74° W

106.60° E
  87.92° E
100.15° E
    6.77° E
    6.11° E
  90.18° W
  
  8.37° W
145.11° E

2460000
990781

1660000

804859
835000
121000

2074171
160800
444185

674900
489300

1668
330

1128

325
340

51
678

83
198

35
180

–10.2
21.7

–4.3

6.8
21.1
–2.0
27.7

8.7
7.3

14.0
19.2

384
2122

435

768
1173

506
625

1038
967

671
590

201
1459

171

389
471
169

77
457
257

152
8

0.52
0.69

0.39

0.51
0.40
0.33
0.12
0.44
0.27

0.23
0.01

Note: S is the basin area; N is the number of grid cells; the area-averaged climatic characteristics of the basin (from 1971 
to 2000): T is surface air temperature; P is precipitation; R is river runoff; R/P is the runoff coefficient [7, 9].



Model cal i bra tion and ver i fi ca tion. To im prove the qual ity of hy dro log i cal cal cu la tions, the au to matic 
cal i bra tion was pro vided for the most im por tant model pa ram e ters based on the SCE-UA global op ti mi za -
tion al go rithm (Shuf fle Com plex Evo lu tion) [4], with ap pli ca tion of the ad di tional con di tion that the run off
cal cu la tion bias must not ex ceed 5%. The stan dard de vi a tion of cal cu lated monthly run off val ues from the
mea sured ones was used as a tar get func tion. The cal i bra tion was car ried out (as pos si ble) for the 8-year
pe riod based on the monthly val ues of mea sured run off. The more de tailed de scrip tion of the cal i bra tion
pro ce dure, in par tic u lar, of the se lec tion of pa ram e ters to be cal i brated can be found in [7].

The ad e quacy test for the ob tained op ti mized val ues of pa ram e ters was per formed for the pe riod from
1970 till 2001 and re vealed a quite sat is fac tory agree ment be tween the cal cu lated and mea sured dy nam ics
of run off for the se lected rivers [7].

RE SULTS AND DIS CUS SION

The run off  for the above 11 rivers was cal cu lated us ing the SWAP model based on the GCM-simulated
val ues of me te o ro log i cal pa ram e ters for two main pe ri ods: the his tor i cal pe riod P0 (1962–2005) and the
pro jec tion pe riod (2006–2099) which, in turn, was split to three parts for the anal y sis: P1 (2006–2035), P2
(2036–2065), and P3 (2066–2099). The river run off for the pro jec tion pe riod was cal cu lated for the four
above RCP cli mate sce nar ios. 

Due to the limited volume of the paper, Figure 2 presents only a part of the results of runoff variation
estimation for the 21st century, namely, the dynamics of annual values of river runoff (averaged using the
simulation results and the meteorological forcing computed with five GCMs) for four basins and all four
climate scenarios. The mean values for the period are given for P0, and the time-averaged values obtained
by the moving average method with the averaging period of 30 years are provided for the next (prognostic)
years, i.e., the results in Fig. 2 represent the dynamics of climatic runoff. Besides, Figure 2 also demon-
strated the runoff estimation uncertainty caused by the scatter of simulation results for different GCMs and
computed as a root-mean-square error of the ensemble mean. The projections of the change in climatic
runoff by the end of the 21st century for all the analyzed rivers and for all climate scenarios are presented in
Table 2.
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Fig. 2. The dynamics of climatic variations in runoff in the 21st century for four selected river basins calculated with the
SWAP model using meteorological data as inputs which were simulated with different general atmosphere–ocean circulation
models in accordance to the RCP climate change scenarios. The thick line is the results of multimodel climatic variations
(averaged for all GCMs), the thin lines are the error of the mean value of runoff estimated by the scatter of results obtained
for different GCMs. (a–d) the Upper Amazon; (e–h) Mackenzie River; (i–l) Darling River; (m–p) Ganges River; scenarios:
(a, e, i, m) RCP2.6; (b, f, j, n) RCP4.5; (c, g, k, o) RCP6.0; (d, h, l, p) RCP8.5. 



The anal y sis of the re sults dem on strated that, as a rule, more ag gres sive RCP sce nar ios lead to sig nif i -
cant (both pos i tive and neg a tive) vari a tions in river run off in the se lected bas ins. As to the rel a tive er ror of
cli ma tic run off (equal to the ab so lute value of the er ror di vided by the mean value of run off), it was max i -
mum for the Dar ling and Tagus rivers. It should be noted that, ac cord ing to [7], the bas ins of these rivers are 
also char ac ter ized by the high est nat u ral un cer tainty of run off caused by weather noise. On the con trary, for 
the Lena and Mac ken zie rivers, the above er ror is min i mum. This also cor re sponds to the low est val ues of
nat u ral un cer tainty of run off for these rivers, be cause they are char ac ter ized by a more reg u lar pat tern of
intraannual run off dy nam ics [7]. Ev i dently, the bas ins with the high est am pli tude of weather noise are char -
ac ter ized by the wid est range of val ues of me te o ro log i cal pa ram e ters cal cu lated us ing dif fer ent GCMs. In
turn, this wid ens the range of river run off val ues cal cu lated based on them. 

As regards the values of runoff variation DR, they differ (both in value and sign) for the basins located
in the different regions of the globe, because variations in climate characteristics differ (Table 2). The
authors tried to generalize the results of assessment for average long-term runoff variations using basin-ave-
raged variations in temperature DT (here, T is temperature, K) and precipitation DP as predictors. The main
energy characteristic affecting runoff variation is a change rather in the related incoming long-wave radia-
tion which is proportional to T 4 than in temperature; therefore, the variation in this parameter was utilized
as a predictor. Thus, the values of DP and DT 4 ~ T 3DT were taken as predictors. For convenience, the last
predictor was utilized in the form of the following variable (let us call it the reduced temperature variation)

D DT T T T* ( / )= 0
3 (1)

where T0 = 273.15 K. 
Then vari a tions in the av er age long-term val ues of an nual run off DR com puted with the SWAP model

for the pe ri ods P1, P2, and P3 (av er aged over all RCP sce nar ios and all GCMs) were ap prox i mated with the 
par a bolic func tion of vari ables DT* (K) and DP (mm/year):
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Ta ble 2. Sta tis ti cal char ac ter is tics in di cat ing run off changes for the an a lyzed rivers in the end of the 21st cen tury
(pe riod P3) as com pared with the his tor i cal pe riod (P0) un der dif fer ent RCP cli mate change sce nar ios

Param- 
e ter

Am a -
zon

Gan -
ges

Dar -
ling

Lena Mac -
ken zie

Mis sis -
sippi

Niger Rhine Tagus Yel -
low

Yang -
tze

RCP2.6

DR
smod

SNR

–32
85

0.40

82
93

0.45

–6
5

0.28

35
12

2.01

28
11

1.36

21
32

0.17

1
13

0.13

46
27

0.05

14
43

0.39

4
22

0.14

–3
22

0.01

RCP4.5

DR
smod

SNR

–6
63

0.51

133
97

0.46

0
16

0.10

49
11

2.17

40
10

1.47

19
34

0.16

–3
10

0.18

16
31

0.04

–24
42

0.41

4
17

0.18

5
27

0.01

RCP6.0

DR
smod

SNR

8
79

0.40

139
120
0.38

–4
8

0.24

62
15

1.65

37

13
1.16

11
32

0.17

–4
10

0.17

13
29

0.04

–29
36

0.44

–5
16

0.19

–10
20

0.01

RCP8.5

DR
smod

SNR

127
78

0.41

172
85

0.51

–5
8

0.20

99
17

1.48

59
16

0.93

21
31

0.17

–7
9

0.18

5
38

0.03

–65
23

0.69

–12
20

0.16

1
30

0.01

Note: DR is the averaged value of runoff variation (mm/year) calculated using different GCMs; smod is the standard
deviation of runoff variations obtained using different GCMs from DR, mm/year. 



D D D D D D D D DR T P a T b P c T d P e P T( *, ) * ( *) ( ) *= + + + +2 2 (2)

where a, b, c, d, and e are em pir i cal pa ram e ters.
In the case of op ti mum val ues of the em pir i cal co ef fi cients in the right-hand side of (2) (a = –8.21, b =

= 0.57, c = 1.7, d = 0.0023, e = –0.065), the co ef fi cient of cor re la tion be tween the val ues of DR cal cu lated
us ing SWAP and equa tion (2) is equal to 0.9. The stan dard de vi a tion of val ues of DR cal cu lated with
SWAP from the val ues of DR com puted us ing (2) is equal to 14 mm/year. The com par i son of this value
with the stan dard de vi a tions for run off cal cu lated us ing dif fer ent GCMs and pre sented in Ta ble 2 al lows
con clud ing that, as a first guess, the cli mate change im pact on long-term an nual run off vari a tions can be as -
sessed based on empirical equa tion (2).

It is in ter est ing to de ter mine to what ex tent cli mate-induced vari a tions in av er age long-term an nual run -
off are com pa ra ble with its nat u ral (caused by weather noise) interannual vari abil ity. For this pur pose, the
sig nal-to-noise re la tion SNR can be used. It is ap plied in cli ma tol ogy to es ti mate the sig nif i cance of any
anthropogenic sig nal against a back ground of nat u ral vari abil ity of me te o ro log i cal pa ram e ters (for ex am -
ple, see [11]). In the pres ent study, SNR was com puted in the fol low ing way: 

SNR
R

Un
=

D 3 (3)

where DR3 is runoff variation for a corresponding river (averaged for all GCMs) for the period P3 as
compared with the base period P0; Un = (R0.975 – R0.025) is the measure of the natural variability of annual
runoff, where R0.975 and R0.025 are the quantiles with 97.5% and 2.5%  probability of annual runoff for the
period P3 (mm/year) calculated assuming that annual runoff is lognormally distributed [7, 8]. The charac-
teristic Un is a range within which the value of annual runoff can be with the 95% probability under more or 
less stationary climate conditions. 

The re sults of SNR com pu ta tion are pre sented in Ta ble 2. They in di cate that, as a rule (ex cept for the
run off of the north ern rivers Mac ken zie and Lena), the cli mate-related run off vari a tions (in the ab so lute
value) for the se lected rivers by the end of the 21st cen tury ob tained us ing the RCP fam ily sce nar ios are be -
low (and of ten much be low) the nat u ral interannual vari abil ity of river run off caused by weather noise. 

CON CLU SIONS

The pos si bil ity of as sess ing river run off vari a tions till 2100 for the large river bas ins of the globe char ac -
ter ized by a wide range of nat u ral con di tions is dem on strated. The as sess ment is based on the SWAP model
of land sur face–at mo sphere in ter ac tion and uses me te o ro log i cal data as in puts which were sim u lated with
dif fer ent gen eral at mo sphere–ocean cir cu la tion mod els in ac cor dance to the RCP cli mate change sce nar ios.

The pos si bil ity of es ti mat ing vari a tions in cli ma tic an nual run off based on the em pir i cal equa tion is
shown. The pre dic tors in the equa tion are vari a tions in ba sin-averaged sur face air tem per a ture and
precipitation amount.

It is dem on strated that, as a rule, cli mate-caused run off vari a tions (in the ab so lute value) for the an a -
lyzed rivers (ex cept for the north ern rivers) in the end of the 21st cen tury will be smaller than the nat u ral
interannual vari abil ity of run off caused by weather noise. 
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