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Abstract  

There is increasing interest in the magnitude of the flow of freshwater to the Arctic Ocean due to its 

impacts on the biogeophysical and socioeconomic systems in the north and its influence on global climate.  10 

This study examines freshwater flow based on a dataset of 72 rivers that either directly or indirectly 

contribute flow to the Arctic Ocean or reflect the hydrologic regime of areas contributing flow to the Arctic 

Ocean. Annual streamflow for the 72 rivers are categorized as to the nature and location of the 

contribution to the Arctic Ocean and composite series of annual flows are determined for each category 

for the period 1975 to 2015. A trend analysis is then conducted for the annual discharge series assembled 15 

for each category. The results reveal a general increase in freshwater flow to the Arctic Ocean with this 

increase being more prominent from the Eurasian rivers than from the North American rivers. A 

comparison with trends obtained from an earlier study ending in 2000 indicates similar trend response 

from the Eurasian rivers, but dramatic differences from some of the North American rivers. A total annual 

discharge increase of 8.7 km3/y/y is found, with an annual discharge increase of 5.8 km3/y/y observed for 20 

the rivers directly flowing to the Arctic Ocean. The influence of annual or seasonal climate oscillation 

indices on annual discharge series is also assessed. Several river categories are found to have significant 

correlations with the Arctic Oscillation (AO), the North Atlantic Oscillation (NAO) or the Pacific Decadal 

Oscillation (PDO). However, no significant association with climate indices is found for the river categories 

leading to the largest freshwater contribution to the Arctic Ocean.  25 
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Introduction 

Changes in the Arctic freshwater system are known to affect thermohaline circulation and hence the 30 

global climate (e.g., Holland et al., 2007; Prowse and Flegg, 2014; Prowse et al. 2015). This has resulted in 

considerable interest in the complex Arctic freshwater system and changes to freshwater fluxes to the 

Arctic Ocean (McClelland et al., 2006; Rawlins et al., 2010; Haine et al., 2015; White et al., 2017). 

Quantifying and understanding changes in the freshwater discharge to the Arctic Ocean, and related 

waterbodies, are therefore important to determine the potential effects of these changes on both the 35 

Arctic Ocean and related biogeophysical and socioeconomic systems.  

Several studies have attributed the increase in discharge to the Arctic to an increase in precipitation and 

permafrost melting due to global warming (e.g., Pavelsky and Smith, 2006; Shiklomanov and Lammers, 

2009; Holmes et al., 2015; Bring et al., 2016), both of which can lead to long-term changes. The Arctic 

climate is a complex system where shorter fluctuations are influenced by various periodic phenomena. 40 

Long data records are needed to ensure that analyses estimating long-term trends and the influence of 

large-scale atmospheric patterns are reliable; however, such records are not usually available. Efforts to 

overcome the generally short data records have been made in the literature. Rood et al. (2017) combined 

monitored records within the Mackenzie River system in Canada to create longer records and found 

overall increasing long-term trends, as well as correlation with the Pacific Decadal Oscillation (PDO) for 45 

the Liard River, a tributary of the Mackenzie River. Century long or reconstructed time series, such those 

presented by MacDonald et al. (2007) for major Eurasian rivers, provide better time resolution and more 

power to detect smaller, but significant, correlations. However, generalizing outcomes from a limited 

number of rivers introduces uncertainty that is not accounted for when conducting at-site trend analysis. 

In particular, the impact of teleconnection patterns on river discharge is spatially uneven, which makes 50 

extrapolation problematic. Complementary information based on a network of stations that provides 

better spatial resolution can provide more confidence in the results.  

The research described in this paper seeks to identify trends in annual freshwater flow into the Arctic 

Ocean and related waterbodies based on a network of streamflow records. Previous research has 

identified increases in freshwater inputs to the Arctic Ocean based on observational data (McClelland et 55 

al., 2006; White et al., 2007; Rawlins et al., 2010; Haine et al., 2015; Holmes et al., 2015) as well as model 

results for both current and projected future conditions (Wu et al., 2005; Holland et al., 2007; Haine et al., 

2015). River discharge has been noted as the largest source of freshwater to the Arctic Ocean as 

summarized by Prowse and Flegg (2014), Prowse et al. (2015) and Haine et al. (2015); hence this work 
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focuses on changes in river discharge to the Arctic Ocean and related waterbodies.  This is done by infilling 60 

and aggregating up-to-date available annual river discharge time series from stations in the Arctic 

Hydrological Cycle Observing System (Arctic-HYCOS) basic network, according to specific river categories 

(e.g., McClelland et al., 2006). The Arctic HYCOS network represents  a good spatial resolution and 

provides a general view of the annual streamflow trends to the Arctic Ocean and related waterbodies. 

The influence of particular climate oscillation indices on streamflow series is analysed for given cases in 65 

the literature (e.g., Peterson et al., 2002; MacDonald et al., 2007; Rood et al., 2017). This paper assesses 

the relationship between annual streamflow series to the Arctic and related waterbodies and three 

climate oscillation indices, the Arctic Oscillation (AO), North Atlantic Oscillation (NAO), and PDO. The next 

section of this paper describes the data used for conducting the analysis and summarizes the methodology 

adopted. This is followed by a summary of the results, discussion and finally conclusions.  70 

 

Data and Methods 

This work uses data from the Arctic-HYCOS, specifically the set of streamgauge stations identified by the 

Arctic-HYCOS project steering committee as best suited to study climate change related to the Arctic 

hydrological regime, called the Arctic-HYCOS basic network. Data for these stations are available through 75 

the Arctic Runoff Database (ARDB), which is managed by the Global Runoff Data Centre (GRDC). A subset 

of 72 streamgauge stations was identified as containing the most downstream stations in each available 

river by the Arctic-HYCOS project steering committee. These 72 downstream stations are the basis for the 

analysis performed as part of this research; a summary of their attributes is presented in Table S1 in the 

Supplemental Material.  80 

Monthly river discharge time series for the 72 downstream stations (GRDC 2018) were analyzed; a 

common study period of 1975-2015 was identified for the analysis. The beginning of the study period was 

not extended to before 1975 due to a lack of data for a number of stations, especially in North America 

(Figure 1). Figure 1 also reveals a general lack of data for periods beyond 2015. The 41-year study period 

may be considered as the minimum record length that enables identifying changes related to climate 85 

change, while avoiding the impacts of oscillations associated with cycles of shorter duration related to 

various atmospheric phenomena.  

Data infilling was used to create as complete a dataset as possible, particularly for defining composite 

discharge series to account for contributing freshwater to various parts of the Arctic Ocean system.  The 
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procedure employed for infilling missing data over the time series of the 72 downstream stations consists 90 

of three steps.  

1. Upstream stations: Potential upstream stations within the 560-station Arctic HYCOS dataset 

available at the time the present study was done (GRDC 2018) are identified for the 

downstream target stations for which there are two or more completely missing years over 

the study period. Linear regression between upstream and downstream station is used for 95 

infilling monthly data when an upstream station is available and presents monthly streamflow 

for the missing month. The minimum required correlation between stations to use the 

regression relationship is 0.7.  

2. Seasonal decomposition of time series: After performing step 1, stations presenting partially 

available years (i.e., between 6 and 11 months of data) are reconstructed using seasonal 100 

patterns. For this purpose, the monthly time series are decomposed into three components: 

a trend, a seasonal pattern and a residual term (Cleveland et al., 1990) and the missing months 

are infilled as the combination of the trend and seasonal pattern. 

3. Neighbouring target downstream stations: When missing monthly data cannot be estimated 

by either of the two steps above, the 10 closest stations among the target downstream 105 

stations are identified and the missing years are estimated with a multiple regression model 

using annual streamflow values. The contribution of poorly correlated donor stations is 

reduced to limit their impact in the infilling process (Hoerl and Kennard, 1970).   

The process of infilling data described above allowed complete annual time series to be estimated for all 

72 downstream target stations. However, any analysis performed directly with infilled data ignores the 110 

uncertainty arising from the reconstruction, which will lead to an underestimate of the true variability of 

the statistics derived from the infilled time series. Therefore, the analyses are conducted following the 

approach of multiple imputations (Rubin, 1987), where 100 generated time series are obtained by adding 

random errors of corresponding variance to the infilled data. The desired analysis is then repeated on 

each generated time series and the variability in the results is assessed with corrected standard deviations 115 

derived by aggregating the outcomes of each analysis. 

To study long-term trends, the Mann-Kendall non-parametric trend test, using block bootstrap resampling 

(Önöz and Bayazit, 2012) to account for serial correlation, is applied and the Theil-Sen slope is calculated 

(e.g., McClelland et al., 2006). The value of the Theil-Sen slope represents the annual discharge change 
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(km3/y/y) for a given series, while the p-value of the Mann-Kendall test indicates whether the trend is 120 

significant or not. 

The evolution of the annual streamflow series is also examined in the light of their relationship with 

common teleconnection patterns obtained from the National Oceanic and Atmospheric Administration 

(https://www.noaa.gov/). Three climate indices are considered: AO, NAO and PDO.  Correlation analysis 

is performed by computing the Pearson correlation coefficient between annual discharges and annual or 125 

seasonal climate indices of the same and previous year. A significance level for the correlation coefficient 

is deduced from the Fisher Z-transformation. Additionally, a composite analysis is carried out as presented 

in Maurer et al. (2004) for comparing the effect of extreme climate indices. This approach consists in 

applying a t-test to evaluate differences between the annual discharges associated with the years 

corresponding to the 10 smallest and the 10 largest values of each climate index. A small p-value provides 130 

evidence that the means of the two samples are significantly different.  

 

Results 

The 72 rivers studied are grouped into different categories, following the results from McClelland et al. 

(2006), to be able to quantify the annual freshwater flow into the Arctic Ocean and various sub-regions of 135 

the Arctic Ocean system. The division is mainly based on the geographic location of the river drainage area 

and the Arctic Ocean related waterbody into which the river flows, based on the definitions of the 

terrestrial contributing areas to the Arctic Freshwater System as defined in Prowse et al. (2015).  The 72 

rivers are first divided into Eurasian and North American rivers. In turn, the 6 largest Eurasian rivers are 

separated from the remaining Eurasian rivers. Similarly, North American rivers are divided into three 140 

groups: rivers flowing directly into the Arctic Ocean; rivers flowing into Hudson, James or Ungava Bays 

(HJUBs); and rivers flowing into the Pacific Ocean. The latter category is specifically considered in this 

study due to the availability of data for these rivers that reflect similar hydrologic conditions to ungauged 

portions of the North American drainage area contributing to the Arctic Ocean. Additionally, water flowing 

to the north Pacific Ocean can affect the freshwater budget of the Arctic Ocean through reducing the 145 

salinity of water entering the Arctic Ocean through Bering Strait (Prowse et al., 2015). The resulting five 

categories (E1, E2, N1, N2, N3) into which the 72 rivers are grouped are summarized in Table 1. The 

category related to each particular river is presented in Table S1, and their location is displayed in Figure 

2. Note that the category marked as “Total” in Table 1 comprises all studied rivers, i.e., E1+E2+N1+N2+N3, 

and roughly corresponds to the All Arctic Regions (AAR) terrestrial contributing area (see Prowse et al. 150 
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(2015), and references therein, for further detail). An additional category AOB = E1+E2+N1 is also 

considered to allow investigating the behaviour of rivers directly flowing into the Arctic Ocean, which 

corresponds to the Arctic Ocean Basin (AOB) terrestrial contributing area (Prowse et al., 2015). 

With the aim of performing the category-based analysis, the annual streamflow series are summed for 

the rivers within the same category (i.e., all data are aggregated into seven annual streamflow series 155 

following Table 1). The annual streamflow series and estimated slopes for each category are shown in 

Figure 3 for the North American rivers contributing to HJUBs (N2) and in Figures S1 to S6 in the 

Supplemental Material for the remaining categories. 

The trend results obtained are shown in Table 2. Eurasian rivers show a significant annual discharge 

increase during 1975-2015, indicated by Mann-Kendall p-values of less than 0.05. This increase is 5.3 160 

km3/y/y for the six largest rivers (E1) and 1.0 km3/y/y for the remaining rivers (E2). For North American 

rivers, only rivers flowing into the HJUBs (N2) show a significant annual discharge change during 1975-

2015, with an increase of 2.0 km3/y/y. As a result, the direct annual discharge increase to Arctic Ocean 

(AOB) during the study period is 5.8 km3/y/y, and the total annual discharge increase to the Arctic Ocean 

and related waterbodies (AAR) is 8.7 km3/y/y. The associated standard deviation in Table 2 (in parenthesis) 165 

indicates the variability of the estimated annual discharge change when accounting for uncertainty related 

to the data infilling procedure. A second way of testing for change in annual discharge is to determine if 

zero is included in the confidence interval of, for instance, 2 standard deviations around the estimated 

slope. Here, this strategy finds the same significant changes as the Mann-Kendall test. The annual 

discharge changes over the 41-year study period correspond to an increase of 239.6 km3/y of cumulative 170 

direct discharge to AOB at the end of 2015 in comparison to 1975, and 357.6 km3/y of cumulative 

discharge increase to the AAR over the same time period. Note that the direct increase in discharge to the 

AOB and the increase in discharge to the AAR are similar when regarded as annual discharge increase 

divided by drainage area, expressed as a change in rate of runoff depth (0.6 mm/y/y) (Table 2) or as 

cumulative discharge increase divided by mean discharge (11-11.9%). 175 

The results obtained regarding the annual discharge changes are compared with the results obtained in 

McClelland et al. (2006) for the study period 1964-2000. Similar river categories are considered by both 

studies, although there are some differences in the rivers and/or stations used as a result of changes to 

the Arctic-HYCOS basic network. As shown in Table 3, Eurasian rivers show a similar, and significant, 

annual discharge increase in both studies. However, results for North American rivers differ. The most 180 

relevant difference is found for North American rivers flowing into the HJUBs (N2), for which a significant 
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annual discharge decrease is found in McClelland et al. (2006), contrary to the significant increase found 

in this analysis. This difference may be explained through the examination of the annual streamflow series 

of N2. As shown in Figure 3, a decreasing trend is identified through the annual streamflow series when 

the study period ends in 2000. However, the trend becomes positive when data are considered until 2015.  185 

There is also a change in trend direction for rivers in category N1 between the present study (increasing 

trend) and the results from McClelland et al. (2006) (decreasing trend), although neither trend is 

significant at the 5% significance level. Déry et al. (2009) also noted a trend reversal, from decreasing to 

increasing trend, at around 1990 in a study of 45 north flowing rivers in northern Canada.  

Table 4 presents the results of correlation analysis examining the impact of teleconnection patterns on 190 

the annual streamflow series. The correlation with annual and seasonal climate indices is analysed based 

on both the current and previous year (i.e., climate indices for lag 0 and -1 relative to the streamflow 

series). Significant correlation coefficients at a significance level of 0.10, corresponding to an absolute 

correlation coefficient greater than 0.26, are marked in bold. Significant negative correlations are found 

between N2 and annual and summer PDO, as well as winter AO and winter NAO (previous year; second, 195 

third, fifth and eighth column in Table 4, respectively). In general, these outcomes are also associated with 

a significant difference in the means of annual discharge with respect to the climate index phase, as 

indicated by p-values less than 0.10 in the composite analysis results shown in Table 5. Figure 4 illustrates 

the association between N2 and annual PDO, where a decrease of the PDO around 2000 coincides with 

the change in the trends observed for N2 in Figure 3. The associations with winter AO and winter NAO are 200 

also plotted in Figure 4. Significant positive correlations are found between N3 and winter AO (same year; 

fifth column in Table 4) and annual NAO (previous year; seventh column in Table 4). The former 

association is also identified as significant by the composite analysis (Table 5). These associations are 

illustrated in Figure 5. Significant positive correlations are also found for E2 with respect to winter AO and 

winter NAO (same year; fifth and eighth column in Table 4, respectively), which are also identified as 205 

significant by the composite analysis (Table 5). These associations are displayed in Figure 6. The 

association between E2 and annual AO is found as significant by the composite analysis, but the 

corresponding correlation coefficient is not significant at the 10% significance level (same year; fourth 

column in Table 4). The correlation between E2 and annual AO (same year) is not significant, although the 

magnitude of the correlation coefficient is substantial at 0.25. The composite analysis for this combination 210 

shows a significant p-value of 0.03. This difference in the means is presented in Figure 7, where higher 

annual discharges are shown for positive AO. Similar results are found between N3 and annual AO (same 

year; fourth column in Table 4).  
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Discussion 215 

Results in this study are in line with increasing river discharge reported up to 2015 for the eight largest 

rivers draining to the Arctic Ocean in the Arctic report card 2015 (Holmes et al., 2015) that corresponds 

to 70% of the pan-Arctic territories, excluding rivers discharging to Hudson Bay (i.e., rivers in E1, one river 

in N1 and one river in N3). However, in addition to the eight largest rivers, the present study presents a 

complete analysis based on river categories from a large number of rivers in the Arctic-HYCOS basic 220 

network, which allows a better spatial resolution and confidence in the estimated streamflow trends to 

the Arctic Ocean and related waterbodies. Increasing discharge was found (either significant or not) for 

all river categories, contrary to other studies for which decreasing discharges were identified (either 

significant or not) for some river categories in North America (e.g., McClelland et al. 2006 for records up 

to 2000, Table 3 in the present study). Furthermore, uncertainty is considered in the infilling procedure 225 

for obtaining aggregated annual streamflow series, and the potential influence of several teleconnection 

patterns is assessed. The expected update of the Arctic-HYCOS basic network dataset will allow 

comparison of the present results with those from longer records available in the future, which will 

facilitate the assessment and understanding of the effect of climate change on annual streamflow series 

to the Arctic Ocean and related waterbodies.  230 

The analyses performed in this work are based on 41-y length streamflow series. Long records from 1800 

to 1990 were reconstructed for E1 rivers using dendrohydrological models in MacDonald et al. (2007). 

They indicated that the increase up to 1990 was not significantly greater than increases in the 

reconstructed data and hence could be attributed to long-term natural variability. However, it was also 

recognised that due to the reconstructed series ending in 1990, more recent changes could be overlooked. 235 

In the present study, increasing significant trends are found for E1 for the period 1975-2015 (Table 2), 

which are in agreement with increasing significant trends in Peterson et al. (2002) for the period 1936-

1999, McClelland et al. (2006) for the period 1964-2000, and Shiklomanov and Lammers (2009) regarding 

Russian rivers for the period 1980-2007. Rood et al. (2017) generated longer records by combining records 

up to 2013 within the Mackenzie River system in Canada (included in N1). Increasing significant trends 240 

were found for the more northerly tributaries, which is in line with increasing (yet not-significant) trend 

for the shorter period (1975-2015) used in the present study. Note that this trend was found as (non-

significant) decreasing in McClelland et al. (2006) for 1964-2000.  
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Wu et al. (2005) used four simulations of the global climatic model HadCM3 with different initial 

conditions to study the effect of climate change due to anthropogenic forcing. Increasing discharge was 245 

corroborated by previously monitored data for the E1 rivers (Peterson et al., 2002). For all rivers 

discharging into the Arctic Ocean, they found a higher trend between 1965-2001 in comparison to the 

period 1936-2001. Projected discharge under the emission scenarios A2 and B2 supported this increase 

to be part of a long-term discharge increase to the Arctic, which is also in line with the increasing trend 

found for E1 in the present work. Extrapolation of increasing trends for E1 is also shown in Peterson et al. 250 

(2002) by using the slope of the regression between river discharge and global mean surface air 

temperature, and the global temperature rise projected by the Intergovernmental Panel on Climate 

Change (IPCC).   

No significant correlations between E1 and climate indices are identified by the present study. In this 

regard, MacDonald et al. (2007) found a positive, but not significant, correlation between E1 and winter 255 

NAO for long term reconstructed discharges (1800-1975), which was also not significant in the present 

study (same year; eighth column in Table 4). Peterson et al. (2002) also identified a positive correlation 

(1936-1999) but no test was performed to assess the significance. MacDonald et al. (2007) found a 

significant negative correlation between E1 and summer AO for long term reconstructed discharges 

(1800-1975); in the present study this negative correlation is not significant for the study period 1975-260 

2015 (same year; sixth column in Table 4). No significant correlations between N1 and climate indices are 

identified in the present study. In this regard, Rood et al. (2017) found a significant positive correlation 

between the Liard River (within N1) and PDO, whereas a non-significant negative correlation is identified 

in the present analysis (same year; second column in Table 4). The latter supports the use of a 

representative sample of rivers to infer general conclusions about the influence of climate indices in the 265 

streamflow to the Arctic Ocean, such as by using the Arctic-HYCOS basic network and associated river 

categories in this study. 

Significant associations were found for N2, N3 and E2 regarding particular annual or seasonal climate 

oscillation indices. Results indicate that winter AO has influence on annual discharge for the three river 

categories. Several studies report that the Arctic Oscillation (AO) affects different components of the 270 

Arctic freshwater system.  Déry and Wood (2004) found a strong relationship between the AO and 

discharge to Hudson Bay (roughly equivalent to category N2 in this work).  Déry et al. (2009) indicated 

that the observed change in trend in discharge from North America to the Arctic Ocean occurring around 

1990 may be a result of attenuation in the AO. The same phenomenon may also affect Europe as the 
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present study indicates that AO is influencing the discharge of the smaller Eurasian rivers (E2).  White et 275 

al. (2007) indicate that Poleward Moisture Transport (PMT) is larger when the AO is positive and thus 

attributes increased discharge to the recent tendency of the AO to be positive.  Haine et al. (2015) also 

indicate that positive phases of the AO are associated with greater precipitation in the Arctic although 

they also indicate that the links between runoff and the AO are complex with other sources of variability 

complicating the relationship. Results in this work suggest that PDO has influence on annual discharge in 280 

North American rivers (particularly N2 rivers) but not on Eurasian rivers. Note that negative correlations 

are in general found between PDO and all categories of North American rivers, although they are not 

significant in many cases (Table 4). Bring et al. (2016) underlined that positive phases of PDO were found 

to be related to river discharge decrease in northern Canada.  

 285 

Conclusions 

The identification of climate-related trends in annual freshwater flow into the Arctic Ocean and related 

waterbodies, and the quantification of the associated freshwater discharge, are presented in this paper 

based on a set of 72 downstream streamgauge stations belonging to the Arctic-HYCOS basic network 

within the Arctic Runoff Database (ARDB). The influence of annual and seasonal climate oscillation indices 290 

on annual streamflow series, including the Arctic Oscillation (AO), North Atlantic Oscillation (NAO) and 

the Pacific Decadal Oscillation (PDO), is also assessed through correlation analysis and composite analysis. 

An annual discharge increase of 5.8 km3/y/y during 1975-2015 is found for rivers directly flowing into the 

Arctic Ocean (AOB), and a total annual discharge increase of 8.7 km3/y/y is found for the whole set of 

studied rivers. This corresponds to 239.6 km3/y of direct discharge increase to the Arctic Ocean at the end 295 

of 2015 in comparison with 1975, and to a 357.6 km3/y of discharge increase to the Arctic Ocean and 

related waterbodies for the same period. Significant negative associations were found between North 

American rivers to HJUBs (N2) and annual and summer PDO, winter AO and winter NAO. Significant 

positive associations were identified between North American rivers to the Pacific Ocean (N3) and winter 

AO and annual NAO. Significant positive associations were found between smaller Eurasian rivers to the 300 

Arctic Ocean (E2) and winter AO and winter NAO. No significant associations with climate oscillation 

indices were identified for North American rivers to the Arctic Ocean (N1) or for the six largest Eurasian 

rivers to the Arctic Ocean (E1).  It is noteworthy that the latter group of rivers is the largest contributor of 

freshwater to the Arctic Ocean.  
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The increase in freshwater discharge to the Arctic Ocean found in the present study highlights the 305 

necessity of continuing the investigation of potential effects of increased freshwater contributions to the 

Arctic system. Furthermore, comparison of the obtained results with previous studies supports the need 

to continue monitoring and updating time series of the streamgauge stations within the ARDB and Arctic-

HYCOS basic network. This will allow a proper analysis of climate-related changes using recent data and 

will help increase our understanding of the complex Arctic freshwater system as well as the local and 310 

global impacts of changes to the freshwater discharge to the Arctic Ocean. 
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Table 1. River categories. 

Category Description Number of rivers 

E1 Eurasian rivers to Arctic Ocean: six largest rivers 6 24 

E2 Eurasian rivers to Arctic Ocean: smaller rivers 18  

N1 North American rivers to Arctic Ocean  14 48 

N2 North American rivers to HJUBs  29  

N3 North American rivers to Pacific Ocean  5  

Total (AAR) Rivers to the Arctic Ocean and related waterbodies  72 

AOB Rivers to Arctic Ocean  38 

 

Table 2. Trends in annual streamflow series by river categories. Significant trends are marked in bold (p-value < 

0.05). Standard deviation is shown within parenthesis. 

Category Mean aggregated 

annual discharge 

(km3/y) 

Aggregated 

drainage 

area (km2) 

Annual discharge 

change (km3/y/y)* 

 

Mann-Kendall 

(p-value) 

Annual discharge 

change by area 

(mm/y/y)** 

 E1 1,584 7,310,000 5.3 (1.6) 0.04 0.7 (0.2) 

E2 207 713,000 1.0 (0.3) 0.01 1.4 (0.4) 

N1 387 2,110,000 0.9 (0.5) 0.11 0.4 (0.2) 

N2 451 2,400,000 2.0 (0.6) 0.04 0.9 (0.2) 

N3 367 991,000 0.1 (0.4) 0.35 0.1 (0.4) 

Total (AAR) 2,996 13,500,000 8.7 (2.2) <0.01 0.6 (0.2) 

AOB 2,179 10,100,000 5.8 (1.8) 0.01 0.6 (0.2) 

      * Theil-Sen slope; ** Theil-Sen slope divided by area.  385 

 

Table 3. Overall comparison with results in McClelland et al. (2006). Similar categories E1, E2, N1, N2 and AOB are 

considered in both studies, but different rivers and/or downstream stations are available. Significant trends are marked 

in bold (p-value < 0.05).  

 390 

Category McClelland et al. (2006). Study period: 1964-2000 (37 y) Present study. Study period: 1975-2015 (41 y) 

Nb. of rivers Annual discharge change (km3/y/y) Nb. of rivers Annual discharge change (km3/y/y) 

E1 6 5.3 6 5.3 

E2 10 0.8 18 1.0 

N1 14 -0.4 14 0.9 

N2 42 -2.5 29 2.0 

N3 - - 5 0.1 

Total (AAR) 72 3.2 72 8.7 

AOB 30 5.6 38 5.8 
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Table 4. Correlation analysis of river categories with climate indices. Significant correlations are marked in bold (p-

value < 0.10). Subscripts “a”, “s” and “w” indicate annual, summer and winter, respectively. 

Same year 

Category PDOa PDOs AOa AOw AOs NAOa NAOw 

E1 -0.08 -0.05 0.17 0.18 -0.11 0.10 0.16 

E2 -0.07 0.00 0.25 0.42 -0.01 0.07 0.43 

N1 -0.24 -0.17 0.14 0.13 0.16 -0.18 -0.08 

N2 -0.17 -0.13 -0.14 -0.13 -0.18 -0.16 -0.17 

N3 -0.03 0.08 0.23 0.28 0.17 0.08 0.25 

Total(ARR) -0.17 -0.09 0.17 0.21 -0.07 0.01 0.14 

AOB -0.14 -0.09 0.22 0.25 -0.06 0.05 0.18 

Previous year 

Category PDOa PDOs AOa AOw AOs NAOa NAOw 

E1 -0.03 -0.12 -0.10 -0.24 -0.11 -0.16 -0.20 

E2 -0.01 0.05 0.22 0.10 0.07 0.13 0.11 

N1 -0.20 -0.15 -0.04 0.09 0.01 -0.17 -0.01 

N2 -0.31 -0.36 -0.20 -0.31 -0.15 -0.18 -0.27 

N3 -0.08 -0.14 0.16 0.06 0.11 0.28 0.15 

Total(ARR) -0.16 -0.23 -0.08 -0.21 -0.09 -0.14 -0.18 

AOB -0.08 -0.14 -0.06 -0.17 -0.08 -0.16 -0.16 

 395 

Table 5. Composite analysis of river categories with climate indices. Significant p-values (< 0.10) are marked in bold. 

Subscripts “a”, “s” and “w” indicate annual, summer and winter, respectively. 

Same year 

Category PDOa PDOs AOa AOw AOs NAOa NAOw 

E1 0.80 0.82 0.18 0.19 0.71 0.43 0.23 

E2 0.88 0.79 0.03 0.00 0.72 0.23 0.00 

N1 0.16 0.26 0.52 0.21 0.31 0.03 0.66 

N2 0.11 0.16 0.49 0.26 0.12 0.38 0.16 

N3 0.40 0.73 0.07 0.06 0.80 0.76 0.19 

Total(ARR) 0.65 0.85 0.29 0.21 0.63 0.55 0.32 

AOB 0.64 0.88 0.34 0.27 0.46 0.86 0.45 

Previous year 

Category PDOa PDOs AOa AOw AOs NAOa NAOw 

E1 0.89 0.82 0.96 0.29 0.39 0.83 0.26 

E2 0.74 0.58 0.18 0.78 0.82 0.26 0.54 

N1 0.13 0.26 0.64 0.49 0.68 0.89 0.72 

N2 0.03 0.02 0.18 0.11 0.56 0.07 0.09 

N3 0.30 0.15 0.37 0.73 0.61 0.25 0.58 

Total(ARR) 0.71 0.40 0.83 0.23 0.55 0.84 0.38 

AOB 0.87 0.83 0.62 0.59 0.22 0.49 0.41 
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 400 

Figures 

 

Figure 1. Available years with at least one month of data for the 72 downstream stations. Stations are marked by 

colors according to country: Canada (CA), Finland (FI); Iceland (IC); Norway (NO); Russia (RU); United States (US). 

Vertical lines in orange indicate the selected common study period 1975-2015. 405 
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Figure 2. Location of the 72 downstream target stations displayed by colors according to river category. 
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Figure 3. Aggregated annual river discharge for North American rivers into Hudson, James or Ungava Bays (N2). 

The infilled time series is in black and the randomly imputed time series are reported in orange. Slopes for periods 410 
1975-2000 and 1975-2015 are in dashed lines. 
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Figure 4. Aggregated annual river discharge for North American rivers into Hudson, James or Ungava Bays (N2), 

winter Arctic Oscillation (AOw) of the previous year, winter North Atlantic Oscillation (NAOw) of the previous year, 415 

and annual Pacific Decadal Oscillation (PDOa) of the previous year.  
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Figure 5. Aggregated annual river discharge for North American rivers to Pacific Ocean (N3), winter Arctic 

Oscillation (AOw) of the same year, and annual North Atlantic Oscillation (NAOa) of the previous year. 
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 420 

Figure 6. Aggregated annual river discharge for smaller Eurasian rivers to the Arctic Ocean (E2), winter Arctic 

Oscillation (AOw) of the same year, and winter North Atlantic Oscillation (NAOw) of the same year. 
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Figure 7. Composite analysis of annual discharge for smaller Eurasian rivers to the Arctic Ocean (E2) in respect of 

Arctic Oscillation index (AO).  425 

 


