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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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INTRODUCTION

Great attention has been paid to the freshwater content in the Arctic basin, which is the source of desa-
linated water flowing into the North Atlantic and affecting the thermohaline circulation [16, 19, 21]. The
average annual freshwater inflow to the Arctic Ocean is determined by river runoff (42%), the inflow
through the Bering Strait (32%), and precipitation minus evaporation (26%) [24]. The authors of [7] evalu-
ated the contribution of river runoff at 56%, with 28% of the inflow through the Bering Strait and 15% of
pure precipitation. At the same time, a half of the average annual river inflow to the Arctic Ocean is contrib-
uted by the three largest Siberian rivers: the Ob, Yenisei, and Lena [7]. Total runoff of the three major Sibe-
rian rivers and the largest North American river (the Mackenzie) is equal to ~1900 km? per year, or ~60% of
the average annual volume of freshwater flowing into the Arctic seas [9, 17]. There is no single opinion
about the reasons of runoff changes, which have been especially noticeable in the recent two decades, in
particular, about the role of atmospheric circulation and related changes in precipitation and air temperature
in the catchment areas and their effects on runoff. For example, the authors of [15] investigated the inflow
of 72 rivers to the Arctic Ocean over the period from 1975 to 2015. The results demonstrated a general in-
crease in runoff, and this increase is more noticeable for the Eurasian rivers than for the North American
ones. No significant effect of such climatic indicators as the Arctic Oscillation, North Atlantic Oscillation,
or Pacific Decadal Oscillation on runoff of rivers providing the largest freshwater inflow to the Arctic
Ocean was found.

The authors of [23] noted that although the inflow of the major Siberian rivers is a significant source of
freshwater in the Arctic Ocean, the cause for long-term changes in their runoff is still unclear. Differently
directed impacts of climatic factors, in particular, of the atmospheric circulation in the areas of the Ob and
Lena river runoff formation in summer were reported.

The authors of [5] noted the positive air temperature and precipitation trends for the Lena basin in the
cold season (November—March), with the coefficients of 0.3-0.52°C/10 years and 14—16 mm/10 years. The
warm season was also characterized by the increase in the mean values of temperature and total precipita-
tion. It was established earlier [10] that the Lena runoff from 1936 to 2001 increased because average an-
nual precipitation was above the normal. The results of [9] demonstrated that total runoff of the Ob, Lena,
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Table 1. Stream gages at the outlets and catchments areas of the rivers
River Stream gage Latitude Longitude Catchment area, km®

Ob Salekhard 66.63°N 66.60°E 2929051
Lena Kyusyur 70.68°N 127.39°E 2467694
Yenisei Igarka 67.43°N 86.48°E 2518210
Kolyma Kolymskoe, Kolymsk-1 68.73°N 158.72°E 657254
Indigirka Vorontsovo 69.57°N 147.53°E 343569
Northern Dvina Ust’-Pinega 64.13°N 41.92°E 348728
Mackenzie Arctic Red River 67.45°N 133.74°W 1805884

Yenisei, and Mackenzie rivers increases at a rate of 89 km? per decade and rose approximately by 14% dur-
ing the 30-year period from 1980 to 2009. Total average annual river runoff in northern Canada also in-
creased during 1989-2013, which was associated with the impact of the Arctic Oscillation [14]. According
to [18], total river runoff to the Arctic Ocean in 2000-2010 increased by ~300 km? per year relative to the
mean for 1980-2000.

The objective of the present paper is to estimate variations in the river inflow to the Arctic Ocean in the
recent four decades and to reveal the impact of global and regional changes in the atmospheric circulation,
precipitation, and air temperature on these variations.

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 surface air temperature from the NCEP (1948-2018) [20], ERA-Interim (1979-2018) [13],
ERAS (1979-2019) reanalyses [12], PREC/L land precipitation data [11], and GPCP (Global Precipitation
Climatology Project) precipitation fields [8] were used to assess the effects of global and regional changes
in the atmospheric circulation, precipitation, and air temperature on runoff formation.

The monthly mean values of surface air temperature and precipitation were calculated for the areas in-
cluding the river catchments. Based on the data on monthly mean surface air temperature at the points of the
geographic grid covering the Northern Hemisphere, the indices of zonal, meridional, and general circula-
tion in the Northern Hemisphere were calculated using the formulas proposed in [1]. The calculation of the
indices was based on the fact that the spatial contrasts of surface air temperature decrease when the heat and
moisture transport by the atmospheric circulation intensifies and, on the contrary, the contrasts increase if
the transport weakens. The indices are intended for assessing the effect of atmospheric transport intensity
variations on the mean surface air temperature for the hemisphere, the globe, and separate regions.

The index of zonal circulation D, was calculated using the formula

1 @2 2 i
D, = cos T,-T,)drde.
z Zn(sin(pz—sinq)]),[ (Pv([( o q)) P,

P

The index of the impact of meridional circulation D,, is determined by the formulas

— _ 2 — —
Dy, _<(T<P <T¢>) >¢’ T, _<T‘M>x’ <T@>_<Tw>w
and characterizes non-uniformity of the temperature distribution along the meridian from the equator to the

pole. The angle brackets mean the averaging with respect to latitude @ or longitude A. The index of the cou-
pled impact of zonal and meridional (or general) circulation is determined as follows:

D=(D,+D,)".
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Fig. 1. The catchments of the Ob, Yenisei, Lena, Kolyma, Indigirka, Mackenzie, and Northern Dvina rivers and the grid
points of (a) the ERAS5 reanalysis and (b) GPCC project dataset for averaging the parameters.

The mean squared deviation of surface air temperature from the corresponding means in the formulas
for D, and D,, 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 calculated indices are presented at the website of Arctic and Antarctic Research Institute
(http://www.aari.ru/main.php?lg=0&id=466).

The relationships between the climatic parameters were evaluated by the multidimensional cross-corre-
lation analysis. The frequencies of high and low values of peak monthly mean discharges are determined
using the p-quantile (p = 0.1). Hence, small discharges will be below the quantile x,; and large discharges
will be above x, . The values of the quantile for each river are determined using the set of order statistics [3]
of annual maximum discharges. The order statistics x(i) (the ith value of the set), where i = N(np + 1) is the
largest integer number in (np + 1); n is the length of the series; N is the integer number operator; p, the order
of quantile, is used to determine the year when the peak monthly mean discharge in a given river was below
the specified quantile x,,. Similarly, x(i) where i = N(n(1 — p) + 1), is used to determine the year when the
peak discharge was above x; _,. Counting the total number of cases for all rivers when a given year was
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within the half-interval (<x, ; or > x¢) gives the occurrence of such cases in a given year on the “Number
of cases—Year” diagram. To enhance the reliability of the occurrence values, their moving summing over
9 years was carried out with attributing the resulting sum to the middle of the interval.

The monthly mean, annual mean, and seasonal mean values of surface air temperature in the catch-
ments were obtained by averaging the ERAS reanalysis data (1°x 1° grid) in the catchment areas of the Ob,
Lena, Yenisei, Northern Dvina, Kolyma, and Mackenzie rivers. Monthly mean and annual mean total pre-
cipitation over the warm and cold seasons in the catchments were obtained by averaging the GPCC data
(2.5°x 2.5° grid) in the area of each basin (Fig. 1). Monthly mean and annual mean precipitation were used
to assess changes in climatic conditions and the effect of atmospheric circulation on climatic conditions in
the catchments; warm- and cold-season precipitation was used to evaluate the impact of the changes in cli-
matic conditions on river runoff.

RESULTS

Climate change in the catchment areas. The monthly and annual mean values of air temperature and
precipitation, trend coefficients, indices of zonal, meridional, and general circulation in the Northern Hemi-
sphere, coefficients of correlation between the indices and climatic parameters were used to assess changes
in climatic conditions in the river catchments.

Monthly mean air temperatures in all catchments of the analyzed rivers rise, except for the areas of the
Lena and Yenisei in December, the Ob and Kolyma in January, and the Kolyma in February. Maximum co-
efficients of the temperature trend significant at the level of 95% are observed in March and April
(0.1°C/year for the Yenisei in April and for the Kolyma in May), as well as in November (0.12°C/year for
the Kolyma). The largest precipitation growth is observed in the catchment areas of the Ob and Northern
Dvina in March (the trends are significant at the level of 95%). Precipitation in the Kolyma catchment is
characterized by the maximum positive trends in the autumn months (significant at the level of 95%).

Effects of atmospheric circulation on climatic conditions in the catchment areas. The zonal trans-
port has the most noticeable effect on surface air temperature in Asia north of 40° N. The impact of meridio-
nal transport is observed in more northern regions, including the Arctic basin [1]. The areas of the impact of
zonal and meridional transport on surface air temperature include the catchment basins of the rivers, hence,
the atmospheric transport affects climatic conditions in the catchments.

The calculation of the coefficients of correlation between the indices and climatic parameters in the
catchments confirmed this statement. Table 2 presents the coefficients of correlation between the indices
and the mean values of temperature in the catchment areas of individual rivers. It should be noted that the
zonal transport has a warming effect only in the cold season (October to March).

Climatic conditions in the catchments of the Kolyma, Mackenzie, and Northern Dvina rivers are more
affected by the meridional transport. The maximum correlation coefficients are observed between the an-
nual mean indices of meridional and general circulation and the annual mean values of air temperature in
the Kolyma and Northern Dvina catchments.

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 D,), —0.53 (with D,,), and —0.63 (with D).

The coefficients of correlation between the North Atlantic Oscillation (NAO) index and the climatic
parameters in the catchments were calculated. The effect of the NAO on cold-season air temperature was
revealed only for the Northern Dvina catchment. The coefficient of correlation between the cold-season
mean values is 0.61, the coefficient of correlation between the winter means is 0.78, and the coefficient of
correlation between the mean values of air temperature and the index in March is 0.77.

Correlation between climatic conditions in the catchment areas and annual river runoff. The im-
pact of the changes in surface air temperature and precipitation in the catchments on river runoff was esti-
mated by the coefficients of correlation between monthly mean air temperatures, cold- and warm-season
total precipitation in the catchments, and the monthly mean discharge, as well as annual river runoff.

For air temperature, the maximum correlation coefficients were obtained between temperature in April
and May and river runoff in May and June. The highest positive correlation coefficients are typical of the
months when the discharge increases, and high negative coefficients were revealed for runoff in June, when
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Table 2. The coefficients of correlation between the indices of zonal (D,), meridional (D,,), and general
circulation (D) and air temperature in the basins of the Arctic rivers according to the ERA-Interim, ERAS
reanalysis for 1979-2018

Index Parameter Ob Yenisei Lena Kolyma | Mackenzie N]gr\fie;n
D, |November—March -0.62 -0.66 -0.62 -0.07 -0.27 -0.43
Max —0.66 —0.84 -0.76 0.35 —0.44 0.66
(December) | (November) | (November) (June) (February) (April)
Year -0.42 —-0.50 -0.29 0.03 -0.34 —0.14
D,, |November—March —-0.51 —0.49 -0.57 —0.58 —0.23 —0.54
Max —0.69 —0.79 -0.75 —0.64 —0.65 —-0.59
(March) (March) (March) (March) (January) (July)
Year -0.57 —0.57 —0.75 —0.82 -0.39 —0.75
D |November—March —-0.62 -0.63 —0.68 -0.49 -0.27 —0.58
Max —0.73 —0.83 —0.79 —0.64 —0.65 —0.54
(March) (March) (January) (March) (January) (December)
Year —0.65 —0.68 —0.78 —0.76 —0.46 -0.74

The maximum values are bolded. The 95% significance level of the coefficients is 0.32. The coefficients of correlation
are presented between the mean values for November—March (the line “November—March”), the maximum monthly
mean values (the line “Max,” the month is given in brackets), as well as the annual mean values (the line “Year”).

the discharge is characterized by the decreasing trend. The changes in mean air temperature in April in the
Ob catchment and mean discharge of the Ob in May are presented in Fig. 2a.

The coefficients of correlation between river runoff and total precipitation in the catchment areas
showed that warm-season (April-October) total precipitation has the most significant effect on river runoff.
Mean warm-season precipitation has the greatest effect on the annual flow of the Lena (the correlation
coefficient R =0.76, Fig. 2b), Northern Dvina (R = 0.65), Ob (R = 0.58), and Mackenzie (R = 0.47). Annual
runoff of the Ob and Kolyma is affected by cold-season precipitation (R = 0.51 and 0.55, respectively).

Long-term changes in river runoff parameters. Positive trend coefficients indicate an increase in an-
nual runoff for all six rivers. Total annual mean runoff of the six rivers (the Ob, Lena, Yenisei, Kolyma,
Mackenzie, and Indigirka) increases at a rate of 4.51 km?/year, and the annual mean discharge grows at a
rate of 143 m?/s per year, the trends are significant at the level of 95%.

Maximum total annual runoff of the six rivers was observed in 2007 and was equal to 2391 km?/year.
Interdecadal changes in the river inflow to the Arctic seas (Table 3) show the maximum inflow in the 2000s,
which corresponds to the increased freshwater content in the upper layer of the Arctic basin during this de-
cade [2].

Peak discharges of the Ob, Lena, Yenisei, and Mackenzie (observed mainly in June) decrease, the trends
in peak discharges are significant at the 95% level. The Yenisei discharge is reduced most significantly, the
maximum discharge trend coefficient is —369 m3/s per year during 1979-2019. Peak discharges of the
Northern Dvina also decrease and, unlike peak discharges of the Siberian rivers, are registered in May.

Significant discharges and related river floods are dangerous for population living in river valleys. From
this point of view, the decreasing occurrence of significant discharges and the increasing frequency of
small discharges are the favorable consequences of the warming. To assess such changes, the frequencies
of significant and small discharges were computed using the set of order statistics formed of the series of
peak monthly mean discharges for each river.

The calculation was performed for the discharge of the six rivers in 1979-2019. The results of the calcu-
lation showed (Table 4) that the increase in the number of small peak discharges falls on the 2000s and
2010s, and the increase in the number of significant peak discharges falls on the 1980s and 1990s. Hence,
smaller peak discharges dominate during the warming, and a greater number of significant peak discharges
was observed during the cooling in the preceding period.

CONCLUSIONS

Climatic conditions in the catchment areas of the analyzed rivers are formed under the influence of at-
mospheric circulation, which carries heat, moisture, and precipitation. The atmospheric transport mainly
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Fig. 2. The correlation between (a, /) the mean discharge of the Ob River in May and (2) mean air temperature in April in the
Ob catchment area, (b, 3) annual mean runoff of the Lena River and (4) mean warm-season total precipitation in the Lena
catchment. The correlation coefficient (a) R = 0.80 (after removing the trend, 0.78); (b) R = 0.76 (0.72).

Table 3. Mean decadal annual runoff of the six rivers and the trend coefficient for annual river runoff

Period Ob Lena Yenisei Kolyma Mackenzie Indigirka Total
of six rivers
Mean annual runoff, km’/year
1980-1989 376 548 582 97.8 273 52.8 1930
1990-1999 405 532 613 105 283 53.4 1991
2000-2009 417 590 641 106 304 55.0 2113
2010-2019 419 590 579 109 280 55.6 2033
Trend coefficient, km®/year
1979-2019 0.81 2.28 0.40 0.40 0.45 0.17 4.51

Table 4. The number of small (n) and significant (N) peak monthly mean discharges for the six rivers and average
annual air temperatures in the catchment areas in 1979-2019

Peak discharge Average annual temperature
Period
n N n N
1980-1989 5 10 22 2
1990-1999 7 11 6 4
2000-2009 4 4 0 7
2010-2019 14 5 2 17

affects climatic conditions in the cold season, especially in November and March. In summer, the intensifi-
cation of zonal circulation is accompanied by the air temperature drop in the catchment areas, and the me-
ridional transport leads to the temperature rise. The greater influence on climatic conditions in the Ob,
Lena, and Yenisei catchments is exerted by the zonal transport, and the meridional transport has more sig-
nificant effects in the Kolyma, Makenzie, and Northern Dvina catchments.

Air temperature in the Northern Dvina catchment is affected by the North Atlantic Oscillation, espe-

cially in the cold season.

The effect of air temperature changes on river runoff is the most noticeable in May, when river dis-
charges increase, also, air temperature in spring is noticeable in all catchment areas.

The increase in annual mean precipitation has the greatest effect, especially for the Lena River. Total an-
nual runoff of the six rivers (the Ob, Yenisei, Lena, Mackenzie, Indigirka, and Kolyma) increased in
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1979-2019 at a rate of 4.51 km3/year, and peak river discharges decreased, except for the Kolyma dis-
charge. The Yenisei peak discharge decreased most (at a rate of 369 m3/s per year).

In the 2000s, the occurrence of small peak discharges increased, and the frequency of significant dis-
charges decreased. The significant occurrence of high peak discharges falls on the 1980s. Such distribution
of the frequencies of annual peak monthly mean discharges may be associated with climate warming in the
2000s—2010s and with the cooling in the 1970s—1980s.

The air temperature rise, especially in the spring months, when floods are mainly observed on the
analyzed rivers, is accompanied by the subsequent increase in monthly mean discharges. Despite a decrease
in peak river discharges, annual mean river runoff at the outlets increases, as well as the volume of freshwa-
ter flowing into the Arctic seas. The revealed runoff growth is an effect of global warming, at which the atmo-
spheric transport of heat and moisture intensifies, and this trend will be maintained as the warming develops.
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