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Changes in the amount and timing of the discharge of major Eurasian Arctic rivers have 1 

been well documented, but whether or not these changes can be attributed to climatic 2 

factors or to the construction of major reservoirs remains unclear.  Here we endeavour to 3 

identify the key processes (snow cover and air temperature) that have regulated seasonal 4 

streamflow fluctuations in the Eurasian Arctic  over the last half century (1958-1999), and 5 

to understand the regional coherence of timing trends, using a set of Eurasian Arctic rivers 6 

selected specifically because they have minimal regulation (dam construction) effects.  We 7 

find a shift toward earlier onset of spring runoff ranging from modest (26 of 45 stations) as 8 

measured by an index of spring pulse onset, to strong (39 of 45) by a centroid of timing 9 

index. Winter streamflows increased over the period of record in most rivers, suggesting 10 

that observed trends in larger regulated Eurasian Arctic rivers may not be entirely 11 

attributable to reservoir construction.  Upward trends in air temperature appeared to have 12 

had the largest impact on spring and summer flows for tributaries in the coldest of the 13 

major Eurasian Arctic river basins (e.g., the Lena). While the overall duration of snow 14 

cover has not significantly changed across the Eurasian Arctic, snow cover disappearance 15 

has trended earlier in the year and appears to be related to the increased May and 16 

snowmelt season fractional flows.   17 

 18 

Pronounced land surface process changes have occurred in the Arctic in recent decades. Surface 19 

air temperatures generally have risen while precipitation has remained largely unchanged; 20 

satellite data show that average snow cover extent has decreased, especially in spring and 21 

summer1, 2. Modest changes in accumulated spring snowpack can lead to substantial runoff 22 
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changes during the late spring and early summer snowmelt period, affecting the seasonal 23 

distribution of streamflow3, 4, 5. Over approximately the same period, the discharge of Eurasian 24 

Arctic rivers have increased, mostly in winter6, 7.  Despite anecdotal relationships between these 25 

changes, they have occurred contemporaneously with the construction of large dams on many of 26 

the major tributaries of the largest Eurasian Arctic rivers over the last 50 years, and the extent to 27 

which observed Arctic river discharge trends are attributable to climatic change, as contrasted 28 

with river management effects, remains unclear4, 5, 7, 8, 9, 10. 29 

 30 

One implication of the ablation of snow cover earlier in spring  is that some of the energy that 31 

was used to melt snow during a longer snow cover season is now absorbed by the ground, 32 

resulting in a positive feedback mechanism whereby surface warming and advection of heat to 33 

surrounding snow covered areas in turn leads to more snowmelt. Furthermore, some of this 34 

increased surface energy is available to melt permafrost.  For this reason, it has been suggested 35 

that permafrost melt may play a role in observed river discharge changes for the colder river 36 

basins in the eastern Eurasian Arctic such as the Lena, whereas for the relatively warmer river 37 

basins of the western Eurasian Arctic, precipitation and evapotranspiration changes may provide 38 

a plausible explanation5, 9, 11. Conversely, reservoir regulation effects are similar in nature 39 

(increasing winter discharge and decreasing spring and summer discharge) to those expected as a 40 

result of earlier spring snowmelt 3, 4, 5, 9.  41 

 42 

The runoff from the Lena, Yenisei and Ob’ Rivers combined represents 45% of the total riverine 43 

flux of freshwater to the Arctic Ocean of about 3600 km³/year2. We focused on rivers within 44 

these three large basins for this reason, and because they reflect a strong east to west temperature 45 
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gradient, with correspondingly differing permafrost extent and seasonal snow cover dynamics. 46 

From a list of 1968 potential streamflow gauges on the R-ArcticNet database (http://www.r-47 

arcticnet.sr.unh.edu/) and RivDis12, 45 stations fulfilled our criteria of unregulated stations with a 48 

long discharge record (1958 – 1999), and were the basis for our subsequent analysis (see 49 

Methods section).  50 

 51 

The first streamflow timing characteristic we considered was spring pulse onset (SPO). SPO is 52 

defined as the date of the beginning of snowmelt-derived streamflow when the cumulative 53 

departure from the mean annual flow is at its minimum13, 14. The day on which the mass of flow 54 

before and after is approximately equal is known as the centroid of timing (CT). CT provides a 55 

time-integrated perspective of the timing of snowmelt and represents the overall distribution of 56 

flow for each year 14. Monthly and seasonal fractional flows (FF) are defined as the ratio of the 57 

streamflow that takes place in a given month or season to the total streamflow in the water year. 58 

Spring season FF is the ratio of the streamflow occurring in May and June, summer FF for July 59 

and August, and winter FF for December, January and February.  60 

 61 

Analysis of the SPO time series for the 45 stations showed a 0 – 12 day shift earlier at 27 gauges 62 

and a shift later (ranging from 2 – 4 days) at the remaining 18 stations (Fig. 1a). Due to the 63 

considerable interannual variability in the SPO values, only 4 trends of the 27 shifts to earlier 64 

SPO were statistically significant (p=0.10, a threshold used throughout our work), and none of 65 

the 18 trends toward later SPO were. Although stations with trends toward earlier SPO were 66 

located in all three basins, they tend to be primarily concentrated in the colder Lena and Yenisei 67 

basins.  68 
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 69 

Overall annual flow timing, as quantified by the CT, generally showed shifts earlier in the water 70 

year at a much larger fraction of stations than for SPO.  39 gauges had trends toward earlier CT 71 

(between 1 – 24 days), 12 of which were statistically significant (Fig. 1b); 48% of those trends 72 

were larger than 5 days.  6 gauges had trends toward later dates, 2 were statistically significant. 73 

For 33 of the stations, CT was positively correlated with SPO (r = 0.1 – 0.6); however, the 74 

correlation was statistically significant for only 10 of the 33 gauges. This suggests that SPO 75 

alone may not explain the changes in CT. Among the plausible explanations for the shift in CT 76 

are: (i) increased precipitation (more rain events)6; (ii) modifications in frozen ground activity 77 

(melting of permafrost especially during the winter seasons)7, 15 and (iii) warmer spring 78 

temperatures causing a quicker snowmelt period even though SPO is not occurring earlier 4, 5, 7.  79 

While changes in CT alone are not necessarily related to timing of snowmelt, movement of both 80 

CT and SPO to earlier dates suggests that snowmelt is occurring earlier in the year, and 81 

contributing to a peak annual discharge that is likewise moving earlier into the year. 82 

 83 

Trends in spring FF and in summer FF are additional indicators of possible shifts in the timing of 84 

snowmelt runoff. May FF increased at 26 of the gauges (9 statistically significant) (Fig. 2a), 85 

whereas June discharge decreased for 32 of the gauges (4 statistically significant). Statistically 86 

significant trends were mostly at higher latitude stations, towards the eastern part of the region, 87 

and mostly within the Lena basin (Fig. 2b). Overall, summer FF decreased at 25 of the gauges 88 

with some of the stations experiencing up to 30% decreases in streamflow, particularly in Lena 89 

River tributaries, where changes were most evident and more likely to be statistically significant. 90 

26 of the gauges in the Lena showed a decrease in July streamflow, 6 of which were statistically 91 
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significant (Fig. 2d). The trend of decreasing flows in June and July appeared to be a 92 

compensation for the increased May FF.   93 

 94 

Increasing winter discharge trends were observed for 41 of the 45 gauges. The trends were 95 

statistically significant for 12 of the 41 gauges and were distributed across the entire study 96 

domain (Fig. 3). It is particularly noteworthy that these trends are similar in character to those 97 

observed in larger rivers that have been affected by reservoir construction, suggesting that this 98 

may not be the dominant cause of winter flow trends observed in previous studies 6.  Instead, 99 

increases in winter streamflow are consistent with the hypotheses of permafrost melting, 100 

expedited by the conductive heat transfer from decreasing snow cover 12, 13. 101 

 102 

Correlations between SPO and spring FF, summer FF and winter FF, showed that SPO was often 103 

correlated with spring FF, with statistically significant correlations at 21 of the 45 stations 104 

(Supplementary Fig. S1). The snowmelt season centroid was mostly negatively correlated with 105 

summer flow, consistent with previous studies that have found that winter and spring discharge 106 

increases are accompanied by reductions in late summer and early fall streamflows 3, 13, 14, 15.  107 

Spring flows were positively correlated with the winter flow centroids for 11 of the gauges (7 108 

statistically significant). This suggests that if spring FFs are increasing, then it is likely that 109 

winter flows are also increasing. The link between these two seasonal flows may be an increase 110 

in mean temperature as discussed below.  111 

 112 

To investigate the relationships between seasonal streamflow and monthly mean surface air 113 

temperature, the centroid of the drainage basins associated with the 45 streamflow gauges were 114 
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paired with the basin average of 28 Global Historical Climatology Net (GHCN)16 stations. 115 

Temperature appeared to have a large impact on spring and summer flows in the relatively cold 116 

Lena basin and the intermediate Yenisei basin, but have little effect in the much warmer Ob’ 117 

basin (Fig. 4). For the stations in the Lena basin, higher mean temperatures particularly in 118 

December and January were associated with higher winter season streamflow but the 119 

relationships were not statistically significant. Higher mean spring and summer temperatures 120 

produced lower summer discharge. For the Ob and Yenisei basins, the correlations were not 121 

statistically significant except in June. Spring-summer temperature and fractional flows for the 122 

Lena and Yenisei basin were positively correlated but for the warmer Ob’ basin, the relationship 123 

was inverse.  This suggests that temperature influences streamflow in the colder basins, but 124 

another mechanism (such as changes in snow cover, precipitation and evapotranspiration) may 125 

play a larger role in the warmer Ob’ basin. It is also possible that temperature is influencing the 126 

Ob’ discharge trends to some degree but the effects are opposite of that for the Lena and Yenisei 127 

basins.    128 

 129 

Trends in four snow cover variables, snow cover disappearance (SCD), snowmelt period (SMP), 130 

snow cover onset (SCO), and snow free duration (SFD) were also analyzed for the period of 131 

1972 – 2000 (see Supplementary Information). Our results indicate that the snow cover duration 132 

has not changed much over the period of record, but that there have been changes in snow cover 133 

timing.  For all three basins, SCD has moved earlier into the year while SMP has been 134 

decreasing since the early 1980s for all three basins; this is consistent with trends in CT and 135 

spring season FF and may help explain why changes in CT are larger than in SPO. With the 136 

exception of the Yenisei basin, SCO has trended later, leading to a longer SFD. SPO and SMP 137 
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were statistically significantly correlated for all three basins, with the highest correlation 138 

occurring in the Ob’ basin (Table 1); this may help explain the streamflow trends observed in the 139 

Ob’ (i.e. temperature is inversely correlated with streamflow). Both measures indicate that the 140 

snowmelt period has become shorter and has moved earlier in the year. Marked changes in 141 

timing of the SMP (i.e. the rapidity of the snowmelt season) and changes in May FF may account 142 

for the timing changes in SPO and CT, where the bulk of annual flow is now occurring earlier in 143 

the year due to the earlier melting of snow cover.  144 

 145 

The overall implication of this study is that that the spring snowmelt has moved earlier in the 146 

year over much of the Eurasian Arctic. May river discharge has increased while summer flows 147 

have decreased. Winter flows are increasing over most of the region, changes that appear to be 148 

climatically driven as the streams studied are minimally affected by reservoir regulation. Our 149 

analysis suggests that an accelerated snow melt period, prolonged snow free duration, and delay 150 

of the onset of snow cover are the main contributors to spring and summer/peak flow timing 151 

trends and that reservoirs alone cannot explain the observed trends.  152 

 153 

Methods 154 

 155 
One obstacle to our evaluation was that most of the R-ArcticNet station data were archived as 156 

monthly accumulations or averages, a time interval that is too long to evaluate streamflow timing 157 

changes effectively. Although R-ArcticNet Version 4.0 includes some stations with daily 158 

discharge data8, 11, the number of such stations that have long discharge records (> 40 years) is 159 

quite small. We therefore developed a disaggregation scheme (see Supplementary Information) 160 

to partition the monthly streamflows to daily values.  We compared the values so obtained with 161 
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observed daily discharge for a small number of stations in the R-ArcticNet database that had 162 

daily values. Our inferred long-term continuous daily streamflow time series were generally 163 

comparable to the observations with respect to the characteristics used in our analysis. 164 

 165 

GHCN temperature stations were chosen to be within 50 km radius of the drainage basin 166 

centroid so as to provide representative surface air temperatures for the drainage basin. If more 167 

than one GHCN station was located within the 50 km radius of the basin centroid, the observed 168 

temperature data were aggregated using an inverse distance- algorithm(weighted according to the 169 

square of the distance). 170 

 171 

Snow cover data from 3 October 1966 through 23 October 1999 were obtained from Northern 172 

Hemisphere EASE (Equal Area Scalable Earth)-Grid Weekly Snow Cover and Sea Ice Extent 173 

Version 318 and are represented as presence-absence for 25-km EASE grids. Grid cells with more 174 

than 50% snow cover were assigned a binary value of 1; otherwise the grid cell was assigned a 175 

value of zero. This method of assigning snow cover extent, while ignoring subgrid variability, 176 

provides the fastest and simplest method to determine snow cover disappearance and onset. 177 

Limitations in the use of this Northern Hemisphere snow cover data have been noted by several 178 

authors19, 20. Although the snow cover records date back to 1966, 1972 is the first year that the 179 

records over the Eurasian Arctic are complete.   180 

 181 

Temporal trends were analyzed using the non-parametric Mann-Kendall test. Linear trends were 182 

tested using both least squares linear regression and the non-parametric Mann-Kendall slope. 183 

Correlations tests between seasonal streamflows and snow cover were analyzed using the 184 
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Pearson’s “r” linear correlation coefficient which is a measure of the linear association between 185 

two variables 21. To test for whether ‘r’ is statistically significantly different from zero, the test 186 

statistic tr is approximately distributed as Student’s t with n-2 degrees of freedom. 187 

 188 
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Figures 
 

 

 
 
Figure 1: (a) Trends in SPO (day of year marking the beginning of the snowmelt season) and (b) 
trends in CT (the date when accumulated flow before and after is equal). 
 

(a) 

(b) 
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Figure 2: Monthly fractional flow linear trends for (a) April, (b) May, (c) June, (d) July, (e) 
Snowmelt Season Fractional Flow (MJ), and (f) Summer Season Fractional Flow (JA). 
 

(a) (b) 

(c) (d) 

(e) (f) 
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Figure 3: Monthly FF (fractional flow) linear trends for (a) December, (b) January, (c) February, 
and (d) Winter seasonal fractional flow (DJF). 
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Figure 4:  Mean snowmelt and summer FF as a function of mean surface air temperature for the 
months of April (Row 1), May (Row 2), June (Row 3), July (Row 4) and August (Row 5). 
(Column 1: Lena, Column 2: Ob’, Column 3: Yenisei). Pearson’s R correlation coefficients are 
indicated in each panel.  
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Tables 
 
Table 1: Pearson’s correlation coefficients between (column 2) SPO and SCD, and (column 3) 
SPO and SMP. Trends that are significant at p<0.1 are highlighted in bold.    
 

Basin SCD SMP 
Lena 0.078 0.348 
Ob’ 0.084 0.600 
Yenisei -0.088 0.501 

 


