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Abstract—An impact of global warming on river runoff into the Arctic seas is discussed. River runoff
is one of the main components of the Arctic freshwater balance. Annual total river runoff is determined
as the sum of runoff of six rivers: the Ob, Yenisei, Lena, Kolyma, Indigirka, and Mackenzie. The indi-
ces of zonal, meridional, and general circulation were calculated to assess the effect of atmospheric
circulation. Correlations between the indices and surface air temperature and precipitation in the catch-
ment areas confirmed the most significant influence of atmospheric transport on climatic conditions in
the cold season. It was stated that annual total river runoff increased during 1979–2019, but the occur-
rence of peak discharges was reduced.
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IN TRO DUC TION

Great at ten tion has been paid to the fresh wa ter con tent in the Arc tic ba sin, which is the source of de sa -
li nated water flow ing into the North At lan tic and af fect ing the thermohaline cir cu la tion [16, 19, 21]. The
av er age an nual fresh wa ter in flow to the Arc tic Ocean is de ter mined by river run off (42%), the in flow
through the Be ring Strait (32%), and pre cip i ta tion mi nus evap o ra tion (26%) [24]. The au thors of [7] eval u -
ated the con tri bu tion of river run off at 56%, with 28% of the in flow through the Be ring Strait and 15% of
pure pre cip i ta tion. At the same time, a half of the av er age an nual river in flow to the Arc tic Ocean is con trib -
uted by the three larg est Si be rian rivers: the Ob, Yenisei, and Lena [7]. To tal run off of the three ma jor Si be -
rian rivers and the larg est North Amer i can river (the Mac ken zie) is equal to ~1900 km3 per year, or ~60% of 
the av er age an nual vol ume of fresh wa ter flow ing into the Arc tic seas [9, 17]. There is no sin gle opin ion
about the rea sons of run off changes, which have been es pe cially no tice able in the re cent two de cades, in
par tic u lar, about the role of at mo spheric cir cu la tion and re lated changes in pre cip i ta tion and air tem per a ture 
in the catch ment ar eas and their ef fects on run off. For ex am ple, the au thors of [15] in ves ti gated the in flow
of 72 rivers to the Arc tic Ocean over the pe riod from 1975 to 2015. The re sults dem on strated a gen eral in -
crease in run off, and this in crease is more no tice able for the Eur asian rivers than for the North Amer i can
ones. No sig nif i cant ef fect of such cli ma tic in di ca tors as the Arc tic Os cil la tion, North At lan tic Os cil la tion,
or Pa cific De cad al Os cil la tion on run off of rivers pro vid ing the larg est fresh wa ter in flow to the Arc tic
Ocean was found.

The au thors of [23] noted that al though the in flow of the ma jor Si be rian rivers is a sig nif i cant source of
fresh wa ter in the Arc tic Ocean, the cause for long-term changes in their run off is still un clear. Dif fer ently
di rected im pacts of cli ma tic fac tors, in par tic u lar, of the at mo spheric cir cu la tion in the ar eas of the Ob and
Lena river run off for ma tion in sum mer were re ported. 

The au thors of [5] noted the pos i tive air tem per a ture and pre cip i ta tion trends for the Lena ba sin in the
cold sea son (No vem ber–March), with the co ef fi cients of 0.3–0.52°C/10 years and 14–16 mm/10 years. The 
warm sea son was also char ac ter ized by the in crease in the mean val ues of tem per a ture and to tal pre cip i ta -
tion. It was es tab lished ear lier [10] that the Lena run off from 1936 to 2001 in creased be cause av er age an -
nual pre cip i ta tion was above the nor mal. The re sults of [9] dem on strated that to tal run off of the Ob, Lena,
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Yenisei, and Mac ken zie rivers in creases at a rate of 89 km3 per de cade and rose ap prox i mately by 14% dur -
ing the 30-year pe riod from 1980 to 2009. To tal av er age an nual river run off in north ern Can ada also in -
creased dur ing 1989–2013, which was as so ci ated with the im pact of the Arc tic Os cil la tion [14]. Ac cord ing
to [18], to tal river run off to the Arc tic Ocean in 2000–2010 in creased by ~300 km3 per year rel a tive to the
mean for 1980–2000. 

The ob jec tive of the pres ent pa per is to es ti mate vari a tions in the river in flow to the Arc tic Ocean in the
re cent four de cades and to re veal the im pact of global and re gional changes in the at mo spheric cir cu la tion,
pre cip i ta tion, and air tem per a ture on these vari a tions.

DATA AND METHODS

The inflow of river water to the Arctic seas is determined as the sum of runoff of six rivers: the Ob, 
Yenisei, Lena, Kolyma, Indigirka, and Mackenzie, which make the main contribution to the river inflow to
the Arctic Ocean. The Northern Dvina River runoff was also considered but was not included to the estimate
of total runoff as it does not contribute to the Arctic freshwater balance. River discharges of the Indigirka
River from 1999 to 2019 were retrieved due to the absence of observational data for this period in the
R-ArcticNet [22] and ArcticGRO datasets [25] utilized in the present study. The coordinates of stream gages
at which river runoff data were obtained, as well as the area of the catchments, are presented in Table 1. The 
position of the catchments is shown in the map (Fig. 1) according to the Interactive Database of the World’s 
River Basins (http://riverbasins.wateractionhub.org/). 

Data on sur face air tem per a ture from the NCEP (1948–2018) [20], ERA-Interim (1979–2018) [13],
ERA5 (1979–2019) reanalyses [12], PREC/L land pre cip i ta tion data [11], and GPCP (Global Pre cip i ta tion
Cli ma tol ogy Pro ject) pre cip i ta tion fields [8] were used to as sess the ef fects of global and re gional changes
in the at mo spheric cir cu la tion, pre cip i ta tion, and air tem per a ture on runoff for ma tion.

The monthly mean val ues of sur face air tem per a ture and pre cip i ta tion were cal cu lated for the ar eas in -
clud ing the river catch ments. Based on the data on monthly mean sur face air tem per a ture at the points of the 
geo graphic grid cov er ing the North ern Hemi sphere, the in di ces of zonal, me rid i o nal, and gen eral cir cu la -
tion in the North ern Hemi sphere were cal cu lated us ing the for mu las pro posed in [1]. The calculation of the
in di ces was based on the fact that the spa tial con trasts of sur face air tem per a ture de crease when the heat and 
mois ture trans port by the at mo spheric circulation intensifies and, on the con trary, the con trasts in crease if
the trans port weak ens. The in di ces are in tended for as sess ing the ef fect of at mo spheric trans port in ten sity
vari a tions on the mean sur face air tem per a ture for the hemi sphere, the globe, and sep a rate re gions. 

The index of zonal circulation Dz was calculated using the formula
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The index of the impact of meridional circulation Dm is determined by the formulas
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and char ac ter izes non-uniformity of the tem per a ture dis tri bu tion along the me rid ian from the equa tor to the
pole. The an gle brack ets mean the av er ag ing with re spect to lat i tude j  or lon gi tude l. The in dex of the cou -
pled im pact of zonal and me rid i o nal (or gen eral) cir cu la tion is de ter mined as fol lows: 
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Ta ble 1. Stream gages at the out lets and catch ments ar eas of the rivers

River Stream gage Lat i tude Lon gi tude Catch ment area, km2

Ob
Lena
Yenisei
Kolyma
Indigirka
North ern Dvina
Mac ken zie

Salekhard
Kyusyur
Igarka
Kolymskoe, Kolymsk-1
Vorontsovo
Ust’-Pinega
Arc tic Red River

66.63° N
70.68° N
67.43° N
68.73° N
69.57° N
64.13° N
67.45° N

66.60° E
127.39° E

86.48° E
158.72° E
147.53° E

41.92° E
133.74° W

2929051
2467694
2518210

657254
343569
348728

1805884



The mean squared deviation of surface air temperature from the corresponding means in the formulas
for Dz and Dm was included to the determination of available potential energy in the atmosphere [4, 6]. The
changes in available potential energy correspond to an increase or decrease in kinetic energy of the
atmosphere or in the intensity of atmospheric circulation. 

The cal cu lated in di ces are pre sented at the website of Arc tic and Ant arc tic Re search In sti tute
(http://www.aari.ru/main.php?lg=0&id=466).

The re la tion ships be tween the cli ma tic pa ram e ters were eval u ated by the mul ti di men sional cross-corre-
lation anal y sis. The fre quen cies of high and low val ues of peak monthly mean dis charges are de ter mined
us ing the r-quantile (r = 0.1). Hence, small dis charges will be be low the quantile x0.1 and large dis charges
will be above x0.9. The val ues of the quantile for each river are de ter mined us ing the set of or der sta tis tics [3] 
of an nual max i mum dis charges. The or der sta tis tics x(i) (the ith value of the set), where i = N(np + 1) is the
larg est in te ger num ber in (np + 1); n is the length of the se ries; N is the in te ger num ber op er a tor; p, the or der 
of quantile, is used to de ter mine the year when the peak monthly mean dis charge in a given river was be low 
the spec i fied quantile xp. Sim i larly, x(i) where i = N(n(1 – p) + 1), is used to de ter mine the year when the
peak dis charge was above x1 – p. Counting the to tal num ber of cases for all rivers when a given year was
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Fig. 1. The catch ments of the Ob, Yenisei, Lena, Kolyma, Indigirka, Mac ken zie, and North ern Dvina rivers and the grid
points of (a) the ERA5 reanalysis and (b) GPCC pro ject dataset for av er ag ing the pa ram e ters.



within the half-interval (< x0.1 or > x0.9) gives the oc cur rence of such cases in a given year on the “Num ber 
of cases–Year” di a gram. To en hance the re li abil ity of the oc cur rence val ues, their mov ing sum ming over
9 years was car ried out with at trib ut ing the re sult ing sum to the mid dle of the in ter val.

The monthly mean, an nual mean, and sea sonal mean val ues of sur face air tem per a ture in the catch -
ments were obtained by av er ag ing the ERA5 reanalysis data (1° ́  1° grid) in the catch ment ar eas of the Ob,
Lena, Yenisei, North ern Dvina, Kolyma, and Mac ken zie rivers. Monthly mean and an nual mean to tal pre -
cip i ta tion over the warm and cold sea sons in the catch ments were ob tained by av er ag ing the GPCC data
(2.5° ́   2.5° grid) in the area of each ba sin (Fig. 1). Monthly mean and an nual mean pre cip i ta tion were used
to as sess changes in cli ma tic con di tions and the ef fect of at mo spheric cir cu la tion on cli ma tic con di tions in
the catch ments; warm- and cold-season pre cip i ta tion was used to eval u ate the im pact of the changes in cli -
ma tic con di tions on river run off. 

RE SULTS

Cli mate change in the catch ment ar eas. The monthly and an nual mean val ues of air tem per a ture and
pre cip i ta tion, trend co ef fi cients, in di ces of zonal, me rid i o nal, and gen eral cir cu la tion in the North ern Hemi -
sphere, co ef fi cients of cor re la tion be tween the in di ces and cli ma tic pa ram e ters were used to as sess changes
in cli ma tic con di tions in the river catch ments. 

Monthly mean air tem per a tures in all catch ments of the an a lyzed rivers rise, ex cept for the ar eas of the
Lena and Yenisei in De cem ber, the Ob and Kolyma in Jan u ary, and the Kolyma in Feb ru ary. Max i mum co -
ef fi cients of the tem per a ture trend sig nif i cant at the level of 95% are ob served in March and April
(0.1°C/year for the Yenisei in April and for the Kolyma in May), as well as in No vem ber (0.12°C/year for
the Kolyma). The larg est pre cip i ta tion growth is ob served in the catch ment ar eas of the Ob and North ern
Dvina in March (the trends are sig nif i cant at the level of 95%). Pre cip i ta tion in the Kolyma catch ment is
char ac ter ized by the max i mum pos i tive trends in the au tumn months (sig nif i cant at the level of 95%).

Ef fects of at mo spheric cir cu la tion on cli ma tic con di tions in the catch ment ar eas. The zonal trans -
port has the most no tice able ef fect on sur face air tem per a ture in Asia north of 40° N. The im pact of me rid i o -
nal trans port is ob served in more north ern re gions, in clud ing the Arc tic ba sin [1]. The ar eas of the im pact of 
zonal and me rid i o nal trans port on sur face air tem per a ture in clude the catch ment bas ins of the rivers, hence,
the at mo spheric trans port af fects cli ma tic con di tions in the catch ments. 

The cal cu la tion of the co ef fi cients of cor re la tion be tween the in di ces and cli ma tic pa ram e ters in the
catch ments con firmed this state ment. Ta ble 2 pres ents the co ef fi cients of cor re la tion be tween the in di ces
and the mean val ues of tem per a ture in the catch ment ar eas of in di vid ual rivers. It should be noted that the
zonal trans port has a warm ing ef fect only in the cold sea son (Oc to ber to March).

Cli ma tic con di tions in the catch ments of the Kolyma, Mac ken zie, and North ern Dvina rivers are more
af fected by the me rid i o nal trans port. The max i mum cor re la tion co ef fi cients are ob served be tween the an -
nual mean in di ces of me rid i o nal and gen eral cir cu la tion and the an nual mean val ues of air tem per a ture in
the Kolyma and North ern Dvina catch ments. 

The calculation of the coefficients of correlation between the circulation indices and mean precipitation
demonstrated that the zonal and meridional transport has the most significant effect on precipitation in the
Lena catchment areas in the cold season. The maximum coefficient of correlation between the zonal
circulation index and mean precipitation in November is –0.72, and the coefficient for cold-season mean
precipitation is –0.58 (with Dz), –0.53 (with Dm), and –0.63 (with D). 

The co ef fi cients of cor re la tion be tween the North At lan tic Os cil la tion (NAO) in dex and the cli ma tic
pa ram e ters in the catch ments were cal cu lated. The ef fect of the NAO on cold-season air tem per a ture was
re vealed only for the North ern Dvina catch ment. The co ef fi cient of cor re la tion be tween the cold-season
mean val ues is 0.61, the co ef fi cient of cor re la tion be tween the win ter means is 0.78, and the co ef fi cient of
cor re la tion be tween the mean val ues of air tem per a ture and the in dex in March is 0.77. 

Cor re la tion be tween cli ma tic con di tions in the catch ment ar eas and an nual river run off. The im -
pact of the changes in sur face air tem per a ture and pre cip i ta tion in the catch ments on river run off was es ti -
mated by the co ef fi cients of cor re la tion be tween monthly mean air tem per a tures, cold- and warm-season
to tal pre cip i ta tion in the catch ments, and the monthly mean dis charge, as well as an nual river run off.

For air tem per a ture, the max i mum cor re la tion co ef fi cients were ob tained be tween tem per a ture in April
and May and river run off in May and June. The high est pos i tive cor re la tion co ef fi cients are typ i cal of the
months when the dis charge in creases, and high neg a tive co ef fi cients were re vealed for run off in June, when 
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the dis charge is char ac ter ized by the de creas ing trend. The changes in mean air tem per a ture in April in the
Ob catch ment and mean dis charge of the Ob in May are pre sented in Fig. 2a.

The co ef fi cients of cor re la tion be tween river run off and to tal pre cip i ta tion in the catch ment ar eas
showed that warm-season (April–Oc to ber) to tal pre cip i ta tion has the most sig nif i cant ef fect on river run off. 
Mean warm-season pre cip i ta tion has the great est ef fect on the an nual flow of the Lena (the cor re la tion
co ef fi cient R = 0.76, Fig. 2b), North ern Dvina (R = 0.65), Ob (R = 0.58), and Mac ken zie (R = 0.47). An nual 
run off of the Ob and Kolyma is af fected by cold-season pre cip i ta tion (R = 0.51 and 0.55, re spec tively). 

Long-term changes in river run off pa ram e ters. Pos i tive trend co ef fi cients in di cate an in crease in an -
nual run off for all six rivers. To tal an nual mean run off of the six rivers (the Ob, Lena, Yenisei, Kolyma,
Mac ken zie, and Indigirka) in creases at a rate of 4.51 km3/year, and the an nual mean dis charge grows at a
rate of 143 m3/s per year, the trends are sig nif i cant at the level of 95%. 

Max i mum to tal an nual run off of the six rivers was ob served in 2007 and was equal to 2391 km3/year.
Interdecadal changes in the river in flow to the Arc tic seas (Ta ble 3) show the max i mum in flow in the 2000s,
which cor re sponds to the in creased fresh wa ter con tent in the up per layer of the Arc tic ba sin dur ing this de -
cade [2].

Peak dis charges of the Ob, Lena, Yenisei, and Mac ken zie (ob served mainly in June) de crease, the trends 
in peak dis charges are sig nif i cant at the 95% level. The Yenisei dis charge is re duced most sig nif i cantly, the
max i mum dis charge trend co ef fi cient is –369 m3/s per year dur ing 1979–2019. Peak dis charges of the
North ern Dvina also de crease and, un like peak dis charges of the Si be rian rivers, are reg is tered in May. 

Sig nif i cant dis charges and re lated river floods are dan ger ous for pop u la tion liv ing in river val leys. From 
this point of view, the de creas ing oc cur rence of sig nif i cant dis charges and the in creas ing fre quency of
small dis charges are the fa vor able con se quences of the warm ing. To as sess such changes, the fre quen cies
of sig nif i cant and small dis charges were com puted us ing the set of or der sta tis tics formed of the se ries of
peak monthly mean dis charges for each river. 

The cal cu la tion was per formed for the dis charge of the six rivers in 1979–2019. The re sults of the cal cu -
la tion showed (Ta ble 4) that the in crease in the num ber of small peak dis charges falls on the 2000s and
2010s, and the in crease in the num ber of sig nif i cant peak dis charges falls on the 1980s and 1990s. Hence,
smaller peak dis charges dom i nate dur ing the warm ing, and a greater num ber of sig nif i cant peak dis charges
was ob served dur ing the cool ing in the pre ced ing pe riod.

CON CLU SIONS

Cli ma tic con di tions in the catch ment ar eas of the an a lyzed rivers are formed un der the in flu ence of  at -
mo spheric cir cu la tion, which car ries heat, mois ture, and pre cip i ta tion. The at mo spheric trans port mainly
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Table 2. The coefficients of correlation between the indices of zonal (Dz), meridional (Dm), and general
circulation (D) and air temperature in the basins of the Arctic rivers according to the ERA-Interim, ERA5
reanalysis for 1979–2018

In dex Pa ram e ter Ob Yenisei Lena Kolyma Mac ken zie North ern
Dvina

Dz

Dm

D

No vem ber–March
Max

Year
No vem ber–March
Max

Year
No vem ber–March
Max

Year

–0.62
–0.66    

(De cem ber)
–0.42
–0.51
–0.69

(March)
–0.57
–0.62
–0.73

(March)
–0.65

–0.66
–0.84

(November)
–0.50
–0.49
–0.79

(March)
–0.57
–0.63
–0.83

(March)
–0.68

–0.62
–0.76

(November)
–0.29
–0.57
–0.75

(March)
–0.75
–0.68
–0.79

(January)
–0.78

–0.07
  0.35    
(June)
  0.03
–0.58
–0.64

(March)
–0.82
–0.49
–0.64

(March)
–0.76

–0.27
–0.44

(February)
–0.34
–0.23
–0.65     

(Jan u ary)
–0.39
–0.27
–0.65     

(Jan u ary)
–0.46

–0.43
0.66

(April)
–0.14
–0.54
–0.59         
(July)
–0.75
–0.58
–0.54           

(De cem ber)
–0.74

The max i mum val ues are bolded. The 95% sig nif i cance level of the co ef fi cients is 0.32. The co ef fi cients of cor re la tion
are pre sented be tween the mean val ues for No vem ber–March (the line “No vem ber–March”), the max i mum monthly
mean val ues (the line “Max,” the month is given in brack ets), as well as the an nual mean val ues (the line “Year”).



af fects cli ma tic con di tions in the cold sea son, es pe cially in No vem ber and March. In sum mer, the in ten si fi -
ca tion of zonal cir cu la tion is ac com pa nied by the air tem per a ture drop in the catch ment ar eas, and the me -
rid i o nal trans port leads to the tem per a ture rise. The greater in flu ence on cli ma tic con di tions in the Ob,
Lena, and Yenisei catch ments is ex erted by the zonal trans port, and the me rid i o nal trans port has more sig -
nif i cant ef fects in the Kolyma, Makenzie, and North ern Dvina catch ments. 

Air tem per a ture in the North ern Dvina catch ment is af fected by the North At lan tic Os cil la tion, es pe -
cially in the cold sea son.

The ef fect of air tem per a ture changes on river run off is the most no tice able in May, when river dis -
charges increase, also, air tem per a ture in spring is noticeable in all catch ment ar eas. 

The in crease in an nual mean pre cip i ta tion has the great est ef fect, es pe cially for the Lena River. To tal an -
nual run off of the six rivers (the Ob, Yenisei, Lena, Mac ken zie, Indigirka, and Kolyma) in creased in
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Fig. 2.  The cor re la tion be tween (a, 1) the mean dis charge of the Ob River in May and (2) mean air tem per a ture in April in the
Ob catch ment area, (b, 3) an nual mean run off of the Lena River and (4) mean warm-season to tal pre cip i ta tion in the Lena
catch ment. The cor re la tion co ef fi cient (a) R = 0.80 (af ter re mov ing the trend, 0.78); (b) R = 0.76 (0.72).

Ta ble 3. Mean de cad al an nual run off of the six rivers and the trend co ef fi cient for an nual river run off

Pe riod Ob Lena Yenisei Kolyma Mac ken zie Indigirka To tal              
of six rivers

Mean an nual run off, km3/year

1980–1989
1990–1999
2000–2009
2010–2019

376
405
417
419

548
532
590
590

582
613
641
579

  97.8
105
106
109

273
283
304
280

52.8
53.4
55.0
55.6

1930
1991
2113
2033

Trend co ef fi cient, km3/year

1979–2019 0.81 2.28 0.40 0.40 0.45 0.17 4.51

Ta ble 4. The num ber of small (n) and sig nif i cant (N) peak monthly mean dis charges for the six rivers and av er age
an nual air tem per a tures in the catch ment ar eas in 1979–2019

Pe riod
Peak dis charge Av er age an nual tem per a ture

n N n N

1980–1989
1990–1999
2000–2009
2010–2019

5
7
4

14

10
11

4
5

22
6
0
2

2
4
7

17



1979–2019 at a rate of 4.51 km3/year, and peak river dis charges de creased, ex cept for the Kolyma dis -
charge. The Yenisei peak dis charge de creased most (at a rate of 369 m3/s per year).

In the 2000s, the oc cur rence of small peak dis charges in creased, and the fre quency of sig nif i cant dis -
charges de creased. The sig nif i cant oc cur rence of high peak dis charges falls on the 1980s. Such dis tri bu tion
of the fre quen cies of an nual peak monthly mean dis charges may be as so ci ated with cli mate warm ing in the
2000s–2010s and with the cool ing in the 1970s–1980s.

The air tem per a ture rise, es pe cially in the spring months, when floods are mainly ob served on the
analyzed rivers, is ac com pa nied by the sub se quent in crease in monthly mean dis charges. De spite a de crease
in peak river dis charges, an nual mean river run off at the out lets in creases, as well as the vol ume of fresh wa -
ter flowing into the Arc tic seas. The re vealed run off growth is an ef fect of global warm ing, at which the at mo -
spheric trans port of heat and mois ture in ten si fies, and this trend will be main tained as the warm ing de vel ops.
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