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The spring freshet is the dominant annual hydrologic event occurring on largely nival 

Arctic river systems. It provides the greatest proportion of freshwater influx to the Arctic Ocean, 

amongst all other atmospheric input sources. To assess whether any shift in the seasonality of 

spring freshets has occurred, and how climatic drivers and flow regulation govern trends in sub-

basin freshets and their contribution to outlet flow, a temporal and spatial analysis of 106 

hydrometric stations located across four major Arctic-draining river systems is performed to 

extract information regarding the timing, magnitude and volume of the spring freshet of the four 

largest Arctic-draining rivers; namely, the Mackenzie River in Canada, and the Ob, Yenisei and 

Lena rivers in Eurasia. Total annual freshwater influx to the Arctic Ocean from these basins 

increased by 14% during 1980-2009. Despite freshet volume displaying a net increase, its 

proportional contribution to annual flow has decreased. In fact, rising winter, spring and fall 

discharge proportions, combined with lower peak freshet magnitudes, potentially increased freshet 

durations, and lower summer proportions indicate a shift towards flatter, more gradual annual 

hydrographs with earlier pulse onsets. Discharge assessed on a sub-basin level during 1962-2000 

and 1980-2000 reveals regional differences in trends, with higher-relief drainage areas displaying 

the strongest trends. Sub-basin trends generally agree with those at the outlets, particularly in sub-

basins without upstream flow regulation. Flow regulation has had a greater impact on observed 

trends in freshet volume compared to peak freshet magnitude. Timing measures are found to be 

strongly linked to spring temperatures. Volume relationships are also apparent with winter 

precipitation, however, these are less distinct. Moreover, flow regulation appears to suppress 

climatic drivers of freshet volume but has a lesser effect on timing measures. Significant 

relationships are found with several major atmospheric and oceanic teleconnections indices. This 

study provides valuable information regarding the dominant controls of freshet generation, whilst 

highlighting potential impacts of freshet variability on the freshwater balance of the Arctic Ocean.  
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CHAPTER 1: INTRODUCTION 

1.1 Background 

1.1.1 Introduction 

Recently, rate of change in Arctic climate has been higher compared to other parts of the 

globe (e.g., Larsen et al., 2014, ACIA, 2005; White et al., 2007).  Arctic hydrological processes 

affect the regional marine and terrestrial ecology, cryosphere components including the sea ice 

regime, and also have an important influence on the salinity stratification and freshwater storage 

budget of the Arctic Ocean (Arnell, 2005; Kattsov et al., 2007).  Variability in the hydrologic 

regime can impact these systems, as well as, have global implications.  An example of this is the 

global thermohaline circulation, which is partly influenced by movement of low-salinity waters 

in the Arctic Ocean (e.g., Loeng et al., 2005).  A change in the freshwater budget of the Arctic 

Ocean has potential to alter freshwater export and deep oceanic convection in the North Atlantic, 

with consequences to the thermohaline circulation (e.g., Aagard and Carmack 1989; Carmack 

2000; Peterson et al., 2002; Arnell 2005).  Since ecological and marine crysopheric 

considerations as well as freshwater storage and release mechanisms have increasingly been 

shown to be seasonally dependent (e.g., Loeng et al., 2005; Carmack et al., 2006; McClelland et 

al., 2011), it is important to evaluate the variability of major freshwater fluxes to the Arctic.  In 

particular, the spring freshet deserves consideration because it is the dominant annual hydrologic 

event on nival-regime dominated Arctic river systems, and, of all the freshwater fluxes, provides 

the greatest proportion of freshwater influx to the Arctic Ocean amongst all other atmospheric 

sources. 
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1.1.2 Research need 

Currently, the annual volume of freshwater input to the Arctic Ocean from river runoff is 

approximately known (e.g., Lammers et al., 2001; Prowse and Flegg, 2000); however, no 

research has yet been undertaken to quantify and analyse the trends in timing, peak magnitude 

and volume of the spring freshet, or of the climatic and atmospheric circulation patterns that 

control these trends.  This is a critical knowledge gap since previous research only describes the 

effect of total annual runoff or the peak magnitude of freshet runoff (e.g., Shiklomanov et al., 

2007) and yet, the timing and volume of the spring freshet dictates when the majority of 

terrestrial freshwater discharge enters the Arctic Ocean.  In fact, Shiklomanov et al. (2007) 

stressed a need to further investigate relationships of freshet volume as well as peak magnitude 

with overall annual discharge.  Additionally, climate change scenarios generally predict high-

latitude increases in precipitation, particularly during autumn and winter, which manifest as 

snow in the terrestrial Arctic drainage.  This northward transfer of precipitation will expectedly 

cause an increase in runoff to the Arctic Ocean (e.g., Larsen et al., 2014, Anisimov et al., 2007; 

Kattsov et al., 2007), most of which will occur as snowmelt runoff during the spring freshet.  It is 

therefore critically important to investigate recent trends in the freshet as well as other seasonal 

runoff characteristics. 

1.1.3 Study area and data 

This study focuses on the four major Arctic draining rivers; namely, the Mackenzie River 

in Canada, and the Lena, Yenisei and Ob rivers in Eurasia, herein referred to as MOLY (see 

Figure 1).  Combined, these four rivers contribute almost 1900 km3 of freshwater to the Arctic 

Ocean per year, or about 60% of annual flow volume from all Arctic contributing areas (Grabs et 

al., 2000; Prowse and Flegg, 2000) and are considered the “big four” of Arctic-draining rivers.  
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Total contributing areas of the four major river systems, including un-gauged drainage areas, are 

as follows: Mackenzie 1,800,000 km2 (Finnis et al., 2009); Ob 2,975,000 km2 (Yang et al., 

2004b); Lena 2,488,000 km2 (Yang et al., 2002); and Yenisei 2,554,482 km2 (Zhang et al., 

2003). 

This work is designed to provide a comprehensive analysis of the spatial and temporal 

variation of spring freshets from watersheds located in the four major drainage systems of the 

circumpolar Arctic.  However, because of their relative remoteness, Arctic regions are plagued 

by a distinct lack of hydrometric data availability (Shiklomanov et al., 2002).  As a result, the 

study is somewhat limited both temporally and spatially.  Moreover, extensive flow regulation in 

many of the basins may potentially obscure the climatic and atmospheric relationships to spring 

freshet measures.  Thus, the study classifies sub-basins into regulated, minimally-regulated and 

unregulated drainage areas.  Further basin details and study area maps are provided in Chapter 2.  

1.2 Thesis Objectives 

This thesis is intended to address some of the research gaps mentioned in Section 1.1.2.  

The broad goal of the proposed research is to quantify the spatial and temporal variation in the 

annual major pulses of spring discharge (i.e., the spring freshet) entering the Arctic Ocean 

through the four major Arctic river systems (MOLY) and their associated sub-basins, as well as 

examine the climatic and atmospheric relationships with the freshet. This goal will be addressed 

via three key objectives:  

(I) Quantify the trends in freshet timing and magnitude in outlet stations of the four 

major river basins (MOLY) around the circumpolar Arctic. This will determine 

whether there were any changes (e.g., increasing or decreasing annual or 
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seasonal flows) and, importantly, whether a shift in seasonality of peak flows 

has occurred.  Temporal sequencing of circumpolar freshet events will also be 

examined.  

(II) Investigate the MOLY freshet flows entering the Arctic Ocean at a finer scale, 

by determining the trends in peak magnitude, volume, and timing of spring 

freshets in regulated, minimally regulated and unregulated sub-basins as well as 

changes in hydrograph shape.  Trends on a sub-basin level will be compared to 

those which have occurred at the outlets. 

(III)  Examine relationships of variability in spring freshets with regional temperature 

and precipitation patterns, as well as, several large-scale atmospheric/oceanic 

teleconnection indices including the Arctic Oscillation (AO), North Atlantic 

Oscillation (NAO), Pacific Decadal Oscillation (PDO) and El Niño-Southern 

Oscillation (ENSO). 

1.3 Thesis Structure 

The thesis consists of six chapters, some of which are written in a journal manuscript 

style.  Chapter 1 provides general background and identifies the research need including specific 

objectives of the study.  Chapter 2 presents a detailed review of relevant literature as it pertains 

to the overall objectives of the thesis.   Specific emphasis is placed on impacts of Arctic 

freshwater with particular focus on spring freshets.  Chapters 3, 4 and 5 are structured as journal-

style manuscripts, with sections on introductory material, basin descriptions and methodology.  

Chapters 3, 4 and 5 address thesis objectives I, II and II, respectively.  A summary and 

conclusion of the main findings from the thesis is given in Chapter 6.  Due to the journal-style 
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manuscript structuring of the some of the chapters, some text is repeated, particularly with 

respect to introductory material, study area and methodology. 
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Figure 1. Circumpolar drainage basins of the Mackenzie, Ob, Yenisei and Lena rivers. 
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CHAPTER 2: LITERATURE REVIEW 

Abstract 

The influx of terrestrial freshwater to the Arctic Ocean has the potential to influence global climate 

through modification of the intensity of the thermohaline circulation.  It can also have important 

impacts on the Arctic cryosphere and, marine and terrestrial biota.  At the same time, climate is 

changing faster in the Arctic compared to other parts of the globe.  This warrants the importance 

of a better understanding of climate-discharge linkages in Arctic-draining rivers, which are the 

dominant source of freshwater input to the Arctic Ocean.  Strikingly, although previous studies 

have focused on annual or monthly flow, seasonality of flow has never been investigated, despite 

its relative importance to the Arctic Ocean.  Seasonality can affect freshwater runoff trajectory 

upon entering the Arctic Ocean, influencing whether freshwater is placed into storage or released, 

and correspondingly can have spinoffs to global climate.  Seasonality also has important impacts 

to Arctic sea ice production and ablation.  To date, no research has collectively evaluated trends 

in the magnitude and sequential timing of the spring freshets – the dominant, seasonal hydrologic 

event occurring on these nival river systems – or of the atmospheric circulation patterns and 

meteorological variables that control them.    

This literature review provides an overview of the freshwater budget of the Arctic Ocean and 

highlights the importance of the spring freshet as a component of the freshwater budget.  

Characteristics of the contributing terrestrial drainage basins are discussed as well as data 

collection and accuracy issues surrounding Arctic hydrological and hydro-climatic data.  The 

objective is to provide the necessary background required prior to evaluating the occurrence and 

climatic relationships associated with spatial and temporal variations in the spring freshet of major 

Arctic river systems. 
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2.1 Introduction 

Arctic hydrological processes are integral to the Arctic marine and terrestrial ecology, 

cryosphere, and sea ice regime as well as Arctic Ocean stratification and freshwater storage 

(Arnell, 2005; Kattsov et al., 2007).  Variability in the hydrologic regimes of Arctic-draining 

rivers can impact all these systems, as well as have global implications.  Importantly, the marine 

Arctic plays a role in the global climate system through thermohaline circulation, which is partly 

influenced by movement of low-salinity waters in the Arctic Ocean (e.g., Loeng et al., 2005).  

This occurs chiefly through export of relatively fresher water from the Arctic Ocean southwards 

into the North Atlantic, through Fram Strait and the Canadian Arctic Archipelago (CAA), thus 

integrating the Arctic hydrological system with global thermohaline circulation (e.g., Aagard and 

Carmack 1989; Carmack 2000; Peterson et al., 2002; Arnell 2005).   Hence, a change in the 

freshwater budget of the Arctic Ocean has potential to alter freshwater export and deep oceanic 

convection in the North Atlantic, with possible consequences to the circulation (e.g., Aagard and 

Carmack 1989; Kattsov et al., 2007; McClelland et al., 2011).  The Arctic Ocean also affects 

global climate through its impact on surface heat balance.  Snow and ice cover in the Arctic form 

a positive radiative feedback loop in which open water leads to decreased albedo, which leads to 

enhanced warming causing more ice melting and finally, results in more open water (Carmack, 

2000).  Since ecological and marine crysopheric considerations as well as freshwater storage and 

release mechanisms have increasingly been shown to be seasonally dependent (e.g., Loeng et al., 

2005; Carmack et al., 2006; McClelland et al., 2011), it is incumbent to examine the spatial and 

temporal variability and correspondingly, the seasonality of major freshwater inputs to the Arctic 

Ocean.   
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In the nival-dominated regimes of the pan-Arctic region, the greatest component of the 

Arctic Ocean freshwater balance is influx from Arctic-draining rivers (Aagaard and Carmack, 

1989).  Meanwhile, the annual spring freshet following snowmelt and river-ice breakup is the 

dominant hydrologic event occurring on these Arctic river systems.  Considering the potential 

consequences of the timing and magnitude of this major annual event, there is a need to 

determine the temporal trends as well as spatial variability of spring freshets of Arctic rivers.  It 

is also critical to investigate spring freshet linkages with atmospheric circulation patterns, and 

other climatic controls such as temperature and precipitation patterns, to determine what impacts 

these relationships can have on spring freshet trends and variability.   

2.2 The Freshwater Budget of the Arctic Ocean 

The area of the Arctic Ocean has been determined to cover as much as 14.2*106 km2 

(Lammers et al., 2001) although Serreze et al. (2006) estimate the area as 9.6*106 km2 and 

Dyurgerov and Carter (2004) define the area as 9.0*106 km2.  The differences are due to what the 

authors consider inclusive of the Arctic Ocean; for example, including Hudson and James Bay, 

Baffin Bay and parts of the northern North Atlantic extends the ocean area and terrestrial domain 

(Serreze et al., 2006).  The latter definition (9.0*106 km2) comprises about 2.5% of global ocean 

area and receives more freshwater per unit area than any other global ocean (Dyurgerov and 

Carter, 2004), making it very sensitive to changes in freshwater flux.  The ocean is largely 

landlocked and receives freshwater inflows from a total catchment area ranging from 

approximately 17*106 km2 to 31*106 km2, again depending on the definition used for 

geographical extent of terrestrial contributing area (Prowse and Flegg, 2000; Shiklomanov et al., 

2000; Dyurgerov and Carter, 2004; Serreze et al., 2006).  Using the mean liquid fresh water 

storage estimate of 80,000 km3 as defined in Aagaard and Carmack (1989), the Arctic Ocean 
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only comprises about 1% of global ocean volume, yet it receives approximately 11% of global 

river discharge (McClelland et al., 2011), making it highly sensitive to river inflows particularly 

on the shallow continental shelf regions of Russia (Lammers et al., 2001; Shiklomanov et al., 

2000).  The volume of freshwater stored in the Arctic Ocean is approximately equal to the 

freshwater content of all global lakes and rivers, and the amount of freshwater stored is about 10-

15 times greater than the amount exported annually (Aagard and Carmack, 1989).  

2.2.1 Linkages with the global hydrological cycle 

The Arctic Ocean plays a key role in the global hydrological cycle by receiving, 

transforming, storing and exporting fresh water.  Whereas stratification of surface layers in 

temperate seas is mainly controlled by temperature, cold surface waters of Arctic and sub-Arctic 

seas are relatively fresh and stratified by salinity (Carmack et al., 2008).  Consequently, 

stratification of surface waters in sub-polar seas is strongly influenced by freshwater export from 

the Arctic Ocean, through liquid water and ice outflow.  Weak stratification of surface waters in 

sub-polar seas such as in the northern Atlantic Ocean coupled with freshwater export from the 

Arctic Ocean regulates deep oceanic convection, which is a major driver of global thermohaline 

circulation (Dickson et al., 2000).  As it is a sensitive balance, rapid freshening of North Atlantic 

deep water (NADW) accompanied by a decrease in water salinity has been predicted to have 

consequences to this circulation (Dickson et al., 2002).  Serreze et al. (2006) compiled 

information from numerous studies (Aagaard and Carmack, 1989; Curry and Mauritzen, 2005; 

Dukhovskoy et al., 2004; Hakkinen, 1999; Holland et al., 2001; Proshutinsky et al., 2002; Steele 

et al., 1996; Wehl, 1968), which predict a change in freshwater outflow from the Arctic Ocean 

potentially disrupting the large-scale Meridional Overturning Circulation (MOC) by increasing 

upper ocean stratification in important convective regions.  Freshwater sensitivity experiments, 
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using a variety of coupled ocean and climate models, suggest that North Atlantic deep water 

formation cannot be sustained after an increase of 0.06 to 0.15 Sverdrup (whereby 1 Sverdrup 

(Sv) = 1 × 106 m3/s) of additional freshwater, emphasizing the urgency of investigating land, 

ocean and atmospheric interactions as part of the Arctic hydrological cycle (Peterson et al., 

2002). 

2.2.2 Budget components 

Understanding the freshwater budget of the Arctic Ocean requires investigation of major 

budget components, including river runoff, freshwater import through Bering Strait, precipitation 

minus evaporation, liquid water and ice export through Fram Strait, ice export through Fram 

Strait, and largely liquid export through the Canadian Arctic Archipelago (CAA) (Aagard and 

Carmack 1989).  See Figure 1 for an illustration of these and other major ocean features.  The 

budget results in a net surplus, although Aagard and Carmack (1989) and Serreze et al. (2006) 

state that the imbalance is indistinguishable from zero due to the inherent uncertainties in budget 

terms.  Atmospheric freshwater input is received from direct precipitation (P) and runoff (R) 

minus evaporation (E).  Relatively fresh water (compared to the reference salinity of 34.8) from 

the Pacific Ocean is imported through Bering Strait, driven by pressure gradients caused by 

salinity and temperature differences between the Pacific and Arctic Oceans – another example of 

the potential importance of freshwater input seasonality.   As discussed, river discharge 

comprises the greatest proportion of freshwater input to the Arctic Ocean, accounting for up to 

38% of mean annual freshwater contribution.  Pacific inflow contributes 30% while direct 

precipitation contributes 24% (Carmack, 2000; Serreze et al., 2006), although Aagard and 

Carmack (1989) have noted the considerable uncertainty in measuring P-E fluxes.  Mean annual 

freshwater export totals 51% through Fram Strait, with 26% of this as liquid water and 25% as 
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sea ice, and 35% through the CAA (Carmack, 2000; Serreze et al., 2006).  However, these 

estimates are based on a compilation of budget terms from different analyses using varying 

periods of record ranging in length from <10 years to 50+ years, requiring the estimates to be 

taken with caution.   

During the formation of sea ice, water distilled as brine is rejected into the underlying 

ocean.  Although young first-year sea ice has a higher average salinity, the salinity of multi-year 

ice decreases to around 1-6 parts per thousand (ppt) as a result of brine exclusion.  Thus, the 

outflow of ice through Fram Strait is significant despite the sea ice cover typically being only 1-4 

m thick (Serreze et al., 2006).  Seasonally, ice export through Fram Strait is greatest during 

winter.  Liquid water inflows through Bering Strait and outflows through the CAA generally 

reach their peak during summer.  Direct precipitation over the Arctic Ocean tends to peak in late 

summer and early autumn (Walsh et al., 1994).   

The structure of salinity stratification within the Arctic Ocean is characterized by a 

seasonally variable surface mixed layer in the upper 30 to 50 m of the water column, underlain 

by cold stratified layers forming the Arctic halocline, followed by a warmer, salty Atlantic layer 

and finally deepwater below 1600 m.  Vertical stability provided by the salinity stratification 

allows formation of an ice cover on the ocean (Carmack, 2000).  The salty Atlantic layer is 

largely formed from North Atlantic inflows through Fram Strait.  In the western Arctic, the 

surface mixed layer is generally fresher and the halocline extends deeper and with more structure 

compared to the eastern Arctic, largely due to the influence of Pacific inflows which form a 

“cold halostad” that lies above lower halocline waters of Eastern Arctic origin (McClelland et al., 

2011; Shimada et al., 2005).  In total, liquid freshwater storage in the Arctic Ocean is estimated 

to be around 80,000 km3.  The Canadian Basin holds approximately 46,000 km3 of the 58,000 
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km3 of fresh water stored in the deep basins, with the Eurasian Basin holding the remainder.  

22,000 km3 is held on the continental shelves (Aagaard and Carmack, 1989).  The halocline in 

the Canadian Basin is deeper with a lower surface salinity, while on the Eurasian side, salinity 

rapidly increases with depth, reaching approximately 35 ppt at 200 m, and temperature 

remaining below -1.5°C until approximately 150 m (Aagaard and Carmack, 1989).   

In a study that used salinity, δ18O and nutrient data collected in 2003 and 2004, 

Yamamoto-Kawai et al. (2008) found relatively fresh Pacific water entering via Bering Strait to 

be the main freshwater source in the Canadian Basin below 50 m depth, and Bering Strait 

through-flow to provide up to 75% of the input from Pacific and meteoric sources.    Freshwater 

exported through Fram Strait via the Transpolar Drift mainly originates from Eurasian river 

runoff and Pacific waters, whilst freshwater exported through the CAA is mainly comprised of 

North American river runoff (such as from the Mackenzie River) and Pacific Ocean freshwater 

(Jahn et al., 2009). Water held in the Beaufort Gyre has an approximate residency time of 10 

years whilst water exported through the Transpolar Drift has a residency of only about 2 years 

(McClelland et al., 2011).  Overall, ice and liquid freshwater sourced from the Canadian Basin 

contributes about 40% of freshwater export from the Arctic Ocean to the North Atlantic Ocean 

(Yamamoto-Kawai et al., 2008).   

2.2.3 Impacts of river influx 

According to Aagard and Carmack (1989), runoff from Arctic-draining rivers totals 3300 

km3/year, although the time period used to obtain this calculation is not given.  The greatest 

contribution is from four major rivers: Yenisei (603 km3/yr), Ob (530 km3/yr), Lena (520 km3/yr) 

and Mackenzie (340 km3/yr).  Figure 1 shows the location of these four major drainage basins 

relative to the Arctic Ocean.  Typically, intra-annual variability in runoff contribution from rivers 
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is high, with the Yenisei and Lena rivers showing a fortyfold increase in peak spring flows 

versus winter flows and the Mackenzie showing a fivefold increase in peak flows.  In Arctic 

nival rivers, up to 60% of flows are released during the spring freshet (Lammers et al., 2001).   

Runoff climatology is different amongst regions, with the winter-spring melt transition occurring 

in March-May in the Barents Sea and Hudson Bay regions and April-June in the Kara, Laptev, 

East Siberian and Beaufort seas (McClelland et al., 2011).   

Several authors have documented changes in freshwater inflows to the Arctic Ocean and 

their causes.  In particular, river discharge to the Arctic Ocean has experienced a recent increase, 

with potential to alter the freshwater budget of the Arctic Ocean (Arnell, 2005).  One such study 

found that increasing river discharge combined with a surplus precipitation minus evaporation 

balance contributed an additional ~20,000 km3 of freshwater to the Arctic and North Atlantic 

oceans from the 1960s to the 1990s, while sea ice attrition and glacial melt added another 

~17,000 km3 (Peterson et al., 2006).  As alluded to in Section 2.2.1, a change in the freshwater 

balance of the Arctic Ocean could alter the density structure of the largely salt-stratified Arctic 

basin halocline with effects on downwards convection of warm surface waters in the North 

Atlantic Ocean and subsequent reduction in North Atlantic deep water formation (e.g., Carmack, 

2000; Anisimov et al., 2001; Peterson et al., 2002), resulting in potentially major regional 

climatic effects from a slowdown of the thermohaline circulation.   

Peterson et al. (2002) found that Eurasian river discharge had increased by approximately 

7% over the period 1936-1999.  This amounted to a volumetric increase of 128 km3 of 

freshwater annually by the end of the study period, or an increase of 2.0 ± 0.7 km3/year, and was 

linked with trends in global surface air temperature and the North Atlantic Oscillation.  Another 

study (Dickson et al., 2002) investigated the glacial meltwater contribution to Arctic freshwater 
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inflow and provided comparisons of glacier mass balance data to pan-Arctic river discharge.  

Pan-Arctic river discharge was found to have increased due to generally positive discharge 

anomalies from the 1960s up to the 1980s, and then experienced an overall decline from about 

1980-1990 as a result of negative discharge anomalies.  In the 1990s, discharge anomalies once 

again became positive.  They stated that increasing river runoff combined with continuous 

glacial contribution could compound ventilation and convectional circulation of North Atlantic 

deep water, resulting in unforeseen regional changes.  McPhee et al. (2009) described a rapid 

change in the freshwater content of the Arctic Ocean.  In their study, aerial hydrographic surveys 

conducted in spring of 2008 found that freshwater content in the western Arctic had increased by 

8,500 km3, or 26%, when compared to winter climatological values.  They reasoned that river 

runoff plus precipitation and influx of fresher Pacific water were the dominant sources of the 

increase, rather than localized sea ice melting.   

In addition to emphasizing the impacts of variability in freshwater runoff, it should be 

noted that terrestrial runoff trajectories within the Arctic Ocean have important implications as 

well, and are added key examples of the importance of runoff seasonality.  Runoff that enters the 

Arctic Ocean is not uniformly distributed; it follows a circulation path that will determine if the 

freshwater becomes primarily stored or released.  Freshwater stored within the Arctic Ocean 

largely resides in the Canadian Basin, with the greatest amount held in the Beaufort Gyre, a 

dynamic feature driven by anticyclonic wind forcing that resides in the Canadian Basin north of 

Alaska (Serreze et al., 2006; Carmack et al., 2008).  Of note is that the anticyclonic circulation of 

the Beaufort Gyre is an exception; circulation elsewhere in the Arctic Ocean is cyclonic 

(Carmack et al., 2008).  Under strong anticyclonic forcing, freshwater is pushed into storage 

from various proximal sources while weak forcing releases freshwater (Proshutinsky et al., 
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2002).  Polyakov et al. (2008) found that over the last century, the salinity of the central Arctic 

Ocean increased while waters over the Siberian shelf showed a freshening trend.  This was 

partially due to variations of the large-scale atmospheric circulation processes influencing the 

trajectories of terrestrial runoff entering the Arctic Ocean; Steele and Boyd (1998) and Johnson 

and Polyakov (2001) showed that exchange mechanisms between the central ocean and shelf 

regions were driven by cyclonic versus anticyclonic phases of atmospheric circulation regimes, 

and that recent eastward diversion of Siberian river runoff in Arctic waters was a result of 

tendencies towards cyclonic atmospheric circulation patterns.  Furthermore, Polyakov et al. 

(2008) found that these variations in large scale atmospheric and oceanic circulation affecting 

runoff trajectory can have a profound effect on freshwater outflow to sub-polar seas.  A release 

of just 5% of freshwater stored in the Beaufort Gyre could cause a salinity change similar to the 

Great Salinity Anomaly which occurred in the 1970s, when the upper 500 to 800m layer of the 

northern North Atlantic Sea experienced widespread freshening largely due to a pulse of sea ice 

outflow, consequently stopping oceanic convection in the Labrador Sea for one year (Dickson et 

al., 1988; Aagard and Carmack, 1989).  Atmospheric connections to runoff forcing are further 

discussed in Section 2.3. 

2.3 Atmospheric Connections and Climatic Flow Drivers 

According to Walsh (2000), large-scale atmospheric circulation patterns affect Arctic 

hydrologic variability over a variety of timescales ranging from daily, to decadal, and longer. 

This is due to the three major ways in which the circulation patterns affect freshwater inflows; 

namely, direct P and E on surface waters through atmospheric moisture inflow patterns and 

convergence over the Arctic Ocean; P and E over terrestrial watersheds contributing river runoff; 
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and finally, wind-forcing driving advection of sea-ice and freshwater into and around the Arctic 

Ocean.   

The following four different climate indices have been previously shown to affect climate 

in the study region and are discussed in the following paragraphs: Arctic Oscillation (AO), North 

Atlantic Oscillation (NAO), Pacific Decadal Oscillation (PDO), and El Niño-Southern 

Oscillation (ENSO).  ENSO is the leading pattern of inter-annual climate variability in the 

Pacific (Trenberth, 1997).   The PDO index is derived as the leading principal component of 

monthly SST anomalies in the Pacific Ocean north of 20°N, separated from global SST 

anomalies to distinguish the pattern from any climate warming signal (Mantua et al., 1997).  The 

AO is defined as the leading principal component of sea level pressure (SLP) anomalies north of 

20°N and varies considerably in intra-seasonal time scales in mid- to high-latitudes (Thompson 

and Wallace, 1998).  The NAO is the normalized difference in surface pressure (SP) between 

stations in Azores and Iceland (Hurrell, 1995).   

In Canada, freshwater trends and variability have been linked to phases of the AO, ENSO 

and PDO (Bonsal et al., 2006).  For example, more intense, positive phases of the PDO and 

ENSO have been shown to be a factor in decreased precipitation and subsequently, decreased 

river discharge in northern Canada (Déry, 2005).  The PDO in particular has been shown to 

affect hydrologic variability in western North American regions which may be encompassed by 

the Mackenzie basin (e.g., Hamlet and Lettenmaier, 1999; Neal et al., 2002).  El Niño conditions 

and positive phases of PDO are representative of a deeper Aleutian Low, which has been linked 

to warmer winter and spring temperatures and subsequently, earlier snowmelt and freshwater ice 

break-up events in Western Canada (Bonsal et al., 2006).  The opposite tendencies are associated 

with La Niña/negative phases of PDO.   
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In the case of the three Siberian basins, spring river discharge has been positively 

correlated with winter and spring AO, an effect likely due to a high correlation of spring air 

temperature with the AO (Ye et al., 2004).  The AO has a strong center of action over the central 

Arctic Ocean, but displays weaker centers of opposing sign over the northern Atlantic and 

northern Pacific oceans (Serreze et al., 2002), thus exhibiting a weaker influence on climatic 

conditions over these regions.  The positive phase of the AO is associated with anomalously high 

sea-level pressure in the mid-latitudes and lower pressure in the Arctic, causing confinement of 

cold air to the high Arctic and resulting in warmer Northern Hemisphere winters (Stoner et al., 

2009).  Positive indices of NAO are representative of a stronger Icelandic Low, leading to colder 

winters and springs (and hence later freshwater ice break-up dates) over western Atlantic regions 

and vice versa (e.g., Hurrell, 1995; Bonsal et al., 2006) .  Like the AO, the NAO is most active in 

winter months, bringing cold, dry Arctic air over northern Canada during its positive phase 

(Kingston et al., 2006).  Although the NAO and AO are highly correlated and nearly identical in 

the temporal domain, with both demonstrating similar structures (Thompson and Wallace, 1998), 

there is evidence of distinct regional differences (e.g., Rogers et al., 2001).  For example, effects 

of the NAO tend to be regionalized while AO effects are on a more global scale (Sveinsson et al., 

2008), with the NAO in particular being shown to affect variability in temperature and 

precipitation over the Northern Hemisphere (Hurrell, 1995).   

Descriptive plots of surface air temperature (SAT) and precipitation anomalies regressed 

onto normalized anomalies of November through April AO, ENSO and PDO during the period 

1950 – 1996, obtained from the Joint Institute for the Study of the Atmosphere and Ocean 

(JISAO) (see http://jisao.washington.edu/analyses0500/#details), show that the positive phase of 

AO is associated with positive SAT anomalies and positive precipitation anomalies over most 

http://jisao.washington.edu/analyses0500/#details
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parts of the Mackenzie and Eurasian basins during winter months.  The warm phase of ENSO (El 

Niño) is associated with positive SAT and precipitation anomalies over Mackenzie while 

Eurasian basins show mostly negative SAT with some positive SAT anomalies in the southern 

portions of the basins.  Precipitation anomalies are mostly negative over Eurasian basins, with 

some regional indications of positive anomalies.  PDO in its warm phase is associated with 

positive SAT anomalies in the Mackenzie and Eurasian basins, with very high anomalies over 

the Mackenzie.  Distribution of precipitation anomalies vary, with mostly positive anomalies in 

the Mackenzie and Ob basins, and a mix of positive and negative precipitation anomalies in the 

Yenisei and Lena basins.  Of important note is that since many teleconnections indices are highly 

correlated, for example NAO with AO, any interpretation of streamflow or circulation linkages 

with atmospheric oscillation patterns should take this into consideration (Sveinsson et al., 2008). 

 Burn (2008) explored the climatic influences on streamflow timing in three sub-

watersheds of the Mackenzie River headwaters, evaluating trends in streamflow timing for 26 

hydrometric stations over a variety of time periods.  Following Maurer (2004), a composite 

analysis was used to examine timing relationships with climate indices, in which the 10 highest 

and 10 lowest values of climate indices were identified along with corresponding years of 

streamflow timing measures.  The measures were evaluated using a t-test to determine if the 

timing measures differed significantly from the series mean.  This approach is recommended 

since climate signals from large-scale teleconnections are not always linearly related to the 

hydro-climatic variable in question; for example, a strong correlation may exist in one phase but 

may be non-existent or weak in the other.  The results revealed that the spring freshet occurred 

earlier in the headwater catchments, and that some of the observed trends could be attributed to 

trends in meteorological variables.  
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As mentioned in Section 2.2.3, atmospheric circulation patterns influence runoff 

trajectories within the Arctic Ocean (Jahn et al., 2009; McClelland et al., 2011).  In particular, 

the Arctic Oscillation (AO) index influences whether runoff is transported to the interior ocean 

or outward for export; a high AO index drives water eastward into the Beaufort Gyre, while a 

low AO index tends to drive water into the Transpolar Drift (Johnson and Polyakov, 2001).  

Recently, Russian river discharge was found to experience an eastward diversion related to an 

alteration in atmospheric circulation (Dickson et al., 2000).  A study by Macdonald et al. (1999) 

showed the redistribution of river inflows from eastern to western Siberia was partially credited 

with causing freshening of the surface layers of the Beaufort Sea in the 1990s.  However, 

McClelland et al. (2011) noted that possible increases in freshwater inputs from increasing river 

discharge may not be noticed until the Beaufort Gyre begins to store and release larger quantities 

of freshwater at the decadal scale in response to atmospheric circulation variability indicators 

such as the Arctic Oscillation.  Despite this, Greene et al. (2008) cited several studies which 

stated that changes in wind-driven forcing of the Beaufort Gyre, in combination with enhanced 

river inflow and sea ice melting, had resulted in alternating state of increased freshwater export 

and increased freshwater storage in the Arctic. 

2.4 Ecological Implications of Arctic Freshwater 

According to the IPCC Third Assessment Report (Anisimov et al., 2001), the Arctic 

region is particularly vulnerable to climate change due to its thermally sensitive cryosphere. 

Atmospheric freshwater transport within and between oceanic basins is an important part of the 

climate system of the Earth (Stigebrandt, 2000).  The process of salinity distribution – which 

forms the “haline” part of thermohaline circulation – is sensitive to climate change effects which 

cause freshening of the Earth’s polar regions (e.g., Toggweiler and Key, 2003).  A weakened 
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Arctic circulation could affect aquatic ecosystems, since the circulation brings deep, nutrient-rich 

waters to the surface (Toggweiler and Key, 2001).  Stronger stratification in the Arctic Ocean 

will enhance warming and reduce surface mixing, but will disrupt vertical transportation of 

nutrients (Francis et al., 2009).  Changes in Arctic Ocean circulation patterns and freshwater 

export since the 1990s have been associated with biogeographic range expansions of boreal 

plankton, such as a renewal of pan-Arctic range exchanges of Pacific and Atlantic species 

(Greene et al., 2008).  Additionally, it was found that during the same period, a dramatic regime 

shift occurred in the northwest Atlantic shelf ecosystems ranging from the Labrador Sea to the 

Mid-Atlantic Bight, in which stratification and freshening of the shelf waters were potentially 

linked with abundances and seasonal cycles of phytoplankton and zooplankton (Greene et al., 

2008).  

There are numerous other biological implications associated with spring freshet 

discharge.  Riparian zones are affected by the frequency and severity of the spring flood, and 

while flooding is often portrayed in a negative context (e.g., Jasek, 2003; Shiklomanov et al., 

2007), it has been shown that spring flooding is an important recharge mechanism for perched 

basins hydraulically separated from main flow channels (e.g., Marsh and Hey, 1989; Prowse and 

Conly, 1998).  It has been suggested that increased river discharge will result in enhanced 

nutrient and sediment fluxes, with consequences to Arctic marine ecosystems (Kattsov et al., 

2007; Tank et al., 2011).  McClelland et al. (2011) stated that in general, terrestrial river water 

entering the Arctic Ocean is rich in organic matter and depleted in inorganic nitrogen.  As such, 

organic matter concentrations in runoff increase dramatically during the spring freshet, while 

inorganic nitrate and silica concentrations decrease.  River inputs act to dilute the Arctic Ocean 

with respect to nitrate and phosphate, and enrich it with respect to dissolved organic carbon and 
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silica. Concentrations of suspended matter in runoff are distinctly higher in basins draining 

mountainous regions; for example, waters originating from the Mackenzie basin have a higher 

sediment content than many of the Eurasian basins.  Phytoplankton concentrations peak on the 

freshwater side of the Ob, Yenisei and Lena estuaries, yet are relatively consistent across 

freshwater to saltwater transitions in the Mackenzie estuary, likely due to greater light 

attenuation from high sediment load.  Since coastal estuarine regions are under ice cover for up 

to 9 months of the year, nutrients delivered under low winter flow remain under the ice and 

support winter secondary production. When the spring freshet occurs, water with high organic 

material concentrations and low inorganic materials mix and disperse with water built up during 

the winter, with consequences to estuarine communities (Macdonald, 2000; McClelland et al., 

2011).  Terrestrial organic carbon from rivers can oxidize and produce CO2, contributing to the 

processes of Arctic Ocean acidification (AMAP, 2013).  These variations in organic material 

concentrations emphasize the importance of the seasonality of spring river discharge on 

distribution, timing and magnitude of ecosystem production in Arctic coastal communities 

(Loeng et al., 2005; Carmack et al., 2006). 

One of the most significant defining features of the Arctic Ocean is its sea-ice cover 

(Serreze et al., 2007).  The sea-ice regime plays a role in Arctic Ocean salinity dynamics, adding 

salt during sea-ice production and releasing fresh water during ablation (Macdonald, 2000).  A 

change in the freshwater balance (possibly due to river discharge) will have effects on the cold 

halocline layer which insulates the floating sea-ice cover from the warmer, saltier Atlantic layer 

below; a reduction in the cold halocline layer can therefore have considerable effects on the sea-

ice cover (Steele and Boyd, 1998).  Rises in air temperature due to climate change will reduce 

snow cover and sea-ice extent, decreasing the albedo and causing positive radiative feedback 
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which acts to further reduce ice and snow cover.  Thinner sea-ice cover and larger open-water 

areas allow for stronger heat flux from the ocean to the atmosphere, particularly during autumn 

and early winter.  This increased transfer of heat locally increases the air temperature, moisture 

content, cloud cover and precipitation, and reduces the vertical static stability in the lower 

troposphere (Vihma, 2014).  Furthermore, large rivers, such as the Mackenzie, Ob, Lena and 

Yenisei, transport an immense amount of heat from their respective continental watersheds to the 

Arctic Ocean (Lammers et al., 2007; Liu et al., 2005; Yang et al., 2014).  This extensive 

intrusion of warm terrestrial Arctic river waters into the Arctic Ocean rapidly warms the ocean’s 

surface layers, enhancing the localized melting of sea ice (Nghiem et al., 2014).  This is yet 

another example of the importance of seasonality in Arctic river discharge. 

Impacts of reduced sea-ice cover to the Arctic regions include warmer autumns and 

winters, increased wave action in open waters exacerbating coastal erosion, and disrupted polar 

bear abundance due to a loss of habitat (Serreze et al., 2007).  Reduced sea-ice cover allows for 

more light penetration, which intuitively results in enhanced phytoplankton activity; however, 

reduced sea-ice cover will also allow for stronger vertical wind mixing over open water areas, 

thus countering any increased phytoplankton activity (Francis et al., 2009). 

2.5 Flow and Budget Predictions 

Future climate change projections reveal an increase in precipitation (e.g., Anisimov et 

al., 2007, Larsen et al., 2014) which, along with air temperature increases, may cause a shift 

from a nival-dominated Arctic regime to a more pluvial one.  Total annual terrestrial freshwater 

contribution to the Arctic Ocean, as predicted by models using various future greenhouse gas 

scenarios, is expected to increase by up to 10 – 30% by the year 2100 (Anisimov et al., 2007).  A 

warming climate would induce monotonic changes in streamflow, but these may be enhanced by 
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climatic oscillations causing variability in meteorological factors and thus potentially obscure 

any climatically-induced monotonic trends in streamflow (Woo et al., 2006).  As such, a 

presence of significant streamflow trends in historical records does not necessarily indicate a 

direct influence of climatic factors and should be approached with caution. 

In general, climate models predict that as anthropogenic greenhouse gas emissions 

increase, an intensification of the Arctic hydrological cycle will result, causing a northward 

migration of precipitation and consequently an increase in high latitude river runoff (Wu et al., 

2005).  According to Arora and Boer (2001),  the global hydrological cycle is expected to 

intensify by 3% by the end of this century.  In a study that examined outputs of 10 models used 

in the Intergovernmental Panel on Climate Change Fourth Assessment Report, Holland et al. 

(2007) found that simulated budget changes from the period 1950 to 2050 showed an overall 

acceleration of the Arctic hydrological cycle, as a result of a net increase in freshwater inputs 

from precipitation minus evaporation, river runoff and ice melt.  Liquid freshwater storage 

within the Arctic Ocean increased, with a corresponding increase in freshwater export primarily 

through Fram Strait.  This was, however, countered by a decrease of freshwater storage and 

export in sea ice.  All of the models agreed on greenhouse gas loading as the cause of the 

changes.  In another study that ran simulations of the freshwater balance of the Arctic Ocean in 

the latter half of the 21st century, Koenigk et al. (2007) stated that the dominance of sea ice 

export through Fram Strait will disappear and export will become increasingly dominated by 

liquid water transport.  Historically, Holland et al. (2007) cited observations that showed 

freshening of the northern North Atlantic in the latter part of the twentieth century was linked to 

increased Arctic river discharge, direct precipitation, sea ice melt and subsequent export. 
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2.6 Characteristics of the Study Basins 

As described in Dyurgerov and Carter (2004), the pan-Arctic region contains nearly half 

of the global alpine and subpolar glacial area.  Terrestrial Arctic watersheds may extend farther 

south than what is considered the Arctic region, with some major Canadian and Eurasian basins 

extending south of 50°N (Loeng et al., 2005).  As a result, discharge characteristics from rivers 

vary if the geographic location of a sub-basin subscribes to a nival, pluvial or hybrid regime.  

Discharge variability is also dependent on vegetation, elevation and terrain that affect 

hydrological retention.  For example, rivers with large lakes at their headwaters will have more 

moderated seasonal discharge characteristics than those without (Carmack, 2000).  Total Arctic 

contributing areas of the four major river systems (Figure 1), including ungauged drainage areas, 

are as follows: Mackenzie 1,800,000 km2 (Finnis et al., 2009); Ob 2,975,000 km2 (Yang et al., 

2004b); Lena 2,488,000 km2 (Yang et al., 2002); and Yenisei 2,554,482 km2 (Zhang et al., 

2003). 

2.6.1 Physiography 

The Mackenzie River basin, in North America, encompasses portions of the provinces of 

British Columbia, Alberta and Saskatchewan as well as the Northwest Territories and Yukon and 

is the largest Arctic-draining North American river.  Basin relief is shown in Figure 2.  The 

human population of the Mackenzie Basin is less than 400,000.  The basin comprises four 

physiographical regions, divided into Delta, Western Cordillera, Interior Plains and Precambrian 

Shield (Woo and Thorne, 2003).  It occupies approximately 20% of Canadian landmass with 

around two-thirds of the area underlain by permafrost (Dyke et al., 1997).  Western Cordillera 

regions include a series of mountain chains and high plateaus and valleys, with mountainous 

terrain exceeding 2000 m in elevation; meanwhile in the central and eastern Interior Plains and 
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Canadian Shield terrain varies from flat wetland and grassland to rolling valley-wetlands and 

Precambrian bedrock outcroppings (Woo and Thorne, 2003).  Total gauged drainage area for the 

Mackenzie River, taken at the hydrometric station located at Arctic Red River, is 1,680,000 km2.  

Daily discharge gauged at this location is only available beginning in 1973.  Mean annual 

discharge of the Mackenzie River, gauged at Arctic Red River (see Figure 2), is 8,926 m3s-1 

during the period 1973 – 2000 (R-ArcticNET v4.0).  Prowse and Flegg (2000) showed that 

during the selected period of 1975- 1984, the outlet regions of major northern rivers made up the 

majority of that river basin’s ungauged area.  Vegetation in the basin varies from boreal forest to 

alpine and Arctic tundra, and is largely unregulated with the exception of the Peace sub-basin 

(Stewart, 2000).  Land cover composition is forest (63%), wetland (18%), shrub (18%), 

grassland (4%) and cropland (3%) (Revenga et al., 1998). 

Basin relief of Eurasian basins is given in Figure 3.  In Eurasia, the Ob River basin 

gauged at Salehard comprises an area of 2,950,000 km2.   Mean annual discharge of the Ob 

River, gauged at Salehard during 1930 - 1999, is 12,492 m3s-1 (R-ArcticNET v4.0).  The Ob 

River flows northwest across western Siberia from its source in the Altai Mountains (Yang et al., 

2004b).  Approximately 4-10% of the basin is underlain by permafrost (Zhang et al., 2008).  A 

large portion of the basin land cover is wetland, swamp and marshland with mixed deciduous 

and coniferous forest transitioning to grassland and cropland in the south (Bowling et al., 2000). 

Compared to the Lena and Yenisei, the Ob basin has more industrialized and agricultural areas 

(Dynesius and Nilsso, 1994) with composition as follows: cropland (36%), forest (30%), wetland 

(11%), grassland (10%), shrub (5%), developed (5%), and irrigated cropland (3%) (Revenga et 

al., 1998).  Unlike largely undeveloped basins like the Lena and the Mackenzie, the Ob basin has 

a population of 27 million with significant agriculture development particularly in the steppe 
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zones in the southern portion of the basin, which are important areas to wheat farming in Russia 

(Yang et al., 2004b).  A large portion of the Western Siberian Lowlands lies within the Ob River 

basin (Nuttall, 2005); the gentle relief, peat deposits and wetland vegetation affect and mediate 

the flow within the region (McClelland et al., 2011).  In the 1950s to 1980s, one major reservoir 

and three mid-size dams were built with a total capacity of 61.6 km3, or about 15% of total 

annual discharge at the outlet (Yang et al., 2004b). 

The Yenisei River basin, gauged at Igarka, drains an area of 2,440,000 km2 and daily 

discharge data are available from 1936 to 2005, although there are several significant gaps in 

cold-season data during the period 1969 to 1979.  Mean annual discharge of the Yenisei River, 

gauged at Igarka from 1936 - 1999, is 18,395 m3s-1 (R-ArcticNET v4.0).  The Yenisei River 

flows north from its origin in the Baikal Mountains and Central Siberian Plateau.  Southern 

portions of the Yenisei Basin encompass the Western and Eastern Sayan mountain ranges as well 

as Lake Baikal, and up to 80% of the basin is located in the Central Siberian Plateau, with 

elevations ranging from 500-700 metres a.s.l.  The basin is bordered by the Yenisei Ridge in the 

west and the Putorana Mountains in the northeast (Lydolph et al., 1977).  Total population of the 

basin is 5 million, with 10 cities having a minimum population of 100,000 people.  

Approximately 36-55% of the basin is underlain by permafrost (Zhang et al., 2008) with 

composition of forest (49%), grassland (18%), shrub (15%), cropland (13%) and wetland (3%) 

(Revenga et al., 1998).  There is significant human activity and economic development in the 

region (Dynesius and Nilsso, 1994) and it contains at least six major reservoirs with a capacity 

exceeding 25 km3, built between the 1950s and 1980s (Yang et al., 2004a), and up to 64 

reservoirs in the Yenisei-Angara basin (Stuefer et al., 2011).  In a study which compared 

observed, regulated discharge data to a naturalized discharge data set which removed the effects 
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of flow regulation, it was found that regulation in the Yenisei was significant enough to affect 

the mean annual discharge response to precipitation during the period 1980 to 2004 (Stuefer et 

al., 2011).  Flow regulation affects seasonal patterns of discharge to the Arctic Ocean by 

reducing the peak discharge during spring and summer months and releasing additional stored 

spring and summer water from reservoirs in winter months, and it has been shown that increases 

in winter discharge in some Eurasian basins can be attributed to this release (McClelland, 2004; 

Yang et al., 2004b; Ye et al., 2003). 

The Lena River basin, gauged at Kusur, drains an area of 2,430,000 km2.  Mean annual 

discharge of the Lena River, from 1934 - 2000, is 16,760m3s-1 (R-ArcticNET v4.0).  The Lena 

River, flowing north from its origin in the Baikal Mountains, has mountainous regions in the 

eastern and southern portions (Ma et al., 2000; Ye et al., 2003).  It includes the Baikal Mountains 

in the south, Yakut Lowlands below the mouth of the Aldan tributary and Verkhoyansk 

Mountains to the east (Lydolph et al., 1977).  There is significant permafrost coverage in the 

Lena basin, with approximately 78-93% of the basin underlain by permafrost (Zhang et al., 

2008).  The high permafrost coverage results in low subsurface storage capacity, meaning that 

winter flows are very low and spring peaks are very high, with the June peak approaching 55 

times the winter low discharge (Yang et al., 2002).  Terrestrial land cover composition is forest 

(84%), shrub (9%), grassland (3%), cropland (2%) and wetland (1%) (Revenga et al., 1998). It 

has the least amount of economic development and human activity compared to the Yenisey and 

Ob (Dynesius and Nilsso, 1994) and also has the least regulated flow, with only one major 

reservoir, that was built in the 1960s (Liu et al., 2005).  Total basin population is 2.3 million 

people with one major city, Yakutsk.  
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2.6.2 Climate 

The four study basins considered in this study represent significantly different hydro-

climatic characteristics.  The Mackenzie Basin covers several climatic regions, including cold 

temperate, mountain, sub-Arctic and Arctic zones (Woo and Thorne, 2003).  Mean surface air 

temperature (SAT) averaged over the entire basin is -25°C in January and 13.8°C in July 

(Serreze, 2003).  Precipitation ranges from greater than 1000 mm in the southwest of the basin to 

only 200 mm in the delta region (Woo and Thorne, 2003).  Climate in the Ob Basin is 

characterized by a cold continental and sub-Arctic to Arctic climate.  It is the warmest of the four 

basins, with a mean SAT of -18.7°C in January and 18.1°C in July.  However, summer 

maximum temperatures in the arid south can reach 40°C while winter temperatures in the Altai 

Mountains can fall as low as -60°C.  Precipitation, which falls mainly as rain during the summer, 

can reach up to 1,575 mm annually in the Altai Mountains, while much of the rest of the basin 

receives 300 – 600 mm annually (Serreze, 2003).  Climate in the Yenisei Basin ranges from 

continental in the southern and central portions to sub-Arctic in the north.  Average winter 

temperatures range from -20°C in the southern regions to -32°C in the northern regions, while 

summer average temperatures range from 20°C in the south to 12°C in the north.  Mean SAT is -

26.5°C in January and 15.2°C in July.  Precipitation, which falls primarily as rain during the 

warmer months, ranges from 400 – 500 mm annually in the north, 500 – 750 mm in the central 

regions, and up to 1200 mm annually in the south (Serreze, 2003).  Similarly, climate in the Lena 

Basin ranges from continental to subarctic and arctic.  The Lena Basin is the coldest of the four 

basins.  Winters are cold, clear and calm, with temperatures falling as low as -70°C.  Summer 

temperatures range from 10 to 20°C.  Mean SAT in January is -35°C and 14.7°C in July.  The 

southern mountain ranges receive up to 600-700 mm of precipitation annually, while the central 
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basin receives 200 – 400 mm and 100 mm falls annually in the delta regions.  Like the other 

basins, most precipitation falls as rain during the summer (Lydolph et al., 1977; Serreze, 2003).  

Climate in the study basins, similarly to other Arctic regions, is highly subject to 

variability and change.  Due to extensive snow and sea-ice cover, climate feedbacks and 

interactions are accelerated in Arctic regions, causing an effect known as Arctic amplification 

(Serreze and Francis, 2006).  Since the 1960s, surface air temperatures in the Arctic have risen at 

approximately double the global rate (Anisimov et al., 2007).  In the Mackenzie basin, climate in 

the region has undergone a significant warming trend, with temperatures increasing by more than 

1.5°C in the latter half of the 20th century (e.g., Woo et al., 2007; Yip et al., 2012).  Meanwhile, 

in the Eurasian basins, there has been notable winter warming, precipitation increases in winter 

and fall, and an increase in overall ground temperature over the last several decades (Yang et al., 

2002).  In general, recent warming in the study regions covering northern Asia and north-western 

North America is most apparent during winter and spring, with the smallest changes occurring in 

the fall (McBean et al., 2005).  Precipitation records have shown indications of an overall 

increasing trend in Arctic regions over the last century, although the trends are highly variable 

and have high uncertainty due to sparse monitoring in polar regions (Anisimov et al., 2007).  As 

discussed, variability in Arctic climate can have not only regional effects, but may also have 

impacts on a global scale.  

2.6.3 Flow regulation 

The Yenisei basin is the most substantially regulated of the four basins, with at least six 

major reservoirs with a capacity greater than 25 km3 located along the Yenisei and Angara stems 

(Yang et al., 2004a; Stuefer et al., 2011).  The next most regulated basin is the Ob, which 

contains one major reservoir with a storage capacity greater than 25 km3, and three midsize dams 
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(Yang et al., 2004b).  Of the Eurasian basins, the Lena is least affected by flow regulation, with 

only one major reservoir located along the Vilyuy tributary.  The Mackenzie basin is also 

considered moderately affected, despite only one major reservoir located along the Peace 

tributary.  Large lakes in the Mackenzie basin (e.g., Great Slave L. and Great Bear L.) provide 

substantial storage capacity, acting to reduce high spring peaks and sustain lower flows resulting 

in a more consistent runoff pattern throughout the year, similar to the effect of flow regulation 

(Woo and Thorne, 2003).  Percentage area of each basin directly upstream of a major reservoir is 

as follows: Mackenzie 3.9%; Ob 11.6%; Yenisei 46.5% and Lena 4.2%.  Locations of major 

hydroelectric dams or reservoirs in the Mackenzie and Eurasian basins are shown in Figure 1.   

2.6.4 Sub-basin classification 

Regulation is a necessary consideration when investigating trends in the magnitude and 

timing of the spring freshet.  However, removing the effects of flow regulation by means of 

hydraulic modelling is not tractable within the scope of this study.  To accommodate this, sub-

basin stations have been classified into three categories.  Unregulated stations (HU) do not have 

any flow impoundment in their upstream catchment areas.  These catchment areas are considered 

regionally representative of a natural, unregulated basin with stable hydrologic conditions.  

Regulated stations (HR) are located downstream of a major reservoir and have an average 

seasonal runoff pattern that is strongly influenced by the upstream flow impoundment.  Lastly, 

minimally regulated stations (HM) have upstream flow impoundment but have a signal that has 

been noticeably diminished by contribution from unaffected HU basins.  For example, the outlet 

station of the Mackenzie River, gauged near Inuvik, NT, is located approximately 3,120 km 

downstream of the W.A.C. Bennett Dam, gauged near Hudson’s Hope, BC.  Given the distance, 
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the flow gauged near Inuvik integrates a virtually insignificant percentage of impounded flow 

from the W.A.C. Bennett Dam.   

Of course, there is a subjective element involved in differentiating between stations 

classified as HR or HM.  Determining whether the regulation signal has been significantly 

diminished to classify as HM requires comparing the station’s average hydrograph to that of an 

HR-classified upstream station, and also to unaffected HU-classified upstream contributing 

basins.  Note that HU stations gauging the outlet of any large water body such as a natural lake 

have a similar flow regime and will exhibit comparable flow characteristics to that of an HR 

station.  The assigned classifications of each of the 106 analyzed stations with their associated 

sub-basin drainage areas are shown in Figure 4 for the Mackenzie basin and Figure 5 for the 

Eurasian basins.  Approximately 85% of total gauged drainage area is classified as HU in the 

Mackenzie.  Due to limited station availability and expansive flow regulation in the Eurasian 

regions, only 9% of gauged area is classified as HU in the Ob basin, 12% in the Yenisei and 8% 

in the Lena basin.  

Sub-basins are also classified using a simple characterization based on geography and 

topology.  These regions are given in Figure 2 for the Mackenzie basin and Figure 3 for the 

Eurasian basins.  Appendix A gives the hypsometric curves for each sub-basin separated by 

regional classification.  These curves are useful in interpreting the effects elevation and 

topographic relief may have on freshet characteristics and trends.   

In the Mackenzie basin, the southern region contains a high proportion of high-relief 

alpine drainage typical of the North American Cordillera, with one major dam in the southwest.  

The western region also consists of high-relief, high-elevation alpine zones including portions of 
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the Mackenzie Mountains.  The eastern region contains interior plains and Precambrian 

Canadian Shield while the northern region incorporates the plains surrounding Great Bear Lake 

and the Mackenzie Mountains to the west.  In the Ob basin, the western and eastern regions 

consist largely of Western Siberian lowlands, although the western region covers a small section 

of the Altai Mountains at the headwaters of the Irtish River.  Vast expanses of wetlands cover 

these regions.  The southern region contains the largest proportion of high-relief drainage in the 

entire Ob basin.  There are only three stations located in the Ob lowlands characterized as the 

northern region.  In the Yenisei, the western region contains the Altai Mountains while the 

southern region contains the Sayan mountain ranges as well as Lake Baikal.  Eastern drainages 

include higher-relief smaller watersheds below Lake Baikal, covering the Baikal Mountains to 

the east.  The northern Yenisei basins include portions of the higher-elevation Central Siberian 

Plateau.  Finally, the western regions of the Lena basin include the impounded Vilyuy River and 

Central Siberian Plateau.  Southern basins cover some portions of the Baikal Mountains while 

the sole eastern basin drains a portion of the Verkhoyansk Mountains.  Due to limited data 

availability, there are no northern-classified sub-basins in the Lena basin.  

2.7 Data  

2.7.1 Data sources 

Daily discharge data used are obtained from the Environment Canada Hydrometric 

Database (HYDAT) for stations in the Mackenzie basin and from the Regional, 

Hydrometeorological Data Network for Russia (R-ArcticNET Russia v4.0) (Lammers and 

Shiklomanov, cited 2012) for the Ob, Lena and Yenisei basins.  R-ArcticNET Russia (v4.0) 

contains information from 139 Russian Arctic gauges compiled from original archives of the 

State Hydrological Institute (SHI) and the Arctic and Antarctic Research Institute (AARI), St. 
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Petersburg, Russia.  Due to limited temporal availability, not all available stations are utilized.  

Selection of hydrometric stations is discussed in Chapters 4 and 5.  As a result of the limited 

temporal availability, two time periods are utilized to maximize the number of stations selected 

for inclusion; 1962 – 2000 and 1980 – 2000.  These two periods are hence referred to as t1 and t2, 

respectively.  Currently, the temporal range of Eurasian station data for most Lena, Yenisei or 

Ob sub-basins obtained from R-ArcticNET Russia (v4.0) does not extend past the year 2000, 

whilst many stations in the Mackenzie basin have incomplete or missing data in the period 1970 

– 1979.  Hence, the shorter period t2 is chosen to maximize spatial coverage of stations with 

available data, while the longer period t1 is used to increase the power of significance testing and 

t-tests for stations that have available data.  All four outlet stations have available data to 2009. 

Runoff, in terms of magnitude and timing, is primarily affected by air temperature and 

precipitation (e.g., Yip et al., 2012).  Temperature can affect the timing characteristics (e.g., 

pulse onset and duration) of the spring freshet, while winter precipitation accumulation can affect 

the magnitude of the freshet.  Since air temperature and precipitation accumulation have impacts 

on freshet discharge on a more seasonal, rather than daily, basis, climatic data are extracted from 

archives on a monthly scale and averaged into seasons.  These data are available at the spatial 

scales required for this analysis, although weekly snow flow analyses have been performed for 

many large Arctic rivers (e.g., Khan et al., 2008).  Relationships between spring freshet 

discharge characteristics and climatic variables are explored in Chapter 5, using a Pearson’s r 

correlation analysis.  This type of analysis reveals any regional sensitivity of spring freshet 

runoff to climatic variation, and whether basin regulation is an important influence.   

There are several different climatic datasets available, providing temperature and 

precipitation data over the study regions at a variety of resolutions.  Available climatic datasets 
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consist of re-analysis data, gridded observational data and Global Climate Model (GCM) data.  

Climatic correlations were performed using a very high resolution dataset covering the 

Mackenzie region only, as well as high resolution and coarse resolution datasets with global 

coverage.  Comparison of the findings indicates whether the resolution of the climatic dataset has 

an impact on results.  These comparisons are given in Appendix C.   

As a result of the comparisons, climatic correlations presented in Chapter 5 are performed 

using the CRU TS3.21: Climatic Research Unit (CRU) Time-Series (TS) Version 3.21 of High 

Resolution Gridded Data of Month-by-month Variation in Climate (Jan. 1901 – Dec. 2012), 

since it is based on climatic observations and gave the highest number of significant results.  

This dataset is made publicly available through the British Atmospheric Data Centre (BADC) 

(see http://badc.nerc.ac.uk/data/cru/).  CRU TS3.21 is a gridded climatic dataset constructed at a 

high spatial resolution of 0.5 x 0.5 degrees covering all global land areas, excluding Antarctica, 

from monthly observations of global meteorological stations.  Mean, minimum and maximum 

temperature and total precipitation time series of an earlier predecessor of the dataset, CRU 

TS3.10, compared favourably to other available global gridded datasets with the only exceptions 

occurring in regions or temporal periods with sparser observational data (Harris et al., 2014).   

Results using alternative datasets, as discussed, are presented in Appendix C.  A 10 × 10 

km very-high resolution, spline-interpolated dataset of daily precipitation and daily maximum 

and minimum temperature covering the period 1950 – 2010, referred to as NRCAN (2012) 

(Hutchinson et al., 2009; McKenney et al., 2011), is also used for the Mackenzie basin.  For the 

Eurasian basins, the ERA-40 dataset is utilized in addition to CRU TS3.21.  ERA-40 is a re-

analysis product of meteorological observations covering the period September 1957 to August 

2002, produced by the European Centre for Medium-Range Weather Forcasts (ECMWF) 

http://badc.nerc.ac.uk/data/cru/
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(Uppala et al., 2005).  Resolution is based on the T159 Gaussian grid, corresponding to a coarse 

spatial resolution of approximately 1.125° x 1.125°.  Bengtsson et al. (2004) noted that care must 

be taken when using re-analysis data such as ERA-40 in longer-term climate analyses due to 

inhomogeneities inherent in the available observational data.   

Climate indices for AO, NAO, PDO and ENSO are obtained from the National Oceanic 

and Atmospheric Administration (http://www.esrl.noaa.gov/psd/data/climateindices/list/) as 

monthly standardized anomalies.   In this study, the common Niño 3.4 index of sea surface 

temperature (SST) anomalies is used to classify ENSO conditions, which capture the region 

bounded between 5°S – 5°N and 170°W – 120°W.  Positive SST anomalies, taken from 5-month 

running means and exceeding 0.4° C for 6 months or more, are associated with El Niño events, 

while the opposite patterns are associated with La Niña (Trenberth, 1997). 

2.7.2 Hydrometric data accuracy 

Discharge measurements in rivers require establishment of rating curves with accurate 

elementary measurements such as depth, width and velocity for a number of points across the 

river (Shiklomanov et al., 2006).  Such measurement techniques may differ between Canadian 

and Russian agencies.  According to Lammers et al. (2001), variations in discharge data are 

expected depending on local site conditions, type of gauge used and the number of 

measurements taken along the river cross section.  Differing analytical techniques and periods of 

active discharge monitoring have discouraged comparisons of North American and Eurasian 

discharge trends as a whole entity (White et al., 2007).  North American agencies typically use 

vertical-axis meters which sample at a few points along a vertical cross-section, while Eurasian 

agencies typically use horizontal-axis meters which use more points in the vertical cross-section 

(Pelletier, 1990).  Discharge measurement errors range from +2 to +5% under open-water 

http://www.esrl.noaa.gov/psd/data/climateindices/list/
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conditions for rivers without flood plains and rise to +5 to +12% for rivers with flood plains 

(Rantz, 1982); meanwhile, rivers in mountainous regions can have maximum errors of up to 25% 

(Lammers et al., 2001).  During periods of low temperatures, discharge estimates become even 

more uncertain due to anchor ice, frazil ice and backwater conditions; Wedel (1990) reported 

errors of +10% under rough ice conditions.   

Reliability of discharge measurements in Arctic rivers is further confounded by sparse 

flow metering, often occurring only two or more times per year to represent extreme high and 

low flows (Carmack, 2000).  Shiklomanov et al. (2002) state that amongst the “active” Russian 

hydrometeorological stations, about 5-8% have reportedly not directly measured discharge for 3 

to 5 years, and that frequency of on-site flow metering has decreased at almost all Russian 

gauges.  Both Canadian and Russian agencies use a similar method of estimating discharge, 

whereby corresponding water levels measured at the same time are used in conjunction with flow 

measurements to create a stage/discharge curve, presuming a relationship between flow and 

water level.  Measurements taken throughout the rest of the year are of water level only, and 

flow is calculated indirectly using the relationship.  This method is obviously limited, and cannot 

account for variations in winter ice-cover roughness affecting hydraulic flow resistance and frazil 

dam formation raising water levels.  During high flows, frictional resistance in river channels is 

highly variable and overflow conditions are common.  Currently, there are no international 

standards for Arctic river gauging and a comparative study of different flow metering 

methodologies is still required (Carmack, 2000). 

High latitude regions are plagued by a lack of hydrometric data availability, and have a 

sparse hydrometric network compared to those in more temperate regions.  Often, flow records 

span only a few decades (Woo et al., 2006).  Shiklomanov et al. (2002) cite the problems 
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regarding widespread decline in monitoring stations, particularly in far eastern Siberia.  They 

have documented a 40% decline in active monitoring gauges, and state that a reduction in recent 

years of 7% of monitoring area may seem inconsequential but, in perspective, it is equivalent to 

an area of 1.5 million km2, about the size of the state of Alaska.  Grabs et al. (2000) note that de-

population in high-latitude areas, particularly in the former Soviet Union, has resulted in a 

declining station network and created difficulties in obtaining existing data.  Environmental and 

infrastructure considerations hamper establishment and maintenance of Arctic region stations, 

including materials supply, instrument maintenance, and observer availability as well as all the 

described problems with taking measurements under ice cover or during break up.  They state 

that it is reasonable to assume a probable scale of error of approximately 15% on inland stations 

and up to 30% for coastal and delta stations.  Despite these limitations, sufficient data exists for 

the purposes of this study, and any measurement errors inherent to the hydrometric data are not 

considered significant enough to discount meaningful results. 
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List of Figures  

Figure 1. Map showing the Arctic Ocean, ocean features, major surface currents, major 

reservoirs and drainage basins and outlet stations of the Mackenzie, Ob, Yenisei and Lena rivers. 

Red arrows denote warmer currents, while black arrows denote colder currents. Figure adapted 

from Figure 6 in McClelland et al. (2011). 

Figure 2. Topographical map of the Mackenzie basin showing regional classification of sub-

basins into Northern, Southern, Western and Eastern regions.  Outlet stations are not included in 

the classification. 

Figure 3. Topographical map of the Eurasian basins showing regional classification of sub-

basins into Northern, Southern, Western and Eastern regions.  Outlet stations are not included in 

the classification. 

Figure 4. Study area of the Mackenzie basin showing station locations labeled with a unique 

identifier and station sub-basin drainage areas.  Stations and basins are colour-coded and 

classified as regulated (HR), minimally regulated (HM) or unregulated (HU).   

Figure 5. Study area of the (left to right in inset map) Ob, Yenisei and Lena basins showing 

station locations labeled with a unique identifier and station sub-basin drainage areas.  Stations 

and basins are colour-coded and classified as regulated (HR), minimally regulated (HM) or 

unregulated (HU).   
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Figure 2. Topographical map of the Mackenzie basin showing regional classification of sub-

basins into Northern, Southern, Western and Eastern regions.  Outlet stations are not included in 

the classification. 
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Figure 3. Topographical map of the Eurasian basins showing regional classification of sub-

basins into Northern, Southern, Western and Eastern regions.  Outlet stations are not included in 

the classification.  
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Figure 4. Study area of the Mackenzie basin showing station locations labeled with a unique 

identifier and station sub-basin drainage areas.  Stations and basins are colour-coded and 

classified as regulated (HR), minimally regulated (HM) or unregulated (HU). 
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Figure 5. Study area of the (left to right in inset map) Ob, Yenisei and Lena basins showing 

station locations labeled with a unique identifier and station sub-basin drainage areas.  Stations 

and basins are colour-coded and classified as regulated (HR), minimally regulated (HM) or 

unregulated (HU).   
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CHAPTER 3: TRENDS IN SEASONAL RUNOFF COMPONENTS OF 
FOUR MAJOR ARCTIC-DRAINING RIVERS 

Abstract 

Runoff from Arctic rivers constitutes a major freshwater influx to the Arctic Ocean.  In these nival-

dominated river systems, the majority of annual discharge is released during the spring snowmelt 

period.  Since the circulation regime of the salinity-stratified Arctic Ocean is connected to global 

earth-ocean dynamics through thermohaline circulation, variability in this input can have 

important impacts to the global climate system.   

Daily discharge data for the four largest Arctic-draining river watersheds (Mackenzie, Ob, Lena 

and Yenisei; herein referred to as MOLY) are analyzed to determine trends in discharge timing 

and magnitude for the entire length of available records, as well as during a recent 30-year period.  

Emphasis is placed on the spring freshet.  Combined flows are assessed to determine overall 

changes to circumpolar freshwater input to the Arctic Ocean.   

During the period 1980 – 2009, total freshwater influx to the Arctic Ocean increased by up to 89 

km3/10yr.  Meanwhile, freshet contribution given as a fraction of annual flow decreased by 1.7% 

during 1980 – 2009, while winter, spring and fall showed increases (1.3%, 2.5% and 2.5%, 

respectively).  Summer revealed a strong decrease (5.8%) in proportional discharge.  This 

decrease, coupled with an increase in spring discharge and earlier pulse onset dates, indicates a 

general shift towards a flatter, more gradual hydrograph with earlier peak discharges.  From this 

study it can be concluded that the annual increase in MOLY discharge is not solely due to increased 

spring freshet discharge, but is a combination of increases across all timing measures.   

Keywords: Arctic, hydrological trends, spring freshet, hydro-climatology   
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3.1 Introduction 

Terrestrial freshwater contribution to the Arctic Ocean from Arctic-draining rivers plays 

an important role in several physical processes, affecting systems on both global and regional 

scales.  Variability in this contribution can have wide-ranging effects on global feedback 

interactions, hydrological extremes and contaminant and nutrient pathways (Anisimov et al., 

2007).  For example, runoff from Arctic-draining rivers influences salinity stratification within 

the Arctic Ocean.  This stratification regime governs freshwater export from the Arctic Ocean 

through the northern North Atlantic Ocean, and is an integral part of the global ocean circulation 

regime.  A change in stratification of surface waters can affect North Atlantic Deep Water 

(NADW) formation which, coupled with Atlantic Meridional Overturning Circulation (AMOC), 

is a critical driving force in the global thermohaline circulation (e.g., Aagaard and Carmack, 

1989; Anisimov et al., 2001; Dickson et al., 2000, 2002; Proshutinsky et al., 2002; Loeng et al., 

2005; Serreze et al., 2006).  During the spring freshet, Arctic runoff plays an important role as a 

nutrient supplier to near-shore and estuarine ecosystems, providing an influx of organic carbon 

during the spring freshet, yet diluting waters with respect to inorganic nitrate and silica 

compounds (Kattsov et al., 2007; McClelland et al., 2011; Tank et al., 2011). 

In Arctic-draining rivers, the annual spring freshet following snowmelt and river ice 

break-up provides up to 60% of the total annual flow volume (Lammers et al., 2001).  

Seasonality and magnitude of this event play a key role in the processes which govern freshwater 

storage and circulation in the Arctic Ocean.  For example, discharge seasonality can affect 

freshwater runoff trajectory upon entering the Arctic Ocean, influencing whether freshwater is 

placed into storage or released.  Seasonality also has important impacts to Arctic sea ice 
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production and ablation, as well as distribution, timing and magnitude of ecosystem production 

in Arctic coastal communities (Carmack et al., 2006; Loeng et al., 2005).   

It is well-documented that changes in Arctic river discharge have been occurring. During 

the period 1936 to 1999, discharge from Eurasian basins draining to the Arctic Ocean increased 

annually by 2.0 ± 0.7 km3yr-1, which resulted in a cumulative increase of 128 km3 more 

freshwater released annually by the end of the period as compared to the beginning (Peterson et 

al., 2002).  This increase in freshwater discharge was tempered by an overall yearly decrease in 

Canadian discharge to high-latitude seas (including the Labrador Sea, Eastern and Western 

Hudson Bay, Arctic Ocean and Bering Strait) of -3.1 km3 yr-1 during the period 1964-2003, 

although Canadian discharge directly to the Arctic Ocean showed a non-statistically significant 

increase (Déry, 2005).  Meanwhile, global climate model projections show an overall increase of 

river influx to the Arctic Ocean of approximately 10 – 30% by the year 2100 (Walsh et al., 

2005).   

Despite the relative importance of seasonality to numerous Arctic physical processes, 

previous studies focused on changes in total annual runoff contribution, rather than temporal 

distribution of runoff timing.  Given that Arctic climate change is occurring at an accelerated rate 

compared to the global average (e.g., Larsen et al., 2014; Anisimov et al., 2007; Serreze and 

Francis, 2006), there is a research need to assess potential changes in the seasonal runoff 

characteristics of major Arctic river systems providing freshwater influx to the Arctic Ocean.  

Reported changes in Arctic river discharge are not spatially uniform, with indications of 

increased discharges from Eurasian basins and decreased discharges from North American 

basins. Given these regional variations, this study aims to determine what changes, if any, have 

occurred in combined spring freshet contribution from major basins, and whether there are any 
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temporal correspondences in these changes.  Seasonality of individual basin discharge is also 

investigated.  These objectives are achieved by analyzing daily discharge data of the four largest 

Arctic-draining rivers: the Mackenzie Basin in Canada, and the Ob, Lena and Yenisei river 

basins in Eurasia, herein referred to as MOLY.  Combined, these four rivers contribute almost 

1900 km3 of freshwater to the Arctic Ocean per year, or about 60% of annual flow volume from 

all Arctic contributing areas (Grabs et al., 2000; Prowse and Flegg, 2000).  Discharge data are 

analyzed over the entire available length of record for each river, and collectively, during the 

period 1980 – 2009.   

3.2 Basin Characteristics 

The pan-Arctic drainage basins and outlet stations of the Mackenzie, Ob, Yenisei and 

Lena rivers are shown in Figure 1, while outlet station characteristics are given in Table 1.  Total 

contributing areas of the four major river systems, including ungauged drainage areas, are as 

follows: Mackenzie 1,800,000 km2 (Finnis et al., 2009); Ob 2,975,000 km2 (Yang et al., 2004b); 

Lena 2,488,000 km2 (Yang et al., 2002); and Yenisei 2,554,482 km2 (Zhang et al., 2003).  The 

pan-Arctic region contains nearly half of the global alpine and sub-polar glacial area (Dyurgerov 

and Carter, 2004).  Meanwhile, some major Eurasian Arctic basins extend below 50°N, further 

south than what is traditionally considered within the Arctic region (Loeng et al., 2005) (see 

Figure 1).  As a result, discharge behaviour at each of the four major drainage outlets is 

influenced along its course by sub-basin tributaries which may adhere to variety of hydrological 

regimes such as nival, pluvial, prolacustrine, hybrid or other.  For example, hydrologic retention 

due to extensive wetland coverage or large lakes within a catchment, such as found in the Ob or 

Mackenzie basins, will lead to a more moderated seasonal discharge characteristic than basins 

without such retention (Carmack, 2000).  
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Reservoir regulation is known to impact seasonal distribution of discharge (Yang et al., 

2004a; Ye et al., 2003).  Each of the MOLY watersheds experiences some degree of flow 

regulation within their catchments, ranging from only one major reservoir in each of the 

Mackenzie and Lena basins, to four or more major reservoirs in the Ob and Yenisei basins 

(Stuefer et al., 2011; Yang et al., 2004a; 2004b).  In terms of flow regulation, the Yenisei basin is 

the most substantially regulated, with at least six major reservoirs having a capacity greater than 

25 km3 located along the Yenisei and Angara stems (Yang et al., 2004a; Stuefer et al., 2011).  It 

is considered “strongly affected” by flow regulation and fragmentation according to an 

assessment of anthropogenic changes in river flow and river channel continuity of large river 

systems (Dynesius and Nilsso, 1994).  The next most regulated is the Ob basin, containing one 

major reservoir with capacity greater than 25 km3 and three midsize dams (Yang et al., 2004b).  

The Ob basin is moderately affected based on its classification of flow regulation and 

fragmentation.  Of the Eurasian basins, the Lena is least affected by flow regulation, with only 

one major reservoir located along the Vilyuy tributary.  It is moderately affected in terms of 

regulation and fragmentation (Dynesius and Nilsso, 1994).  The Mackenzie basin is also 

moderately affected, despite having only one major reservoir located along the Peace tributary.  

Large lakes in the Mackenzie basin (e.g., Great Slave L. and Great Bear L.) provide substantial 

storage capacity, acting to reduce high spring peaks and sustain lower flows resulting in a more 

consistent runoff pattern throughout the year, similar to the effect of flow regulation (Woo and 

Thorne, 2003).  The percentage of each basin’s area that is located directly upstream of a major 

reservoir (obtained by delineating the drainage areas of the reservoirs), is as follows: Mackenzie 

3.9%; Ob 11.6%; Yenisei 46.5% and Lena 4.2%.  See Figure 1 for locations of major reservoirs. 



69 

 

3.3 Data and Analysis  

3.3.1 Data sources 

Daily discharge data are obtained from the Environment Canada Hydrometric Database 

(HYDAT) for stations in the Mackenzie basin and from the Regional, Hydrometeorological Data 

Network for Russia (R-ArcticNET Russia v4.0) (Lammers and Shiklomanov, cited 2012) for the 

Ob, Lena and Yenisei basins.  Availability of Arctic hydrometric data is temporally limited, with 

all outlet stations having published records to 2009 only, and records in many smaller basins not 

extending past 2000.  Complete records for the Mackenzie outlet station begin in 1973, while the 

Yenisei outlet station has several extensive gaps during the period 1963 – 1979.  As a result, the 

period 1980 – 2009 is chosen for analysis of combined MOLY flow, while individual stations are 

assessed for the entire available record.  Available record periods are given in Table 1.   

3.3.2 Spring freshet definition 

Two methods are used to define the volume of discharge released during the spring freshet 

period: i) flows occurring during the period April through July (AMJJ), referred to as V1 and ii) 

integrated flow from the date of the spring pulse onset to the hydrograph centre of mass calculated 

from pulse onset to the last day of the calendar year, referred to as V2.  July is used as the end-date 

of the V1 period since some basins display high discharge rates well into the summer months. The 

date of the spring pulse onset is determined as the date at which cumulative departure from mean 

annual flow was most negative.  This yields the date when flows on subsequent days are greater 

than the year average (Cayan et al., 2001; Stewart et al., 2005); see Appendix B for an illustration 

of the algorithm as well as visual indicators of the pulse onset, freshet end date, peak magnitude 

and V1 and V2 definitions of the spring freshet for a sample year of the Yenisei River outlet station. 
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Visual inspection of the results verified that this is a reliable method for identifying the 

start date of spring freshet as shown in the example in Appendix B. Choosing the freshet end date 

by visual means is subjective and influenced by precipitation, temperature and other factors; 

therefore, the hydrograph centre of mass adjusted by pulse onset as the freshet end date is used as 

a consistent method for determination of the freshet end date.  Other descriptors used to analyse 

freshet characteristics are given in Table 2. 

3.3.3 Trend analysis 

The Mann-Kendall (Mann, 1945; Kendall, 1975) test is used to assess the temporal trends  

in freshet timing and magnitude.  This non-parametric test is often used for detecting trends in 

hydrologic time series that may be affected by seasonal climatic variability, missing data or 

extremes (Hirsch and Slack, 1984) and makes no prior assumptions about normality of data.  In 

addition, a Trend-Free Pre-Whitening (TFPW) approach (Yue et al., 2002) is used to correct data 

for serial autocorrelation following the methods of Burn and Cunderlik (2004).  This approach 

first fits a monotonic trend for a data series which is then removed prior to pre-whitening the 

data series.  The monotonic trend is then re-added to the residual de-trended and pre-whitened 

data series, whereby the Mann-Kendall test statistic and local significance are calculated.  All 

trends are considered statistically significant at the 5% level. 

3.4 Results 

3.4.1 Freshet characteristics 

Over the period 1980 – 2009, average freshet start date is May 12, 14, 28 and 19 for the 

Mackenzie, Ob, Lena and Yenisei rivers, respectively.  According to freshet definition V2, during 

1980 – 2009 an average of 48% of total annual flow is released during the freshet period for the 

Mackenzie River, 51% for the Ob, 57% for the Lena and 52% for the Yenisei.  Table 3 shows the 
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percentage of total MOLY freshwater volume released by each river for V1 and V2 freshet 

definitions as well as during the months of April through July.  Overall, total proportional freshet 

volume contributions are greatest from the Lena and Yenisei during V1 or V2 freshet definitions, 

with the Yenisei reaching its peak proportional contribution in the month of April and the Lena 

slightly delayed, reaching its proportional peak contribution in June and July.  The Lena River is 

largely unregulated and therefore characterized by a sharp spring peak and low winter flows typical 

of a nival basin with extensive permafrost coverage (Kane, 1997).  By contrast, extensive 

regulation of the Yenisei River dampens the spring freshet with flows being enhanced from storage 

releases at other times of the year such as late fall and mid-winter (Yang et al., 2004a). The 

Mackenzie and Ob stations exhibit a more consistent spring contribution characteristic of flow 

regimes moderated by the existence of large lakes or wetland areas.   

3.4.2 Changes in timing and magnitude 

Observed changes in discharge are generally most notable during the shorter period of 

1980 – 2009 versus the entire length of available records.  All outlets show either a decreasing 

(i.e. earlier) trend or no trend in pulse onset date (Table 4 and Figure 2), although only the 

Mackenzie and Lena stations exhibit a significant trend resulting in an earlier pulse onset by 1.2 

to 1.4 days per decade, respectively, over their longer records.  Freshet length (Table 4, not 

plotted) shows either a slight decreasing trend (Ob) or no trend over the longer record, while all 

outlets have an increasing but non-significant trend in freshet length.  Although peak freshet 

magnitude trends are generally decreasing, no significant changes are detected (Table 4, not 

plotted) with exception of a minor, non-significant increase in the Ob basin during 1980-2009. 

In terms of released discharge magnitude, little change is detected in freshet volume (V2) 

over the longer records, but all outlets show an increase in freshet volume during 1980 – 2009 
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(Table 4, Figure 3).  Increases are significant in all stations except for the Yenisei, with the Lena 

station indicating a significant increasing trend of up to an additional 18.9 km3/10 year over the 

30-year period.  Annual volume also increases in both time periods, although only the Lena 

station exhibits a significant increase of up to 28.8 km3/10 year from 1936 – 2009.  During 1980 

– 2009, however, all stations with exception of the Ob show an increase of greater than 20 

km3/10 years by the end of the period (Table 4, Figure 4).   

To assess whether discharge seasonality has shifted for individual stations, fraction of 

flows released during the freshet and winter (December – February) (VDJF), spring (March – 

May) (VMAM), summer (June – August) (VJJA) and fall (September – November) (VSON) (Figure 5 

to Figure 9, respectively) are calculated and shown as a percentage of total annual flow for each 

station.  Table 5 gives trends in the percentage changes during each timing measure.  Over all 

periods, percentage of flow released during the freshet (V2) decreases in all stations, although 

none of those trends are significant.  Meanwhile, winter and spring percentages generally 

increase, while summer proportions decrease.  An increase in VMAM percentage coupled with a 

decrease in VJJA percentage is notable since it indicates a shift in timing of overall peak 

discharges.  Although pulse onset occurs in May for all stations, overall discharges typically 

peak in June.  Despite a decrease in freshet discharge proportion, peak discharges are shifting 

towards an earlier release.  Fall discharges show either a slight increase (Mackenzie) or decrease 

(Ob, Lena) during the longer records, while during 1980 – 2009 all stations indicate an increase 

in fall discharge.  

3.4.3 Changes in combined circumpolar discharge 

Total annual discharge from all four basins combined significantly increased by 

approximately 89 km3/10yr over the period 1980 – 2009 (Figure 10a).  To better assess the 
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seasonal contributions to this overall annual increase, trends for all seasonal measures (V1, V2, 

VDJF, VMAM, VJJA, and VSON) are determined.  From Figure 10b and Figure 10c, it is apparent that, 

while freshet discharge V2 shows a statistically significant increase of up to 33 km3/10yr, other 

seasons also display increasing discharges over the same period.  With the exception of summer 

(+16 km3/10yr, p = 0.254), all increases are statistically significant at the 5% level.  Spring, fall 

and winter show increases of 29 km3/10yr, 35 km3/10yr and 16 km3/10yr, respectively.   

Despite variation in individual proportions of seasonal flow, there is consistency in 

combined sequencing of discharge compared to individual flows (Figure 11).  Freshet 

contribution as a fraction of combined annual flow for MOLY stations is shown to decrease by 

approximately 1.7% during 1980 – 2009, although this trend is not significant.  Winter 

proportional contribution increased significantly by 1.3%, while spring fraction also shows an 

increase, but is not significant. Combined summer fractional flows show a significant decrease of 

up to 5.8%, which is consistent with earlier findings indicating highly decreased summer 

proportions for individual outlet stations.  Fall fractions show a statistically significant increase 

of approximately 2.5%.  

3.5 Conclusions 

This analysis of the outlet stations of the four largest Arctic-draining rivers indicates that 

the sum total annual discharge from these rivers has increased by up to 89 km3/10yr over the 

period 1980 – 2009, amounting to an approximate 14% increase from the end of the period 

compared to the beginning.  While this estimate is comparatively larger than the 7% increase 

found in a previous study using records from the six largest Eurasian rivers during 1936 – 2009 

(see Peterson et al., 2002), the results found here are consistently greater during the shorter, more 

recent period of analysis used.  As Figure 4 and Table 4 indicate, trends over the longer periods 
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tended to occur at a much slower rate than trends given in 1980 – 2009.  This apparent rapid 

increase in freshwater volume contribution during 1980 - 2009 may be an effect of the short 

window of analysis used, but could also be due to changes in climatic conditions over the recent 

period.  

Trends in combined MOLY seasonal flow are also investigated to determine whether this 

annual increase could be attributed to a rising freshet, rising winter low-flows, or some other 

combination of seasonal increases.  While freshet discharge shows a significant increase of up to 

33 km3/10yr (Figure 10), this change is complemented by corresponding increases in winter, 

spring and fall.  In fact, compared to other timing measures, fall indicates the greatest increase, 

of up to 35 km3/10yr.  This may be a result of delayed river ice freeze-up dates, or increased late-

summer and autumn precipitation.  Meanwhile, the fraction of discharge released during the 

freshet as a percentage of annual decreased by approximately 1.7% (Figure 11), while winter and 

fall proportions increased. A distinct shift towards earlier melt timing was also indicated by a 

strong decrease (5.8%) in proportional summer discharge countered by a corresponding increase 

(2.5%) in spring discharge.  

Individually, trends in fraction of flow released seasonally agree with overall trends in 

circumpolar flow.  Individual rivers show varying decreases in fraction of flow released during 

the freshet, coupled with increases in winter, spring and fall fractions and decreases in summer 

fractions.  The only exception to this general tendency is seen in the Ob River, which indicates a 

decrease in winter and a slight increase in summer proportional flow.  These deviations are not 

substantial enough to overcome the combined trends of all four rivers.  Pulse onset dates 

occurred earlier, while freshet durations increased slightly and peak freshet magnitudes generally 

decreased.  Rising winter and fall discharge proportions, combined with lower peak freshet 
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magnitudes, increased freshet durations, and lower summer proportions are indicative of a 

potential shift to a flatter, more gradual annual hydrograph with an earlier pulse onset.  While 

this apparent shift in seasonality can clearly have important consequences to Arctic and global 

feedback systems, it remains yet to be determined whether these changes can be attributed to 

flow regulation or are climatic in nature.  Despite the recent window of observation used for 

combined flow, many basins have had some form of flow regulation in place for extended 

periods, and the establishment of such regulation will likely have impacts on the longer-term 

records.  In addition, studying trends over large, continental-scale basins will obscure any effects 

of regional climatic variation on smaller-sized basins.  It is thus recommended to undertake an 

analysis of trends and climatic drivers on a sub-basin level to determine potential causes of 

shifting seasonality in Arctic freshwater influx.  
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Table 1. Characteristics of outlet stations as labeled in Figure 1. *Note: Yenisei station is 

missing complete records in the years 1963-1965, 1968-1974, and 1977-1979. Records are not 

infilled. 

Basin ID Name Location (°N, °E)  Area (km2) Avail. Years 

Mackenzie 10LC014 Mackenzie R. at 
Arctic Red R. 

67.5, -133.8 1679100 1973-2009 

Lena 3821 Lena at Kusur 56.8, -111.4 132585 1936-2009 

Yenisei 9803 Yenisei at Igarka 55.7, -117.6 50300 1936-2009* 

Ob 11801 Ob at Salekhard 59.1, -112.4 293000 1936-2009 
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Table 2. Metrics used to describe freshet characteristics. 

Symbol Description 

FP Freshet pulse date 

FL Freshet length 

FM Peak freshet magnitude 

V1 April – July volume 

V2 Freshet volume 

VAPR April volume 

VMAY May volume 

VJUN June volume 

VJUL July volume 

VANN Annual volume 

VDJF December - February volume 

VMAM March - May volume 

VJJA June - August volume 

VSON September - November volume 
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Table 3. Average proportional percentage contribution to total MOLY flow volume per river for 

different timing measures, 1980 – 2009 

River V1 % V2 % VAPR % VMAY % VJUN % VJUL % 

Mackenzie 14 13 19 20 10 15 

Lena 31 35 11 15 37 37 

Yenisei 35 32 48 43 37 22 

Ob 20 20 22 22 16 26 
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Table 4. Trends in various flow characteristics for MOLY outlet stations.  Negative time values 

indicate trends toward earlier dates and vice versa. * denotes trend is significant at the 10% level 

and ** denotes trend is significant at the 5% level. 

 
Entire Period Trend 30-year Trend (1980-2009) 

FP FL FM V1 VANN FP FL FM V1 VANN 

d/10yr d/10yr m3s-1/10yr km3/10yr km3/10yr d/10yr d/10yr m3s-1/10yr km3/10yr km3/10yr 

Mackenzie -1.2* 0.0 -767 0.0 9.0 -1.4 0.8 0 5.1** 21.5** 

Ob 0.0 -0.7** -123 0.0 5.4 0.0 0.8 290 5.3** 10.3 

Lena -1.4** 0.0 -622 3.5 28.8** -0.9 2.4 -2000 18.9** 40.6** 

Yenisei -- -- -- -- -- -1.6 1.7 -1600 4.0 23.7** 
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Table 5. Trends in fraction of flow released during different seasons for MOLY outlet stations.  

Negative values indicate trends toward lower percentages and vice versa. * denotes trend is 

significant at the 10% level and ** denotes trend is significant at the 5% level. 

 
Entire Period Trend [% Change] 30-year Trend (1980-2009) [% Change] 

V2 DJF MAM JJA SON V2 DJF MAM JJA SON 

Mackenzie -0.8 1.5** 2.6 -4.3 0.7 -0.6 1.3 2.2 -3.4** 0.8 

Ob 0.3 2.2** 2.7 -3.6* -0.7 -1.2 -1.4 0.8 0.3 1.4 

Lena -1.6 2.0** 3.8** -7.1** -0.1 -2.7 0.5 2.5 -8.3 7.5** 

Yenisei -- -- -- -- -- -2.0 2.8** 4.3 -6.0* 2.1 
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List of Figures  

Figure 1. Map showing the Arctic Ocean, ocean features, major surface currents, major 

reservoirs and drainage basins and outlet stations of the Mackenzie, Ob, Yenisei and Lena rivers. 

Red arrows denote warmer currents, while black arrows denote colder currents. Figure adapted 

from Figure 6 in McClelland et al. (2011). 

Figure 2. Trends in pulse dates with p-values for 1980 – 2009 and the entire available length of 

record. Only 1980 – 2009 trends are given for the Yenisei station due to missing data from 1969 

– 1979; Mackenzie station trends are calculated for continuous data from 1973 – 2009 due to 

missing data prior to 1973. Black markers denote observed time series values connected with a 

dotted line, with the thick solid line indicating the longer record trend line and the dashed line 

indicating the 30 year trend line. 

Figure 3. Trends in freshet volume (V2) with p-values for 1980 – 2009 and the entire available 

length of record. Only 1980 – 2009 trends are given for the Yenisei station due to missing data 

from 1969 – 1979; Mackenzie station trends are calculated for continuous data from 1973 – 2009 

due to missing data prior to 1973. Black markers denote observed time series values connected 

with a dotted line, with the thick solid line indicating the longer record trend line and the dashed 

line indicating the 30 year trend line.   

Figure 4. Trends in annual volume with p-values for 1980 – 2009 and the entire available length 

of record. Only 1980 – 2009 trends are given for the Yenisei station due to missing data from 

1969 – 1979; Mackenzie station trends are calculated for continuous data from 1973 – 2009 due 

to missing data prior to 1973. Black markers denote observed time series values connected with a 

dotted line, with the thick solid line indicating the longer record trend line and the dashed line 

indicating the 30 year trend line. 

Figure 5. Time versus percentage of flow released during spring freshet (V2 definition), shown 

with trends and p-values for entire length of record (solid red line) and 1980-2009 (dashed red 

line).  Percentage changes for different periods are given in Table 5. 
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Figure 6. Time versus percentage of flow released during winter (DJF), shown with trends and 

p-values for entire length of record (solid red line) and 1980-2009 (dashed red line).  Percentage 

changes for different periods are given in Table 5. 

Figure 7. Time versus percentage of flow released during spring (MAM), shown with trends and 

p-values for entire length of record (solid red line) and 1980-2009 (dashed red line).  Percentage 

changes for different periods are given in Table 5. 

Figure 8. Time versus percentage of flow released during summer (JJA), shown with trends and 

p-values for entire length of record (solid red line) and 1980-2009 (dashed red line).  Percentage 

changes for different periods are given in Table 5. 

Figure 9. Time versus percentage of flow released during autumn (SON), shown with trends and 

p-values for entire length of record (solid red line) and 1980-2009 (dashed red line).  Percentage 

changes for different periods are given in Table 5. 

Figure 10. Trend in MOLY total freshwater volume contribution to the Arctic Ocean during A) 

annually, B) during V1 and V2 freshet definitions, and C) seasonally for the period 1980 – 2009.  

Solid, unmarked lines denote trend, with change per decade and p-values given. 

Figure 11. Time versus percentage of MOLY combined flow released during certain timing 

measures, shown with trends and p-values for 1980-2009. 
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Figure 1.  Map showing the Arctic Ocean, ocean features, major surface currents, major 

reservoirs and drainage basins and outlet stations of the Mackenzie, Ob, Yenisei and Lena rivers. 

Red arrows denote warmer currents, while black arrows denote colder currents. Adapted from 

Figure 6 in McClelland et al. (2011). 
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Figure 2. Trends in pulse dates with p-values for 1980 – 2009 and the entire available length of 

record. Only 1980 – 2009 trends are given for the Yenisei station due to missing data from 1969 

– 1979; Mackenzie station trends are calculated for continuous data from 1973 – 2009 due to 

missing data prior to 1973. Black markers denote observed time series values connected with a 

dotted line, with the thick solid line indicating the longer record trend line and the dashed line 

indicating the 30 year trend line. 
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Figure 3. Trends in freshet volume (V2) with p-values for 1980 – 2009 and the entire available 

length of record. Only 1980 – 2009 trends are given for the Yenisei station due to missing data 

from 1969 – 1979; Mackenzie station trends are calculated for continuous data from 1973 – 2009 

due to missing data prior to 1973. Black markers denote observed time series values connected 

with a dotted line, with the thick solid line indicating the longer record trend line and the dashed 

line indicating the 30 year trend line. 

  



91 

 

 
Figure 4. Trends in annual volume with p-values for 1980 – 2009 and the entire available length 

of record. Only 1980 – 2009 trends are given for the Yenisei station due to missing data from 

1969 – 1979; Mackenzie station trends are calculated for continuous data from 1973 – 2009 due 

to missing data prior to 1973. Black markers denote observed time series values connected with a 

dotted line, with the thick solid line indicating the longer record trend line and the dashed line 

indicating the 30 year trend line. 
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Figure 5. Time versus percentage of flow released during spring freshet (V2 definition), shown 

with trends and p-values for entire length of record (solid red line) and 1980-2009 (dashed red 

line).  Percentage changes for different periods are given in Table 5. 
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Figure 6. Time versus percentage of flow released during winter (DJF), shown with trends and 

p-values for entire length of record (solid red line) and 1980-2009 (dashed red line).  Percentage 

changes for different periods are given in Table 5.  
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Figure 7.  Time versus percentage of flow released during spring (MAM), shown with trends 

and p-values for entire length of record (solid red line) and 1980-2009 (dashed red line).  

Percentage changes for different periods are given in Table 5. 
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Figure 8. Time versus percentage of flow released during summer (JJA), shown with trends and 

p-values for entire length of record (solid red line) and 1980-2009 (dashed red line).  Percentage 

changes for different periods are given in Table 5.  
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Figure 9. Time versus percentage of flow released during autumn (SON), shown with trends and 

p-values for entire length of record (solid red line) and 1980-2009 (dashed red line).  Percentage 

changes for different periods are given in Table 5. 
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Figure 10. Trends in MOLY total freshwater volume contribution to the Arctic Ocean during A) 

annually, B) during V1 and V2 freshet definitions, and C) seasonally for the period 1980 – 2009.  

Solid, unmarked lines denote trends, with changes per decade and p-values given. 
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Figure 11. Time versus percentage of MOLY combined flow released during certain timing 

measures, shown with trends and p-values for 1980-2009.   
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CHAPTER 4: COMPARISON OF OUTLET AND SUB-BASIN 
HYDROGRAPHS FOR FOUR MAJOR ARCTIC-DRAINING RIVERS 

Abstract 

Warming in the Arctic has significant impacts on global climate through its positive feedbacks to 

the global climate system. One such potential impact is an increase in terrestrial freshwater influx 

from Arctic-draining rivers, which are a major source of freshwater input to the Arctic Ocean and 

have the potential to influence global climate through modification of the intensity of the 

thermohaline circulation. In these nival-dominated river systems, the majority of annual discharge 

is released during the spring freshet.   

Using historic daily discharge data, this study determines spring freshet characteristics for sub-

basins located within the four largest Arctic-draining watersheds (Mackenzie, Ob, Lena and 

Yenisei).  Results of a previous study showed an observed change in discharge seasonality at the 

outlets of these rivers, marked by increasing cold-season flows, earlier pulse dates and a lower 

fraction of flow released during the spring freshet.  By observing trends and hydrograph 

characteristics of sub-basins, separated by regional topography and regulation classification, it is 

determined that sub-basin flows match the general pattern of outlet discharge, with some regional 

variation.  Importantly, the majority of significant trends are observed in stations with no upstream 

impoundment signal.  Stations with a strong regulation signal do not display any significant 

relationships with freshet volume at the outlets, although regulation does not seem to suppress the 

relationship of outlet flows with short-term maximum spring peaks generated by high-relief 

terrain.  It remains uncertain whether flow regulation removes the regional effect of hydro-climatic 

drivers, and how this translates to observed changes at the outlets.   

Keywords: Arctic, hydrological trends, spring freshet, hydro-climatology, regulation  
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4.1 Introduction 

The Arctic Ocean is largely an enclosed system, receiving freshwater from three main 

sources: continental river runoff, direct precipitation on the ocean surface, and import of lower-

salinity Pacific waters through Bering Strait (Aagaard and Carmack, 1989; Carmack, 2000; 

Serreze et al., 2006).  Other terrestrial and marine sources provide a minor contribution.  Of 

these, river runoff comprises the greatest freshwater influx, providing as much as 50% or more 

compared to other sources based on varying definitions of Arctic Ocean contributing area 

(Prowse and Flegg, 2000).  Consequently, freshwater distribution and storage in the ocean is 

particularly sensitive to river discharge, particularly since the Arctic Ocean receives ~11% of 

global river discharge while occupying only ~1% of global ocean volume (Aagaard and 

Carmack, 1989; Shiklomanov, 1998).  This is an important consideration since stratification in 

the cold upper ocean is predominantly controlled by salinity, rather than temperature (Carmack 

et al., 2008).  The largest contributing Arctic watersheds are the Mackenzie Basin in Canada, and 

the Ob, Lena and Yenisei river basins in Eurasia.  Combined, these four rivers contribute almost 

1900 km3 of freshwater to the Arctic Ocean per year, or about 60% of annual flow volume from 

all Arctic contributing areas (Grabs et al., 2000; Prowse and Flegg, 2000a).   

Stratification affecting freshwater export from the Arctic Ocean through the northern 

North Atlantic Ocean is an integral part of the global ocean circulation regime.  A perturbation in 

the stratification of surface waters can have effects on North Atlantic Deep Water (NADW) 

formation; this phenomenon, coupled with Atlantic Meridional Overturning Circulation 

(AMOC), is a critical driving force in the global thermohaline circulation (e.g., Aagaard and 

Carmack, 1989; Anisimov et al., 2001; Dickson et al., 2000, 2002; Proshutinsky et al., 2002; 

Loeng et al., 2005; Serreze et al., 2006).  In major Arctic-draining rivers, the annual spring 
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freshet following snowmelt and river ice break-up period provides as much as 60% of total 

annual flow volume and is a major hydrologic event (Lammers et al., 2001).  Seasonality and 

magnitude of this event play a role in the processes which govern freshwater storage and 

circulation in the Arctic Ocean.  For example, discharge seasonality can affect freshwater runoff 

trajectory upon entering the Arctic Ocean, influencing whether freshwater is placed into storage 

or released, and in turn, linking Arctic spring river discharge with oceanic heat transport to 

northern latitudes.  

There are numerous other consequences to spring discharge.  Runoff is a major nutrient 

supplier to near shore and estuarine ecosystems, providing an influx of organic carbon during the 

spring freshet, yet diluting waters with respect to inorganic nitrate and silica compounds (Kattsov 

et al., 2007; McClelland et al., 2011; Tank et al., 2011).  Arctic aquatic ecosystems benefit from 

vertical transport of nutrient rich deep waters that occurs in overturning circulation (Toggweiler 

and Key, 2001).  Riparian zones are affected by the frequency and severity of the spring flood, 

and while flooding is often portrayed in a negative context (e.g., Jasek, 2003; Shiklomanov et al., 

2007), it has been shown that spring flooding is an important recharge mechanism for perched 

basins hydraulically separated from main flow channels (e.g., Marsh and Hey, 1989; Prowse and 

Conly, 1998).  Indirectly, a change in the freshwater balance, possibly due to river discharge, can 

have effects on the cold halocline layer which acts to insulate the Arctic sea-ice cover from 

warmer, saltier waters below (Steele and Boyd, 1998).  Furthermore, large rivers such as the 

Mackenzie, Ob, Lena or Yenisei, transport an immense amount of heat from their respective 

continental watersheds to the Arctic Ocean, particularly during the spring freshet.  This extensive 

intrusion of comparatively warmer terrestrial Arctic river waters into the Arctic Ocean rapidly 
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warms the ocean’s surface layers, enhancing the localized melting of sea ice (Nghiem et al., 

2014). 

Rate of change in Arctic climate has been higher compared to other parts of the globe 

(ACIA, 2005; White et al., 2007).  The continuous decrease of snow and ice cover in the high 

latitudes enhances radiative feedbacks, causing an amplification of climate change effects in 

poleward regions (Polyakov et al., 2002; Serreze and Francis, 2006).  Northward migration of 

precipitation patterns, increased evapotranspiration, more profound sea ice melting, glacial 

wastage, permafrost degradation and an expected increase in river runoff all point to an 

intensification of the Arctic hydrologic cycle.  Greater subsurface infiltration into thawing 

permafrost stocks is causing an increase in traditionally low winter flows, while the annual 

spring flood is occurring earlier in conjunction with a more rapid snowmelt period (ACIA, 2005; 

Rawlins et al., 2010; Smith et al., 2007; Wu et al., 2005).  In some basins, a warming Arctic 

climate points to a shift from a nival runoff regime to a more pluvial or hybrid regime, resulting 

in a flattening of the seasonal hydrograph as more precipitation falls as rain versus snow 

(Anisimov et al., 2001).  These climate-induced changes in the hydrological cycle have an effect 

on the seasonality of the spring freshet and hence influence when the majority of freshwater 

discharge enters the Arctic Ocean.   

Recently, Arctic river discharge has undergone a change.  Shiklomanov et al. (2007) 

found that peak spring discharge magnitude had generally decreased across Eurasian basins.  

They stressed a need to further investigate relationships of freshet volume in addition to peak-

magnitude with total annual discharge.  During the period 1936 to 1999, annual discharge from 

Eurasian basins draining to the Arctic Ocean increased by 2.0 ± 0.7 km3yr-1, resulting in a 

cumulative increase of 128 km3 more freshwater released annually by the end of the period as 
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compared to the beginning (Peterson et al., 2002).  This increase in freshwater discharge was 

tempered by an overall yearly decrease in Canadian discharge to high-latitude seas (including the 

Labrador Sea, Eastern and Western Hudson Bay, Arctic Ocean and Bering Strait) of -3.1 km3 yr-1 

during the period 1964-2003, although Canadian discharge directly to the Arctic Ocean showed a 

non-statistically significant increase (Déry, 2005).  Eurasian increases have been associated with 

variations in the North Atlantic Oscillation (NAO) climate index and increases in mean, surface 

air temperature while North American decreases have been correlated with more intense positive 

phases of the Arctic Oscillation (AO) and negative phases of the Pacific Decadal and El 

Niño/Southern Oscillations (PDO/ENSO) ( Peterson et al., 2002; Déry, 2005).  Meanwhile, the 

results of Chapter 3 indicated that total annual discharge from the four largest Arctic-draining 

rivers had increased by up to 8.9 km3yr-1 over the period 1980 – 2009.  While this increase seems 

proportionally larger than the earlier study incorporating only major Eurasian basins, it was 

noted that observed trends varied substantially depending on the analysis window utilized.   

Importantly, in Chapter 3 it was discovered that seasonality of flow had changed.  

Despite a significant increase in circumpolar freshet discharge of up to 3.3 km3yr-1, this change 

was complemented by corresponding increases in all seasons (winter, spring, summer and fall).  

Only the summer increase of 1.6 km3yr-1
 was not statistically significant.  In fact, discharge 

released during the spring freshet as a percentage of annual flow decreased by 1.7% while winter 

and fall proportions increased (1.3% and 2.5%, respectively).  Rising winter and fall discharge 

proportions, combined with lower peak freshet magnitudes, increased freshet durations, and 

lower summer proportions all suggest a shift to a flatter, more gradual average hydrograph with 

an earlier pulse onset at the outlets.  As discussed, this shift in seasonality can have numerous 
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impacts.  Since the spring freshet remains an important annual event, further investigation is 

required. 

Currently, it is unknown whether the observed changes in freshet magnitude and 

seasonality seen at the major river outlets are scalable on a regional level, and how the dominant 

controls of elevation, latitude and flow regulation impact contribution to outlet discharge. To 

clarify the role of these basic drivers of changing seasonality and magnitude in outlet discharge, 

this study analyzes trends and characteristics of the spring freshet in the hydrometric records of 

106 sub-basin stations located within the Mackenzie, Ob, Lena and Yenisei river basins, 

separated by regulation classification and region.  This will identify whether there are any 

regional differences in trends and in unregulated versus regulated stations, allowing for 

comparison of freshet characteristics in contributing sub-basins to outlet flows. 

4.2 Basin Characteristics 

The pan-Arctic drainage basins of the Mackenzie, Ob, Yenisei and Lena rivers are shown 

in Figure 1.  Total contributing areas of the four major river systems, including ungauged 

drainage areas, are as follows: Mackenzie 1,800,000 km2 (Finnis et al., 2009); Ob 2,975,000 km2 

(Yang et al., 2004b); Lena 2,488,000 km2 (Yang et al., 2002); and Yenisei 2,554,482 km2 (Zhang 

et al., 2003).  The pan-Arctic region contains nearly half of the global alpine and sub-polar 

glacial area (Dyurgerov and Carter, 2004).  Meanwhile, some major Eurasian Arctic basins 

extend below 50°N, further south than what is traditionally considered within the Arctic region 

(Loeng et al., 2005) (see Figure 1).  As a result, discharge behaviour at each of the four major 

drainage outlets is influenced along its course by sub-basin tributaries which may adhere to 

variety of hydrological regimes such as nival, pluvial, prolacustrine, hybrid or other.  For 

example, hydrologic retention due to extensive wetland coverage or large lakes within a 
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catchment, such as found in the Ob or Mackenzie basins, will lead to a more moderated seasonal 

discharge characteristic than basins without such retention (Carmack, 2000).  

4.2.1 Flow regulation 

Each of the MOLY watersheds experiences some degree of flow regulation within their 

catchments.  The Yenisei basin is the most substantially regulated of the four basins, with at least 

six major reservoirs having a capacity greater than 25 km3 located along the Yenisei and Angara 

stems (Yang et al., 2004a; Stuefer et al., 2011).  The next most regulated is the Ob basin, 

containing one major reservoir with capacity greater than 25 km3 and three midsize dams (Yang 

et al., 2004b).  Of the Eurasian basins, the Lena is least affected by flow regulation, with only 

one major reservoir located along the Vilyuy tributary.  The Mackenzie basin is also considered 

moderately affected, despite only one major reservoir located along the Peace tributary.  Large 

lakes in the Mackenzie basin (e.g., Great Slave L. and Great Bear L.) provide substantial storage 

capacity, acting to reduce high spring peaks and sustain lower flows resulting in a more 

consistent runoff pattern throughout the year, similar to the effect of flow regulation (Woo and 

Thorne, 2003).  Percentage of area in each basin directly upstream of a major reservoir, obtained 

by delineating the drainage area of each major reservoir, is as follows: Mackenzie 3.9%; Ob 

11.6%; Yenisei 46.5% and Lena 4.2%.  See Table 1 for characteristics of major reservoirs and 

Figure 1 for locations of major reservoirs.  Flow regulation on a sub-basin level is discussed in 

Section 4.3.1.  

4.3 Data and Analysis  

4.3.1 Data sources 

Daily discharge data are obtained from the Environment Canada Hydrometric Database 

(HYDAT) for stations in the Mackenzie basin and from the Regional, Hydrometeorological Data 
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Network for Russia (R-ArcticNET Russia v4.0) (Lammers and Shiklomanov, cited 2012) for the 

Ob, Lena and Yenisei basins.  R-ArcticNET Russia (v4.0) contains information from 139 

Russian Arctic gauges compiled from original archives of the State Hydrological Institute (SHI) 

and the Arctic and Antarctic Research Institute (AARI), St. Petersburg, Russia.  

Quantifying discharge is difficult on rivers affected by ice-cover conditions, particularly 

during dynamic ice periods such as spring break-up when stage-discharge relationships are 

inconsistent (e.g., Shiklomanov et al., 2006; Beltaos, 2011).  Discharge errors that might exist in 

the above data archives, however, are not considered significant in this study given that the period 

of dynamic breakup typically only affects the early stages of the rising limb of spring freshet.  The 

bulk of the freshet discharge typically occurs well after breakup during subsequent periods of 

unobstructed flowing ice (Kääb and Prowse, 2011) and the late spring, open-water period when 

stage-discharge relationships are more reliable.   

Availability of hydrometric data is temporally limited, particularly in the Mackenzie 

region.  As a result, two time periods are utilized to maximize the number of stations selected for 

inclusion; 1962 – 2000 and 1980 – 2000.  These two periods are hence referred to as t1 and t2, 

respectively.  Currently, the temporal range of Eurasian station data for most Lena, Yenisei or 

Ob sub-basins obtained from R-ArcticNET Russia (v4.0) does not extend past the year 2000, 

whilst many stations in the Mackenzie basin have incomplete or missing data in the period 1970 

– 1979.  Hence, the shorter period t2 is chosen to maximize spatial coverage of stations with 

available data, while the longer period t1 is used to increase the power of significance testing and 

t-tests for stations that had available data.  Table 2 identifies which stations in the Mackenzie 

region have available data during t2 only.  All Eurasian sub-basin stations have data from 1962 or 
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earlier.  In total, there are 66 analyzed stations for t1 and 106 analyzed stations for t2.  Relevant 

station information for all 106 stations is given in Table 2.   

4.3.2 Sub-basin classification 

Regulation is a necessary consideration when investigating trends in the magnitude and 

timing of the spring freshet.  However, removing the effects of flow regulation by means of 

hydraulic modelling is not tractable within the scope of this study, nor would it be useful in 

determining the effects regulation may have on observed outlet discharge.  To accommodate this, 

sub-basin stations have been classified into three categories.  Unregulated stations (HU) are not 

impounded in their upstream catchment areas.  These catchment areas are considered regionally 

representative of a natural, unregulated basin with stable hydrologic conditions.  Regulated 

stations (HR) are located downstream of a major reservoir and have an average seasonal runoff 

pattern that is strongly influenced by the upstream flow impoundment.  Lastly, minimally 

regulated stations (HM) incorporate an upstream impounded flow signal that has been noticeably 

diminished by contribution from unaffected HU basins.  For example, the outlet station of the 

Mackenzie River, gauged near Inuvik, NT, is located approximately 3,120 km downstream of the 

W.A.C. Bennett Dam, gauged near Hudson’s Hope, BC.  Given the distance, the flow gauged 

near Inuvik integrates a virtually insignificant percentage of impounded flow from the W.A.C. 

Bennett Dam.   

Of course, there is a subjective element involved in differentiating between stations 

classified as HR or HM.  Determining whether the regulation signal has been significantly 

diminished to classify as HM requires comparing the station’s average hydrograph to that of an 

HR-classified upstream station, and also to unaffected HU-classified upstream contributing 

basins.  Note that HU stations gauging the outlet of any large water body such as a natural lake 
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will exhibit flow characteristics similar to that of an HR station.  The assigned classifications of 

each of the 106 analyzed stations are given in Table 2 with their associated sub-basin drainage 

areas shown in Figure 2 for the Mackenzie basin and Figure 3 for the Eurasian basins.  

Approximately 85% of total gauged drainage area is classified as HU in the Mackenzie.  Due to 

limited station availability and expansive flow regulation in the Eurasian regions, only 9% of 

gauged area is classified as HU in the Ob basin, 12% in the Yenisei and 8% in the Lena basin.  

Sub-basins are also classified using a simple characterization based on geography and 

topography.  Sub-basins, where available, are roughly divided into northern, southern, eastern 

and western regions of similar topographical composition.  For example, the southern region of 

the Mackenzie basin incorporates largely alpine drainage areas, while the eastern region mostly 

consists of plains and large lakes.  These regions are given in Figure 4 for the Mackenzie basin 

and Figure 5 for the Eurasian basins.  Appendix A gives the hypsometric curves for each sub-

basin separated by regional classification.  These curves are useful in interpreting the effects 

elevation and topographic relief may have on freshet characteristics and trends.   

In the Mackenzie basin, the southern region contains a high proportion of high-relief 

alpine drainage typical of the North American Cordillera, with one major dam in the southwest.  

The western region also consists of high-relief, high-elevation alpine zones including portions of 

the Mackenzie Mountains.  The eastern region contains interior plains and Precambrian 

Canadian Shield while the northern region incorporates the plains surrounding Great Bear Lake 

and the Mackenzie Mountains to the west.  In the Ob basin, the western and eastern regions 

consist largely of Western Siberian lowlands, although the western region covers a small section 

of the Altai Mountains at the headwaters of the Irtish River.  Vast expanses of wetlands cover 

these regions.  The southern region contains the largest proportion of high-relief drainage in the 
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entire Ob basin.  There are only three stations located in the Ob lowlands characterized as the 

northern region.  In the Yenisei, the western region contains the Altai Mountains while the 

southern region contains the Sayan mountain ranges as well as Lake Baikal.  Eastern drainages 

include higher-relief smaller watersheds below Lake Baikal, covering the Baikal Mountains to 

the east.  The northern Yenisei basins include portions of the higher-elevation Central Siberian 

Plateau.  Lastly, the western regions of the Lena basin include the impounded Vilyuy River and 

Central Siberian Plateau.  Southern basins cover some portions of the Baikal Mountains while 

the sole eastern basin drains a portion of the Verkhoyansk Mountains.  Due to limited data 

availability, there are no northern-classified sub-basins in the Lena basin.  

It must be noted that basin size may affect the comparison of sub-basin hydrographs to 

outlet station records and other sub-basins.  This is especially applicable to the analysis of 

Section 4.4.3, whereby basins of varying size are related to outlet flow.  For example, large-sized 

basins typically exhibit different hydrological responses compared to small-sized basins, usually 

due to large-sized basins incorporating multiple hydrologic regimes.  Ideally, to avoid any 

scaling effects, comparisons would be performed on basins of similar size only.  However, this is 

not possible since sub-basin sites are constrained by availability of regional hydrometric data. 

Despite this limitation, it has been shown that the relationship of basin area to annual flow 

volume is relatively linear for large drainage areas, including differing definitions of geographic 

contributing area to the Arctic Ocean (Prowse and Flegg, 2000).  Therefore, although the effects 

of basin scale cannot be eliminated within the scope of this study, it is not unreasonable to 

compare sub-basins of varying sizes, particularly if the compared basins have similar hydrologic 

regimes.  
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4.3.3 Flow estimation 

Missing data in the hydrometric records are estimated using three different techniques.  If 

there is an available upstream or downstream station gauging the same water course as the 

station with missing records, measurements from that recording gauge are used provided that it 

has a complete record over the period to be estimated.  To account for lesser or additional 

contributing area, the estimated river runoff rate is scaled such that 

𝑅𝑃 =  𝑅𝐹𝐴𝑃/𝐴𝐹 (1) 

where R denotes the runoff rate (m3s-1) over an area A (m2) and subscripts P and F 

identify the partial and full records, respectively (Déry et al., 2005).  Similarly, stations with 

partial records that have no upstream or downstream station along the same tributary are assessed 

for areal runoff scaling by comparing the hydrologic response to the closest available basin, 

provided it has a similar hydrologic response.  Whenever possible, missing records are assigned 

values from basins with similar morphology and scaled by basin area in the same fashion as (1) 

(Gibson et al., 2006).   

If there are no suitable stations to use for runoff scaling, then missing discharge values 

are estimated from the mean daily value of discharge over the entire evaluated time period, 

adjusted by the deviation in discharge from the mean of all rivers in the larger basin (evaluated 

over the same time period) for which data are available on the missing day (Déry et al., 2005).  

At least three rivers which do not have concurrent missing data are used for reconstruction in all 

cases.  Here, data are reconstructed according to  

𝑅𝑃 =  
𝑅1+𝑅2+⋯+𝑅𝑁

𝑅1̅̅̅̅ +𝑅2̅̅̅̅ +⋯+𝑅𝑁̅̅ ̅̅
 ×  𝑅𝑃

̅̅̅̅  (2) 
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whereby RP is the station with partial records for which missing data are to be 

reconstructed, 𝑅𝑃
̅̅̅̅  is the mean discharge for a specific day over the remaining time period, and 

𝑅1 … 𝑅𝑁 and 𝑅1
̅̅ ̅ … 𝑅𝑁

̅̅ ̅̅  are the time series of discharge for a particular day and the daily mean of 

the corresponding station for the evaluated time period, respectively.  The percentages of missing 

data infilled for each station, where applicable, are given in Table 2.  

4.3.4 Spring freshet definition 

Two methods are used to define the volume of discharge released during the spring freshet 

period: i) flows occurring during the period April through July (AMJJ), referred to as V1 and ii) 

integrated flow from the date of the spring pulse onset to the hydrograph centre of mass calculated 

from pulse onset to the last day of the calendar year, referred to as V2.  July is used as the end-date 

of the V1 period since some basins display high discharge rates well into the summer months. The 

date of the spring pulse onset is determined as the date at which cumulative departure from mean 

annual flow was most negative.  This yields the date when flows on subsequent days are greater 

than the year average (Cayan et al., 2001; Stewart et al., 2005); see Appendix B for an illustration 

of the algorithm as well as visual indicators of the pulse onset, freshet end date, peak magnitude 

and V1 and V2 definitions of the spring freshet for a sample year of the Yenisei River outlet station.  

Visual inspection of the results as shown in the example in Appendix B verified that this 

is a reliable method for identifying the start date of spring freshet.  Choosing the freshet end date 

by visual means is subjective and influenced by precipitation, temperature and other factors; thus, 

adopting the hydrograph centre of mass adjusted by pulse onset as the freshet end date guarantees 

a consistent metric for comparison of freshet trends amongst stations.  Other metrics used to 

describe freshet characteristics are given in Table 3. 
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4.3.5 Trend analysis 

The Mann-Kendall (Mann, 1945; Kendall, 1975) trend test is used to assess the temporal 

trends  in freshet timing, peak freshet magnitude and volume for all stations.  This non-

parametric, rank-based test is often used for detecting trends in hydrologic time series that may 

be affected by seasonal climatic variability, missing data or extremes (Hirsch and Slack, 1984) 

and makes no prior assumptions about normality of data.  In addition, a Trend-Free Pre-

Whitening (TFPW) approach (Yue et al., 2002) is used to correct data for serial autocorrelation 

following the methods of Burn and Cunderlik (2004).  This approach first fits a monotonic trend 

for a data series which is then removed prior to pre-whitening the data series.  The monotonic 

trend is then re-added to the residual de-trended and pre-whitened data series, whereby the 

Mann-Kendall test statistic and local significance are calculated.   

4.3.6 Flow relationships 

Freshet characteristics for all sub-basin stations are assessed to determine which sub-

basin stations serve as good predictors for corresponding years of anomalously high or low 

freshet magnitude and volume as gauged at the basin outlets.  A non-parametric approach is used 

to ensure robustness of the t-test for stations which show evidence of non-normality as 

determined from one-sample Kolmogorov-Smirnov testing (Massey, 1951).  The majority of 

stations display no evidence of non-normality; those stations which fail normality testing will 

have some loss of power for the t-test.   

To determine the flow relationships, each sub-basin station’s normalized Z-scores are 

sorted by year according to the top (or bottom) 25% of freshet magnitudes or volumes at their 

corresponding outlet stations.  The t-test is then used to determine which sub-basins display a 

significantly higher or lower freshet magnitude or volume, based on the sub-basin series mean at 
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a 95% confidence level, during the top (or bottom) 25% freshet magnitudes or volumes at the 

outlet station of their respective basins. 

4.4 Results 

4.4.1 Hydrograph characteristics 

Figure 6 shows the average hydrographs for stations in the Mackenzie basin, 1962 – 2000 

and 1980 – 2000, grouped by region and regulation classification.  Stations are referred to by 

their label IDs in brackets, as given in Table 2.  Individual hydrographs are scaled differently to 

match the maximum discharge values.  Note that not all stations in the Mackenzie region have 

data records for both time periods.  Also illustrated are average freshet start dates and freshet end 

dates.   

In the northern region, hydrographs typically adhere to a sub-Arctic or Arctic nival 

regime, characterized by an annual peak occurring during the spring freshet followed by a 

secondary peak or peaks driven by summer and autumn rainfall.  A prolacustrine regime with 

subdued peak flows and higher seasonal low flows is seen at the outlet of Great Bear Lake (9).  

The moderately affected HM stations at the outlet and northern Mackenzie stem (13) have higher 

cold-season base flows than the smaller streams, which often exhibit negligible winter base flow 

(e.g., French and Slaymaker, 1993).  In the southern region, average hydrographs demonstrate a 

typically alpine pluvial flow regime with low winter base flows and several summer and fall 

rainfall peaks.  These secondary rainfall peaks are particularly evident on stations with smaller 

drainage areas (e.g., less than 5000 km2) and unaffected by flow regulation.  Some higher 

latitude stations (e.g., 27, 28 & 29) demonstrate a sub-Arctic nival regime.  Station (37) located 

below the W.A.C. Bennett Dam indicates a strong presence of flow regulation as noted by less 

substantial peaks and higher cold-season flows.  For stations with both time periods, spring peaks 
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are generally lower during t2 while rainfall-driven peaks have increased in magnitude.  Owing to 

generally higher latitudes, western stations mostly adhere to a sub-Arctic nival regime, with the 

smallest basins (11 & 56) having a hybrid regime characterized by a significant secondary 

rainfall peak.  There are no HM or HR stations in the western region.  In the east, a mix of 

hydrological regimes are seen depending on whether the basin drains a lake, plains or high-relief 

terrain.  Higher cold-season flows are indicated in HM basins (5) and (52) with flow regulation 

evident in (4).  The hydrograph of (5) is highly moderated due to the presence of flow regulation 

and its location below Lake Athabasca.  Stations with both time periods indicate generally lower 

peak magnitudes and earlier pulse dates in t2. 

Average hydrographs for stations in the Ob basin, 1962 – 2000 and 1980 – 2000, are 

given in Figure 7.  A nival regime is seen in all northern stations, with rainfall peaks evident in 

(78), a small-sized basin which drains high-relief terrain.  Effects of upstream flow impoundment 

are minimally evident at the outlet (57).  During t2, pulse dates are generally earlier and peak 

magnitudes are lower, with exception of (78) whose hydrograph suggests more substantial 

rainfall-driven peaks during t2.  In the southern region, a hybrid regime prevails, with rainfall 

peaks evident in (62), (63), (66) and (68), all of which drain high-relief terrain. Minimal flow 

impoundment is seen in (61) from the upstream Novosibirsk dam.  In the western region, 

extensive wetlands suppress the spring peaks seen in the nival regimes.  A spring peak is still 

generated during the snowmelt period, when water retention capacity of the frozen wetlands is 

limited (French and Slaymaker, 1993).  Interestingly, although there are no substantial shifts in 

pulse dates, the peak magnitudes of (76) and (77) are greater during t2, possibly because of 

reduced water retention as a result of thawing permafrost.  The effect of several large 
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downstream dams are evident in the moderated hydrograph of (59).  In the east, a similar nival 

regime with wetland influence is seen with little change from t1 to t2.  

Average hydrographs for stations in the Yenisei basin, 1962 – 2000 and 1980 – 2000, are 

given in Figure 8.  In the northern region, hydrographs are suggestive of a distinctly nival regime 

with no secondary rainfall-driven peaks and some evidence of regulation in (82) and at the outlet.  

Peak magnitudes during t2 are generally lower than during t1.  In the southern and western 

regions, the smaller basins exhibit strong influence of high-relief drainage with generally higher 

rainfall peaks during t2.  The Angara and Yenisei stems (84 & 85) are heavily regulated and this 

is evident in their hydrographs.  The mountainous eastern basins above Lake Baikal follow the 

general pluvial pattern of high-relief drainages with more pronounced rainfall peaks and slightly 

subdued spring flow during t2.   

Figure 9 shows the average hydrographs for stations in the Lena basin, 1962 – 2000 and 

1980 – 2000.  There are no northern stations in the Lena basin.  In the southern region, a 

pronounced spring peak indicative of a nival regime is seen in all sub-basins.  Additional rainfall 

peaks are visible in the high-relief southern basins.  In most cases, freshet magnitudes have 

increased during t2 although there are no notable differences in pulse dates.  Similarly, the 

hydrographs of the western region show a distinctly nival regime with very low or absent winter 

base flow and an increased peak magnitude during t2.  Minimal influence of flow regulation is 

noted in the Vilyuy tributary (99), located downstream of the Vilyuy reservoir.  The sole eastern 

basin suggests an alpine flow regime with a spring peak followed by successive summer and 

autumn peaks.  At the outlet, influence of the Vilyuy reservoir is minimal and the hydrograph 

indicates an Arctic nival regime.   
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4.4.2 Sub-basin trends 

Trends in freshet pulse dates FP are given in Figure 10 and Figure 11.  During t1, the 

majority of stations in all four major basins do not exhibit any change in trend slope (Figure 10, 

Table 4a).  However, where change has occurred, trends are generally decreasing (freshet start 

dates happening earlier).  44% of stations have decreasing FP at a rate of up to 0.10 - 0.49 days 

per year during t1 in the Mackenzie basin, 35% in the Ob, 22% in the Lena and 18% in the 

Yenisei (Table 4a), although it must be noted that not all of these trends are statistically 

significant (see Figure 10 and Figure 11).  Depending on basin, between 50 – 100% of all 

significant (5% level) FP trends occur in sub-basins classified as HU (Table 5a).  There are no 

clear regional distinctions in trends.  A higher percentage of stations indicate a decreasing trend 

slope in FP during t2, with only the Lena station not indicating decreasing trends as a majority 

(Table 4b).  Trend slopes are generally higher during t2, particularly in the Mackenzie basin, 

where pulse dates are decreasing at a rate of up to 1 or more days per year.  In the Mackenzie 

basin, a large number of decreasing trends occur in the southern and western regions, but no 

significant trends exist in the southern alpine region.  The Ob basin also shows a high number of 

decreasing, but not significant, trends in its southern region.  As seen in Table 5b, nearly all 

trends which are considered significant (60 – 100% of total) occur in HU basins during t2.   

Trends in freshet length FL are given in Figure 12 and Figure 13.  During t1, increasing 

trends at a rate of up to 0.50 – 1.0 days per year (i.e., longer freshet duration) occur in the 

majority (Figure 12, Table 4a), particularly in the southern Ob and western Yenisei regions.  

During t2, however, trends in freshet length are more mixed, despite a greater occurrence of 

decreasing pulse dates in the same time period.  Only the Mackenzie and Yenisei basins depict a 

majority of stations having increased FL (57% and 76%, respectively) while the Ob shows an 
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equal occurrence of increasing and decreasing trends (35%), and the Lena indicates more 

decreasing trends (44%) than increasing (33%).  The southern Mackenzie displays a mix of 

increasing and decreasing trends, while in the west trends are mostly increasing.  Trends appear 

to be mixed in all Eurasian regions with the exception of the high-relief eastern Yenisei region, 

which exclusively depicts increasing trends in freshet length.  In both time periods, at least 50% 

and up to 100% of all significant trends occur in HU stations (Table 5). 

Trends in peak freshet magnitude FM are depicted in Figure 14 and Figure 15.  During t1, 

the majority of sub-basins in the Mackenzie, Ob and Yenisei experience a decreasing trend in FM 

(i.e., lower maximum peak discharge occurring during freshet), while the Lena has an equal 

occurrence (44%) of decreasing and increasing trends in FM (Table 4a).  Several significant 

decreasing trends occur in the southern Mackenzie and along the regulated Peace tributary, as 

well as in the southern Ob and western Yenisei.  Meanwhile, during t2, 78% of stations in the 

Lena represent an increasing trend in FM while the Mackenzie, Ob and Yenisei continue to 

portray mostly decreasing trends (66%, 35% and 53% of sub-basins, respectively). The southern 

and western Mackenzie again show the highest concentration of decreasing trends, although 

significant (5%) trends are only found in the western region.  Table 5 shows that in both time 

periods, the majority of significant results occur in HU stations.  

Trends in freshet volume by either definition V1 or V2 (Figure 16 through Figure 19) show 

a distinct difference between t1 and t2.  During t1, sub-basins in the Mackenzie basin indicated 

largely decreasing trends (81% of all stations, by either definition) (Table 4a), particularly in the 

southern alpine region.  Meanwhile, the Ob and Lena basins exhibit mostly increasing V1 and V2 

although a minor majority of stations in the Yenisei basin depict decreasing volumes.  During t2, 

however, the majority of stations in the Mackenzie basin now specify increasing volumes V1 and 
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V2 (57% and 59%, respectively), with the exception of a clustering of non-significant decreasing 

trends on the eastern side of the southern alpine region, while the Ob and Lena continue to 

indicate a large majority of increasing trends (96% and 78%, respectively, for V1) (Table 4b).  

These tendencies agree with the findings of Chapter 3, whereby freshet volumes at the outlet 

stations increased during 1980 – 2000.  Interestingly, during t2 the majority of Yenisei sub-basins 

(53%) experience increasing freshet volume by the V2 definition only, whereas according to the 

V1 definition (April – July volume) the majority of sub-basins exhibit decreasing volume (59%).  

This suggests a potential shift in timing of discharge peaks (seen in monthly spring-season 

volume trends).  In both time periods, the majority of significant results occur in HU stations 

(Table 5). 

Figure 20 to Figure 27 present the trends in April, May, June and July volumes for t1 and 

t2.  During t1, April trends are mostly decreasing (38% of stations) in the Mackenzie, and present 

no change in the Ob and Lena basins (57% and 78%, respectively) with only the Yenisei 

indicating a majority in increasing trends (76% of stations) (Table 4a).  May volumes are again 

mostly decreasing in the Mackenzie (81%), while the Ob and Lena now indicate mostly 

increasing trends (52% and 89%, respectively) during May.  Despite the large majority of 

Yenisei sub-basins portraying increasing April trends, in May the majority of Yenisei sub-basins 

are now decreasing (47%).  June and July trends during t1 are generally decreasing in all basins 

with the exception of an increase in June volumes in the majority of Lena sub-basins.  During t2, 

all basins now indicate mostly increasing trends in April volume (particularly in the eastern Ob 

and western Yenisei) with the exception of the Lena basin, which still shows no change (89% of 

stations) in a majority of sub-basins (Table 4b).  May volumes are mostly increasing in all 

Eurasian basins, while in the Mackenzie there is a minor majority of decreasing volume in May 
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(50% of stations), mostly occurring in the western and southern regions.  While June and July 

volume results show a mix of increasing and decreasing trends (generally increasing overall) in 

the Mackenzie, Ob and Lena basins, a large majority of stations in the Yenisei basin exhibit a 

decreasing trend in June and July volume (71% and 47%, respectively).  This is consistent with 

combined April – July volume (i.e., V1) decreases in the Yenisei as discussed earlier.  The overall 

picture of t2 trends is that most basins experience an overall shift to greater April or May 

volumes, with the exception of the Lena basin, which sees a shift to greater May and June 

volumes.  Although there are fewer statistically significant results seen in April – July trend 

figures, particularly during t2, the majority of significant results still occur in HU stations for 

most basins (Table 5).  

4.4.3 Flow relationships 

Figure 28 through Figure 31 show the annual ranking of standardized freshet volumes 

and magnitudes for selected sub-basins within the Mackenzie, Ob, Yenisei and Lena basins, 

based on the years of the highest 25% (i.e., the highest five years) of freshet volumes or peak 

freshet magnitudes at the outlet stations during t2, 1980 – 2000.  For each major basin, at least 

one station from each region and regulation classification is chosen as a representative basin.  

Scaling issues that may arise from comparing sub-basins of different sizes are discussed in 

Section 4.3.1.   

For the Mackenzie, five sub-basins are used.  Station 07BE001, located on the Athabasca 

tributary, represents a medium-sized unregulated HU drainage in the alpine southern region.  The 

Peace River gauge (07HA001) also drains a large portion of the alpine south, but is a highly 

regulated HR-classified station.  The Liard (10ED002) is representative of the large unregulated 

western alpine region, while the northern Great Bear (10JC003) station is unregulated but located 



120 

 

at the outlet of a large water body.  Lastly, the eastern Slave (07NB001) station is classified as 

minimally regulated HM, and is located downstream of Lake Athabasca draining a large section 

of interior plains and alpine south.  The top five years of freshet volumes near the Mackenzie 

River outlet occur, in descending order, during 1997, 1988, 1992, 1986 and 1991, while the top 

five years of peak freshet magnitudes occur during 1992, 1985, 1988, 1993 and 1986.  Note that 

high freshet volume on a particular year does not necessarily correspond to high peak freshet 

magnitude on the same year, although 1992, 1986 and 1988 are in the top 25% of both volume 

and peak freshet magnitude at the outlet.   

As shown in Figure 28a, annual rankings of the Liard station are most similar to rankings 

at the outlet station for freshet volumes, with all years which correspond to high volume at the 

outlet also falling in the top 25% of freshet volumes at the Liard station.  Rankings of the highly 

regulated Peace station are least similar to the outlet, with only one year also corresponding to 

the top 25% of freshet volumes at the Peace station.  For peak freshet magnitudes (Figure 28b), 

the Great Bear station is most similar to the outlet, with four out of five years also landing within 

the top 25% of peak freshet magnitudes at that station.  The Athabasca and Peace stations reveal 

the weakest relationships, with only one out of five years ranking in the top 25% of peak freshet 

magnitudes for the Athabasca and zero out of five years landing in the top 25% for the Peace.   

Five sub-basins are chosen to compare rankings with the Ob outlet station.  The Irtish 

(11048) is a highly regulated large basin located in the western plains.  The Ob River at 

Kolpashevo (10021), also a large basin, drains the southern portion of the Ob main stem 

including high-relief areas, but is located downstream of the Novosibirsk Dam and is thus 

classified as HM.  The small Chulyshman River basin (10062) is selected to characterise an 

unregulated, southern alpine drainage while Vasyugan (10478) and Poluy (11558) represent 
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unregulated medium-sized eastern and northern plains basins, respectively.  The top five years of 

freshet volumes near the Ob River outlet occur, in descending order, during 1999, 1997, 1986, 

1994 and 1990, while the top five years of freshet magnitudes occur during 1999, 1997, 1981, 

1998 and 1985.   

Annual rankings of the Vasyugan station are most similar to rankings at the outlet station 

for freshet volumes (Figure 29a), with four out of five years also ranking within the top 25% of 

freshet volumes at the Vasyugan station.  The Irtish and Ob River at Kolpashevo are least similar 

to the outlet station, with only one year also corresponding to the top 25% of freshet volumes at 

those stations.  However, for freshet magnitudes (Figure 29b), the Ob at Kolpashevo is most 

similar to the outlet, with three out of five years corresponding to the top 25% of freshet 

magnitudes at that station.  The Chulyshman station has the weakest relationship, with zero out 

of five years ranking in the top 25% of peak magnitudes at that station.   

Five stations are used for sub-basin comparisons to the Yenisei outlet.  The small, 

unregulated Abakan (9207) is a western alpine drainage, while the southern Yenisei main stem at 

Kyizyil (9002) drains a medium-sized unregulated alpine area.  The Khilok (7102) is a small, 

unregulated high-relief eastern basin.  The large, HR-classified Angara (8091) tributary 

represents the general southern and eastern Yenisei basin draining mostly high-relief terrain but 

with four major dams located along its stem.  Downstream is the Yenisei at Podkamennaya 

Tunguska (9092), characterizing the north-central high plateau of the Yenisei basin and 

incorporating the highly regulated flow of the Angara but demonstrating a diminished effect of 

regulation.  The top five years of freshet volumes near the Yenisei River outlet occur, in 

descending order, during 1992, 1983, 1990, 1999 and 1991, while the top five years of peak 

freshet magnitudes occur during 1990, 1999, 1992, 1986 and 1998.   
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Figure 30a indicates that annual rankings of the Abakan basin are most similar to 

rankings at the outlet station for freshet volumes, despite only one out of five years 

corresponding to the top 25% of freshet volumes at that station.  Few relationships are seen in the 

other stations, although only the highly regulated Angara demonstrates zero out of five years 

ranking in its top 25% of freshet volumes for corresponding outlet station maximums.  For peak 

freshet magnitudes (Figure 30b), the Yenisei at Pod. Tunguska and Angara basins demonstrate 

the top relationships, with two out of five years falling in the top 25% of rankings for those 

stations.  The relationship between peak magnitude and freshet volume in regulated HR and HM 

basins is discussed in Section 4.5. 

Due to limited data availability, only three basins are chosen to compare annual rankings 

of standardized freshet volumes and peak freshet magnitudes in the Lena basin.  The large, 

minimally regulated Vilyuy (3329) basin represents the western plains region.  It is located 

downstream of the Vilyuy Reservoir.  The medium-sized Allakh-Yun’ (3277) is unregulated and 

located in the eastern high-relief terrain of the Verkhoyansk Mountains.  Representing the high-

relief southern region is the medium-sized unregulated Aldan (3219) basin.  There are no HR 

basins located in the Lena basin.  The top five years of freshet volumes near the Lena River 

outlet occur, in descending order, during 1989, 2000, 1988, 1998 and 1994, while the top five 

years of peak freshet magnitudes occur during 1989, 1993, 1994, 1990 and 1991.   

Annual rankings of the Vilyuy station are most similar to rankings at the outlet station for 

freshet volumes (Figure 31a), with three out of five years corresponding to the top 25% of 

freshet volumes at that station.  The southern Aldan station has zero out of five years 

corresponding to its top 25% of freshet volumes, while Allakh-Yun’ has two out of five years 

corresponding to its top 25%.  For peak freshet magnitudes (Figure 31b), no stations indicate a 
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strong relationship with the outlet in terms of rankings, but the Vilyuy station has two out of five 

years corresponding to its top 25% of freshet magnitudes.  

In addition to displaying annual rankings of representative sub-basins during the years of 

the top 25% of freshet volumes or magnitudes, Figure 32 to Figure 35 depict which sub-basin 

stations record a significantly higher or lower freshet volume or peak freshet magnitude, based 

on a t-test at a 95% confidence level, during years which correspond to the highest or lowest 

25% of freshet volumes or peak freshet magnitudes at the outlet stations during t2.  Figure 32 

displays the station sub-basins which indicate a significantly higher (Figure 32a) or lower 

(Figure 32b) freshet volume during years of the highest (lowest) 25% of freshet volumes at the 

Mackenzie River outlet, while Figure 33 gives the station sub-basins which demonstrate a 

significantly higher (Figure 33a) or lower (Figure 33b) peak freshet magnitude during years of 

the highest (lowest) 25% of peak freshet magnitudes at the Mackenzie River outlet.  High freshet 

volumes at the outlet are mostly associated with high volumes at stations located near the 

western high-relief Liard basin, while low freshet volume associations have a wide spatial 

distribution throughout the Mackenzie basin.  This suggests that while the Liard basin may be an 

important contributor to high freshet volume at the outlet, years of exceptionally low freshet 

volume at the outlet tend to coincide with low volumes throughout the basin.  Meanwhile, high 

peak freshet magnitudes at the outlet are largely associated with basins located in the southern 

alpine region.  Low peak freshet magnitudes are again associated with the Liard basin and 

surrounding regions.  All regulation classifications HU, HM or HR show some relationship to 

either high or low freshet magnitude or volume at the outlet.  

Figure 34 gives the station sub-basins which show significantly higher (Figure 34a) or 

lower (Figure 34b) freshet volumes during years of the highest (lowest) 25% of freshet volumes 
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at Eurasian river outlets.  Meanwhile, Figure 35 indicates the station sub-basins which have a 

significantly higher (Figure 35a) or lower (Figure 35b) peak freshet magnitude during years of 

the highest (lowest) 25% of peak freshet magnitudes at Eurasian river outlets.   

High freshet volumes recorded at the Ob River outlet are associated with high volumes 

along the minimally regulated Ob main stem and Irtish tributary as well as the unregulated 

Vasyugan sub-basin.  Low volumes are again associated with the Ob main stem.  High peak 

freshet magnitudes do not show any associations with station sub-basins, while low peak freshet 

magnitudes only show associations with two small sub-basins (Balakhley and Chulyshman).  In 

the Yenisei basin, high freshet volumes near the Yenisei River outlet do not show any 

associations with station sub-basins, while low volumes only show an association with the 

minimally regulated Yenisei main channel at Pod. Tunguska.  Similarly, there are no significant 

relationships with high peak freshet magnitudes; however, low peak freshet magnitudes have 

associations with the Yenisei channel at Pod. Tunguska as well as at Yeniseysk, which has a 

highly regulated drainage pattern.  A handful of smaller, unregulated basins also display a 

relationship with low peak magnitudes.  Lastly, high freshet volumes at the Lena River outlet are 

associated only with a single small, unregulated southern basin (Bol’shoy Patom) while low 

freshet volumes display significant relationships three unregulated small-sized basins draining 

into the Lena main channel.  Low peak freshet magnitudes are associated with a single, 

unregulated high-relief southern basin (Buotama) and there are no relations with high 

magnitudes. 

4.5 Discussion 

Elevation, latitude and flow regulation are seen to be dominant controls of hydrologic 

responses.  Regardless of basin, northern sub-regions typically portray a nival regime while 
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alpine-dominated southerly regions indicate a pluvial or hybrid regime.  Flow regulation in any 

region results in a disturbed annual runoff pattern, with higher cold-season flows and subdued 

peaks, similar to that of a prolacustrine hydrologic regime.  Observations of average hydrographs 

during the periods 1962 – 2000 and 1980 – 2000 suggest a general “flattening” of hydrograph 

shapes in most sub-basins, as late-fall and early winter low flows rise meanwhile peak freshet 

magnitudes decrease and freshet durations (earlier pulse dates and later freshet end dates) 

increase.  Secondary summer rainfall-driven peaks show an increase in many basins, particularly 

in pluvial-dominated regimes.  This overall flattening of the seasonal runoff cycle is not 

universal, however, and a small number of sub-basins display an increased peak freshet 

magnitude and shorter freshet duration.  Typically, flattening of the seasonal runoff cycle is 

evidence of a potential shift to a more pluvial and mixed runoff regime from a nival regime in 

the Arctic and sub-Arctic climates, as more precipitation begins to fall as rain versus snow (e.g., 

Anisimov et al., 2001).  In addition, increased infiltration capacity into thawing permafrost may 

also contribute to changes in the annual runoff cycle seen here.  However, flow regulation 

behaves similarly to climate-change effects, acting to increase winter low flows and decrease 

summer peak flows (Anisimov et al., 2007).  For example, flow regulation in the Yenisei and Ob 

rivers has been shown to have caused seasonal discharge effects previously attributed to climate 

change (Yang et al., 2004a; 2004b), whereas in the Lena basin, seasonal changes have been 

attributed to increased winter precipitation and temperatures (Yang et al., 2002).  Generally, 

evidence of more moderated annual hydrograph shapes in a large number of sub-basins agrees 

with the patterns seen in discharge recorded at the outlets, as discussed in Chapter 3.   

Hydrograph characteristics are further dissected by analyzing freshet trends in sub-basins.  

Temporal trends show a general pattern of earlier pulse dates, longer freshet duration and 
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decreased peak freshet magnitude in sub-basins of the Mackenzie, Ob and Yenisei basins, 

particularly in the more recent 1980 – 2000 time period.  The Lena basin displays the opposite 

tendencies to the Mackenzie, Ob and Yenisei, with the majority of sub-basins experiencing a 

delayed freshet onset, shorter freshet duration and increased peak freshet magnitude during 1980 

– 2000, although few of these trends are statistically significant.  Although the exact reasons for 

these discrepancies are unknown, they could be a result of differences in e.g., terrain composition 

and hydrologic regimes in the Lena basin, as compared to the other basins.  For example, no 

large natural storage bodies exist in the Lena basin; and, unlike the Ob and Yenisei basins, the 

Lena is largely unregulated.  The Lena basin also comprises the greatest proportion of 

continuous permafrost.  Although the Lena basin contains a considerable amount of higher relief 

drainage area (typically between 400 – 1,500 metres a.s.l.), there is a notable lack of substantial 

high-elevation (e.g., above 1,500 metres a.s.l.) headwater drainage areas as found in the other 

three basins.  Further research on the effects of elevation versus precipitation, storage and 

permafrost, amongst other factors, is required in order to fully evaluate the causes of this atypical 

behaviour in Lena sub-basins. 

Freshet volumes increase in the majority of sub-basins in all four areas during 1980 – 

2000, while during 1962 – 2000, most sub-basins in the Mackenzie region display decreasing 

freshet volume.  These patterns agree with previous Chapter 3 findings, in which the Mackenzie 

outlet station showed decreasing freshet volume during 1973 – 2009 but significantly increasing 

volume during 1980 – 2009.  Despite the different windows of observation, tendencies of sub-

basin trends towards earlier pulse timing, increased freshet duration, decreased peak freshet 

magnitude and increased freshet volume match the observed trends in the outlet stations.  

Additionally, although Lena sub-basins display an opposite behaviour to shifts in hydrograph 



127 

 

shape seen in the other basins, increased peak freshet magnitudes still result in increased freshet 

volume at the outlet station as observed in Chapter 3.  Where regional patterns in trends are 

notable, they usually occur in the southern and western high-relief areas of the Mackenzie, as 

well as in the southern Ob and western Yenisei, which also drain higher-relief terrain.  Effects of 

changing climatic conditions may be more notable in these higher-relief sub-basins due to 

increased orographic precipitation and more pronounced melt cycles (compared to low-relief 

counterparts) resulting from the largely mechanical spring break-up mechanism controlling 

freshet generation. 

Sub-basins are also compared to outlets in terms of volume and magnitude.  Freshet 

volume at the Mackenzie River outlet is largely influenced by high-relief HU basins in the 

western region and Liard tributary.  Low peak freshet magnitudes are also associated with this 

region.  However, high peak magnitudes at the outlet are strongly associated with the southern 

high-relief alpine region and regulated Peace tributary.  These magnitude relationships propagate 

downstream along the minimally-affected main channel.  This suggests that, while flow 

regulation acts to moderate the hydrograph, it doesn’t necessarily override the short-term peaks 

generated by the surrounding high-relief terrain.  This is further supported by the fact that no 

volume relationships are seen in HR stations, either with high or low volumes at the outlet, 

implying that while impoundment does not negate the high peaks, it does affect overall freshet 

volume contribution.   

Regional patterns in Eurasian basins are less distinct.  High-relief drainage areas are 

typically located in the southern portions of the Eurasian basins.  Due to the high flow rates 

generated by this type of terrain, flow regulation tends to be substantial and likely obscures many 

of the natural relationships that would otherwise be observed.  In the Ob basin, similar to the 
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Mackenzie, a likely effect of regulation is that no volume relationships with the outlet are 

observed in the lower Irtish (HR) or Ob at Kolpashevo (HM) representing western and southern 

basins, respectively, and both draining some high-relief area.  However, a relationship with high 

peak freshet magnitudes at the outlet is seen at the Ob at Kolpashevo, a station that incorporates 

a substantial region of high-relief terrain.  This again suggests that the single dam located along 

this tributary does not effectively suppress all short-term peak flows.  Likewise, there are no 

volume relationships with the outlet observed in the highly regulated and steep drainage areas of 

the southern and western Yenisei regions.  Unlike the Mackenzie and Ob basins, however, no 

relationships are seen with peak freshet magnitudes at the outlet, likely owing to the multiple 

dams located along each tributary which successively do negate the highest peaks.  The Yenisei 

at Pod. Tunguska (representing the northern plateau region) tends to indicate significantly lower 

values during years of low volume and low magnitude at the outlet, likely owing to its proximity 

to the outlet station.  Following the same overall pattern, no significant difference is seen in 

freshet volumes along the minimally regulated Vilyuy tributary during years of the top 25% of 

freshet volumes at the outlet.  Despite this, the Vilyuy station still shows a similarity to the outlet 

in terms of ranking amongst other representative stations, owing to its large drainage area and 

closeness to the outlet.  High and low volumes at the outlet tend to be associated with 

unregulated basins draining into the southern main Lena channel. 

4.6 Conclusion 

Overall, sub-basin trends during 1980 – 2000 project a shift towards earlier pulse dates 

and longer freshet durations, with lower peak freshet magnitudes and increased freshet volumes.  

This suggests shifting seasonality of flow in many sub-basins, which is reflected in the outlet 

stations.  In the Mackenzie River, trends such as these are potentially a by-product of the regime 
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shift seen in the pan-Pacific region during which the PDO shifted to a predominantly positive 

phase in 1976 – 1977 (Hartmann and Wendler, 2005; Mantua et al., 1997).  Notably, unregulated 

stations, regardless of region, have observed similarities with freshet volumes at the outlets, 

although those relationships can be negated in the larger encompassing basins if there is 

upstream regulation.  High peak freshet magnitudes in regulated stations can still relate to high 

peak magnitudes at the outlets, particularly if there is only one dam impounding flow. 

Since the majority of all significant trends occur in HU stations, flow regulation may be 

moderating the effects of climatic drivers such as temperature and precipitation on HR and HM 

basins.  For example, during a period of drought an operator may still release impounded storage, 

affecting discharge recorded at the outlet.  Thus, it is important to separate the effects of flow 

regulation and climate by determining the relationships with hydro-climatic conditions not only 

with HU, but also HM and HR-classified basins, at spatial scales that reflect differences in hydro-

climatic conditions controlling freshet generation at the outlets.  Although the four circumpolar 

rivers assessed here drain to the Arctic Ocean, they originate from basins with a diversity of 

hydrologic and climatic regimes.  For example, 46% of their combined drainage area is located 

south of 55°N (Brooks, 2012), well outside the Arctic or even sub-Arctic climatic regimes, and 

the regions encompass a range of nival, pluvial, glacial and hybrid hydrologic regimes.  It was 

shown that stronger trends tended to occur in higher-relief drainage areas, which are typically 

located in the lower latitudes of the basins.  Given the southerly extent of these basins where 

much of the flow originates, it is necessary to determine whether regional trends can be related to 

the mid-latitude effects of climate and synoptic-scale atmospheric variability, and what impacts 

these relationships can have on changing seasonality and magnitude at the outlets.  Lastly, 
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further investigation is required to clarify the discrepancies in Lena sub-basin hydrograph 

characteristics compared to the other three basins.  
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Table 1. Characteristics of major hydroelectric dams/reservoirs located in the study regions. 
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Table 2. Characteristics of drainage sub-basins as labeled in Figures 2 and 3. Note: M = 

Mackenzie, O = Ob, L = Lena, Y = Yenisei; D.A. = Drainage Area. Stations IDs in italic have 

data during t2 only.  Labels are colour-coded according to regulation classification (red = 

regulated; orange = minimally regulated; green = unregulated). 

Label Basin ID Lat. (°N) Long. (°E) D.A. (km2) % Infilled Classification Region 

1 M 07AD002 53.42 -117.57 9765 -- HU South 

2 M 07DA001 56.78 -111.4 132585 -- HU East 

3 M 07GJ001 55.71 -117.62 50300 -- HU South 

4 M 07KC001 59.11 -112.43 293000 -- HR East 

5 M 07NB001 59.87 -111.58 606000 -- HM East 

6 M 10BE001 59.41 -126.1 104000 -- HU West 

7 M 10CD001 58.79 -122.66 20300 -- HU West 

8 M 10ED002 61.75 -121.22 275000 -- HU West 

9 M 10JC003 65.13 -123.55 146400 15.60% HU North 

10 M 10FA002 61.14 -119.84 9270 -- HU East 

11 M 10FB005 61.45 -121.24 1310 -- HU West 

12 M 10GC003 61.9 -121.61 2050 -- HU North 

13 M 10KA001 65.27 -126.84 1594500 11.80% HM North 

14 M 07OB001 60.74 -115.86 51700 -- HU East 

15 M 07TA001 63.11 -116.97 13900 -- HU East 

16 M 07AA001 52.86 -118.11 629 -- HU South 

17 M 07AA002 52.91 -118.06 3872 -- HU South 

18 M 07AF002 53.47 -116.63 2562 -- HU South 

19 M 07AG003 53.6 -116.27 826 -- HU South 

20 M 07BB002 53.6 -115 4402 -- HU South 

21 M 07BC002 54.45 -113.99 13014 -- HU South 

22 M 07BE001 54.72 -113.29 74602 -- HU South 

23 M 07BF002 55.45 -116.49 1152 -- HU South 

24 M 07BJ001 55.32 -115.42 1900 -- HU South 

25 M 07BK007 55.26 -114.23 2100 -- HU East 

26 M 07CD001 56.69 -111.26 30792 -- HU East 

27 M 07EC002 55.92 -124.57 5560 -- HU South 

28 M 07EE007 55.08 -122.9 4930 -- HU South 

29 M 07FB001 55.72 -121.21 12100 -- HU South 

30 M 07FC001 56.28 -120.7 15600 -- HU South 

31 M 07FC003 56.68 -121.22 1770 -- HU South 

32 M 07FD001 55.96 -120.56 3630 -- HU South 

33 M 07FD007 55.86 -120.03 2860 14.00% HU South 

34 M 07GE001 55.07 -118.8 11300 -- HU South 

35 M 07GG001 54.75 -117.21 1040 -- HU South 

36 M 07GH002 55.46 -117.16 11100 -- HU South 

37 M 07HA001 56.24 -117.31 194374 -- HR South 
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Table 2 cont’d…    

Label Basin ID Lat. (°N) Long. (°E) D.A. (km2) % Infilled Classification Region 

38 M 07HA003 56.06 -117.13 1968 -- HU South 

39 M 07HC001 56.92 -117.62 4679 -- HU East 

40 M 07JD002 57.87 -115.39 35800 -- HU East 

41 M 07LE002 59.15 -105.54 50700 4.80% HU East 

42 M 07MB001 58.97 -108.18 9120 -- HU East 

43 M 07OC001 58.6 -118.33 10370 1.30% HU East 

44 M 10AB001 60.47 -129.12 12800 -- HU West 

45 M 10AC005 59.12 -129.82 882 -- HU West 

46 M 10BE004 58.85 -125.38 2540 -- HU West 

47 M 10BE007 59.34 -125.94 1170 -- HU West 

48 M 10CB001 57.23 -122.69 2180 -- HU South 

49 M 10EA003 61.53 -125.41 8560 0.30% HU West 

50 M 10EB001 61.64 -125.8 14500 -- HU West 

51 M 10ED001 60.24 -123.48 222000 2.50% HU West 

52 M 10GC001 61.87 -121.36 127000 -- HM East 

53 M 10LA002 66.79 -133.09 18750 1.10% HU North 

54 M 10LC014 67.456 -133.75 1679100 2.00% HM Outlet 

55 M 10MC002 67.26 -134.89 70600 6.30% HU North 

56 M 10ED003 61.33 -122.09 542 -- HU West 

57 O 11801 66.63 66.6 2950000 2.60% HM Outlet 

58 O 11056 58.2 68.23 1500000 0.80% HM West 

59 O 11048 55.02 73.3 769000 -- HR West 

60 O 10031 61.07 68.9 2690000 5.60% HM East 

61 O 10021 58.3 82.88 486000 -- HM South 

62 O 10062 51.28 87.72 16600 9.90% HU South 

63 O 10126 51.02 84.32 3480 5.60% HU South 

64 O 10176 53.73 84.95 15900 5.10% HU South 

65 O 10219 55.32 84.1 15700 5.10% HU South 

66 O 10277 53.33 87.23 7080 5.10% HU South 

67 O 10317 55.38 91.62 14700 12.20% HU South 

68 O 10387 56.2 87.78 9820 5.10% HU South 

69 O 10407 56.18 86.4 3460 7.70% HU South 

70 O 10428 57.78 82.63 25000 5.10% HU South 

71 O 10444 56.85 83.07 2560 5.10% HU South 

72 O 10466 59.37 82.83 6500 5.10% HU East 

73 O 10478 59.22 78.22 31700 9.40% HU East 

74 O 10489 59.85 81.95 24500 5.10% HU East 

75 O 11309 55.45 78.32 12200 5.10% HU West 

76 O 11353 56.38 75.25 16400 -- HU West 
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Table 2 cont’d…   

Label Basin ID Lat. (°N) Long. (°E) D.A. (km2) % Infilled Classification Region 

77 O 11496 57.13 69.22 2140 2.60% HU West 

78 O 11556 66.87 65.78 1240 0.60% HU North 

79 O 11558 66.03 68.73 15100 2.90% HU North 

80 O 11574 64.93 77.8 31400 0.20% HU North 

81 Y 9803 67.43 86.48 2440000 -- HM Outlet 

82 Y 9092 61.1 90.08 1760000 -- HM North 

83 Y 9002 51.72 94.4 115000 -- HU South 

84 Y 8091 58.35 93.55 1040000 -- HR South 

85 Y 9079 58.45 92.15 1400000 -- HR West 

86 Y 7156 51.95 106.35 565 -- HU East 

87 Y 7172 51.53 104.07 959 -- HU South 

88 Y 7015 55.85 110.15 20600 -- HU East 

89 Y 7024 53.6 109.6 19800 -- HU East 

90 Y 7036 52.92 108.73 5050 -- HU East 

91 Y 7072 50.3 108.63 15600 -- HU East 

92 Y 7102 51.2 106.97 38300 -- HU East 

93 Y 9207 52.65 90.1 14400 -- HU West 

94 Y 9252 53.8 92.87 31800 -- HU West 

95 Y 9372 59.12 93.48 15100 -- HU North 

96 Y 9422 65.65 90.12 9100 -- HU North 

97 Y 9425 65.98 84.27 10100 5.10% HU North 

98 L 3821 70.68 127.39 2430000 -- HM Outlet 

99 L 3329 63.95 124.83 452000 2.00% HM West 

100 L 3156 60.98 115.5 32600 2.60% HU West 

101 L 3157 60.17 116.8 27600 0.30% HU South 

102 L 3277 60.68 135.03 24200 2.60% HU East 

103 L 3291 59.67 127.05 23900 2.60% HU South 

104 L 3202 60.9 120.8 16600 10.30% HU West 

105 L 3210 61.05 128.65 12200 10.30% HU South 

106 L 3219 58.97 126.27 49500 10.30% HU South 
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Table 3. Metrics utilized to describe freshet characteristics. 

Symbol Description 

FP Freshet pulse date 

FL Freshet length 

FM Peak freshet magnitude 

V1 April – July volume 

V2 Freshet volume 

VAPR April volume 

VMAY May volume 

VJUN June volume 

VJUL July volume 
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Table 4a. Percentage of total stations in each basin exhibiting various trends, 1962 - 2000.  

Significant trends are indicated in corresponding figures for each freshet measure. 

 % FP FL FM V2 V1 VAPR VMAY VJUN VJUL 

Mackenzie 

Decreasing 44 6 69 81 81 38 81 69 50 

Increasing 6 50 13 6 13 31 6 6 44 

No Change 50 44 19 13 6 31 13 25 6 

Ob 

Decreasing 35 0 48 35 39 9 35 43 30 

Increasing 4 57 22 52 43 35 52 22 22 

No Change 61 43 30 13 17 57 13 35 48 

Lena 

Decreasing 22 11 44 22 22 0 11 22 33 

Increasing 0 78 44 56 67 22 89 56 22 

No Change 78 11 11 22 11 78 0 22 44 

Yenisei 

Decreasing 18 6 47 41 53 0 47 65 53 

Increasing 18 71 18 29 24 76 35 12 24 

No Change 65 24 35 29 24 24 18 24 24 
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Table 4b. Percentage of total stations in each basin exhibiting various trends, 1980 - 2000.  

Significant trends are indicated in corresponding figures for each freshet measure. 

 % FP FL FM V2 V1 VAPR VMAY VJUN VJUL 

Mackenzie 

Decreasing 61 23 66 32 32 5 50 29 16 

Increasing 13 57 23 59 57 75 36 46 71 

No Change 27 20 11 9 11 20 14 25 13 

Ob 

Decreasing 61 35 35 4 4 13 9 35 22 

Increasing 4 35 30 87 96 57 87 26 43 

No Change 35 30 35 9 0 30 4 39 35 

Lena 

Decreasing 22 44 11 11 11 0 11 22 44 

Increasing 33 33 78 78 78 11 89 78 33 

No Change 44 22 11 11 11 89 0 0 22 

Yenisei 

Decreasing 65 12 53 35 59 0 29 71 47 

Increasing 18 76 35 53 24 88 65 6 24 

No Change 18 12 12 12 18 12 6 24 29 
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Table 5a. Percentage of total significant trends (5% level) that occur in unregulated (HU) 

stations, 1962 – 2000. Items marked by N/A indicate that there were no significant trends for the 

corresponding freshet measure. 

 FP FL FM V2 V1 VAPR VMAY VJUN VJUL 

Mackenzie 75 50 67 75 80 75 88 50 0 

Ob 100 83 86 100 100 86 75 100 N/A 

Lena N/A 50 100 100 100 33 50 100 N/A 

Yenisei 50 67 100 100 N/A 64 67 33 0 
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Table 5b. Percentage of total significant trends (5% level) that occur in unregulated (HU) 

stations, 1980 – 2000. Items marked by N/A indicate that there were no significant trends for the 

corresponding freshet measure. 

 FP FL FM V2 V1 VAPR VMAY VJUN VJUL 

Mackenzie 60 67 100 100 100 75 100 100 100 

Ob 100 100 100 0 50 100 100 N/A N/A 

Lena 100 N/A N/A N/A N/A 0 N/A 0 N/A 

Yenisei 100 100 100 50 100 100 100 N/A N/A 
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List of Figures  

Figure 1. Map showing the Arctic Ocean, ocean features, major surface currents, major 

reservoirs and drainage basins and outlet stations of the Mackenzie, Ob, Yenisei and Lena rivers. 

Red arrows denote warmer currents, while black arrows denote colder currents. Figure adapted 

from Figure 6 in McClelland et al. (2011). 

Figure 2. Study area of the Mackenzie basin showing station locations labeled with a unique 

identifier and station sub-basin drainage areas.  Stations and basins are colour-coded and 

classified as regulated (HR), minimally regulated (HM) or unregulated (HU).  Descriptions of 

identification labels are provided in Table 2. 

Figure 3. Study area of the (left to right in inset map) Ob, Yenisei and Lena basins showing 

station locations labeled with a unique identifier and station sub-basin drainage areas.  Stations 

and basins are colour-coded and classified as regulated (HR), minimally regulated (HM) or 

unregulated (HU).  Descriptions of identification labels are provided in Table 2. 

Figure 4. Topographical map of the Mackenzie basin showing regional classification of sub-

basins into Northern, Southern, Western and Eastern regions.  Note that outlet stations are not 

included in the classification. 

Figure 5. Topographical map of the Eurasian basins showing regional classification of sub-

basins into Northern, Southern, Western and Eastern regions.  Note that outlet stations are not 

included in the classification.  There are no sub-basins classified as Northern in the Lena basin. 

Figure 6.  Average annual hydrographs (discharge [m3s-1] versus Julian day) of Mackenzie 

station sub-basins for 1962 – 2000 (blue line) and 1980 – 2000 (red line), grouped by a) northern 

b) southern c) western and d) eastern regions. Dashed vertical blue line pairs denote freshet start 

and end dates for 1962 – 2000 respectively, while dashed vertical red line pairs denote freshest 

start and end dates for 1980 – 2000 respectively. Stations which exclusively show red series have 

data for 1980 – 2000 only.  Additionally, stations are grouped according to regulation 

classification HR, HM or HU. 

Figure 7. Average annual hydrographs (discharge [m3s-1] versus Julian day) of Ob station sub-

basins for 1962 – 2000 (blue line) and 1980 – 2000 (red line), grouped by a) northern b) southern 
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c) western and d) eastern regions. Dashed vertical blue line pairs denote freshet start and end 

dates for 1962 – 2000 respectively, while dashed vertical red line pairs denote freshest start and 

end dates for 1980 – 2000 respectively. Stations which exclusively show red series have data for 

1980 – 2000 only.  Additionally, stations are grouped according to regulation classification HR, 

HM or HU. 

Figure 8. Average annual hydrographs (discharge [m3s-1] versus Julian day) of Yenisei station 

sub-basins for 1962 – 2000 (blue line) and 1980 – 2000 (red line), grouped by a) northern b) 

southern c) western and d) eastern regions. Dashed vertical blue line pairs denote freshet start 

and end dates for 1962 – 2000 respectively, while dashed vertical red line pairs denote freshest 

start and end dates for 1980 – 2000 respectively. Stations which exclusively show red series have 

data for 1980 – 2000 only.  Additionally, stations are grouped according to regulation 

classification HR, HM or HU. 

Figure 9. Average annual hydrographs (discharge [m3s-1] versus Julian day) of Lena station sub-

basins for 1962 – 2000 (blue line) and 1980 – 2000 (red line), grouped by a) southern b) western 

and c) eastern regions. There are no northern sub-basin stations in the Lena basin. Dashed 

vertical blue line pairs denote freshet start and end dates for 1962 – 2000 respectively, while 

dashed vertical red line pairs denote freshest start and end dates for 1980 – 2000 respectively. 

Stations which exclusively show red series have data for 1980 – 2000 only.  Additionally, 

stations are grouped according to regulation classification HR, HM or HU. 

Figure 10. Trends in freshet pulse dates during the period 1962 – 2000 for a) Mackenzie and b) 

Eurasian stations. 

Figure 11. Trends in freshet pulse dates during the period 1980 – 2000 for a) Mackenzie and b) 

Eurasian stations. 

Figure 12. Trends in freshet length during the period 1962 – 2000 for a) Mackenzie and b) 

Eurasian stations. 

Figure 13. Trends in freshet length during the period 1980 – 2000 for a) Mackenzie and b) 

Eurasian stations. 
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Figure 14. Trends in peak freshet magnitude during the period 1962 – 2000 for a) Mackenzie 

and b) Eurasian stations. 

Figure 15. Trends in peak freshet magnitude during the period 1980 – 2000 for a) Mackenzie 

and b) Eurasian stations. 

Figure 16. Trends in freshet volume during the period 1962 – 2000 for a) Mackenzie and b) 

Eurasian stations. 

Figure 17. Trends in freshet volume during the period 1980 – 2000 for a) Mackenzie and b) 

Eurasian stations. 

Figure 18. Trends in April through July volume during the period 1962 – 2000 for a) Mackenzie 

and b) Eurasian stations. 

Figure 19. Trends in April through July volume during the period 1980 – 2000 for a) Mackenzie 

and b) Eurasian stations. 

Figure 20. Trends in April volume during the period 1962 – 2000 for a) Mackenzie and b) 

Eurasian stations. 

Figure 21. Trends in April volume during the period 1980 – 2000 for a) Mackenzie and b) 

Eurasian stations. 

Figure 22. Trends in May volume during the period 1962 – 2000 for a) Mackenzie and b) 

Eurasian stations. 

Figure 23. Trends in May volume during the period 1980 – 2000 for a) Mackenzie and b) 

Eurasian stations. 

Figure 24. Trends in June volume during the period 1962 – 2000 for a) Mackenzie and b) 

Eurasian stations. 

Figure 25. Trends in June volume during the period 1980 – 2000 for a) Mackenzie and b) 

Eurasian stations. 
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Figure 26. Trends in July volume during the period 1962 – 2000 for a) Mackenzie and b) 

Eurasian stations. 

Figure 27. Trends in July volume during the period 1980 – 2000 for a) Mackenzie and b) 

Eurasian stations. 

Figure 28. Annual rank of standardized freshet a) volumes and b) magnitudes for major 

Mackenzie sub-basin stations, based on the top 25% of standardized freshet volumes 

(magnitudes) at Mackenzie River outlet station during the period 1980 - 2000. 

Figure 29. Annual rank of standardized freshet a) volumes and b) magnitudes for major Ob sub-

basin stations, based on the top 25% of standardized freshet volumes (magnitudes) at Ob River 

outlet station during the period 1980 - 2000. 

Figure 30. Annual rank of standardized freshet a) volumes and b) magnitudes for major Yenisei 

sub-basin stations, based on the top 25% of standardized freshet volumes (magnitudes) at 

Yenisei River outlet station during the period 1980 - 2000. 

Figure 31. Annual rank of standardized freshet a) volumes and b) magnitudes for major Lena 

sub-basin stations, based on the top 25% of standardized freshet volumes (magnitudes) at Lena 

River outlet station during the period 1980 - 2000. 

Figure 32. Station sub-basins that display a) a high freshet volume and b) a low freshet volume 

during corresponding years of the top (bottom) 25% of freshet volumes at the Mackenzie River 

outlet station 10LC014 during the period 1980 - 2000.  Stations shown are significantly different 

from their periodic mean based on a t test at a 95% confidence level. 

Figure 33. Station sub-basins that display a) a high freshet magnitude and b) a low freshet 

magnitude during corresponding years of the top (bottom) 25% of freshet magnitudes at the 

Mackenzie River outlet station 10LC014 during the period 1980 - 2000.  Stations shown are 

significantly different from their periodic mean based on a t test at a 95% confidence level. 

Figure 34. Station sub-basins that display a) a high freshet volume and b) a low freshet volume 

during corresponding years of the top (bottom) 25% of freshet volumes at Eurasian outlet 
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stations during the period 1980 - 2000.  Stations shown are significantly different from their 

periodic mean based on a t test at a 95% confidence level. 

Figure 35. Station sub-basins that display a) a high freshet magnitude and b) a low freshet 

magnitude during corresponding years of the top (bottom) 25% of freshet magnitudes at Eurasian 

outlet stations during the period 1980 - 2000.  Stations shown are significantly different from 

their periodic mean based on a t test at a 95% confidence level. 
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Figure 1. Map showing the Arctic Ocean, ocean features, major surface currents, major 

reservoirs and drainage basins and outlet stations of the Mackenzie, Ob, Yenisei and Lena rivers. 

Red arrows denote warmer currents, while black arrows denote colder currents. Adapted from 

Figure 6 in McClelland et al. (2011). 

 



153 

 

 

Figure 2. Study area of the Mackenzie basin showing station locations labeled with a unique 

identifier and station sub-basin drainage areas.  Stations and basins are colour-coded and 

classified as regulated (HR), minimally regulated (HM) or unregulated (HU).  Station descriptions 

are provided in Table 2. 
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Figure 3. Study area of the (left to right in inset map) Ob, Yenisei and Lena basins showing 

station locations labeled with a unique identifier and station sub-basin drainage areas.  Stations 

and basins are colour-coded and classified as regulated (HR), minimally regulated (HM) or 

unregulated (HU).  Station descriptions are provided in Table 2. 
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Figure 4. Topographical map of the Mackenzie basin showing regional classification of sub-

basins into Northern, Southern, Western and Eastern regions.  Outlet stations are not included in 

the classification. 
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Figure 5. Topographical map of the Eurasian basins showing regional classification of sub-

basins into Northern, Southern, Western and Eastern regions.  Outlet stations are not included in 

the classification. 
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Figure 6a. Average annual hydrographs (discharge [m3s-1] versus Julian day) of Mackenzie 

station sub-basins for 1962 – 2000 (blue line) and 1980 – 2000 (red line), grouped by northern 

regions. Stations which exclusively show red series have data for 1980 – 2000 only.  Dashed 

vertical red line pairs denote freshest start and end dates for 1980 – 2000. 

 

Figure 6b. Average annual hydrographs (discharge [m3s-1] versus Julian day) of Mackenzie 

station sub-basins for 1962 – 2000 (blue line) and 1980 – 2000 (red line), grouped by southern 

regions. Stations which exclusively show red series have data for 1980 – 2000 only. Dashed 

vertical blue line pairs denote freshet start and end dates for 1962 – 2000 respectively, while 

dashed vertical red line pairs denote freshest start and end dates for 1980 – 2000 respectively. 
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Figure 6c. Average annual hydrographs (discharge [m3s-1] versus Julian day) of Mackenzie 

station sub-basins for 1962 – 2000 (blue line) and 1980 – 2000 (red line), grouped by western 

regions. Stations which exclusively show red series have data for 1980 – 2000 only. Dashed 

vertical red line pairs denote freshest start and end dates for 1980 – 2000. 

 

 

Figure 6d. Average annual hydrographs (discharge [m3s-1] versus Julian day) of Mackenzie 

station sub-basins for 1962 – 2000 (blue line) and 1980 – 2000 (red line), grouped by eastern 

regions. Stations which exclusively show red series have data for 1980 – 2000 only.  Dashed 

vertical blue line pairs denote freshet start and end dates for 1962 – 2000 respectively, while 

dashed vertical red line pairs denote freshest start and end dates for 1980 – 2000 respectively. 
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Figure 7a. Average annual hydrographs (discharge [m3s-1] versus Julian day) of Ob station sub-

basins for 1962 – 2000 (blue line) and 1980 – 2000 (red line), grouped by northern regions. 

Stations which exclusively show red series have data for 1980 – 2000 only.  Dashed vertical blue 

line pairs denote freshet start and end dates for 1962 – 2000 respectively, while dashed vertical 

red line pairs denote freshest start and end dates for 1980 – 2000 respectively. 

 

 

Figure 7b. Average annual hydrographs (discharge [m3s-1] versus Julian day) of Ob station sub-

basins for 1962 – 2000 (blue line) and 1980 – 2000 (red line), grouped by southern regions. 

Stations which exclusively show red series have data for 1980 – 2000 only.  Dashed vertical blue 

line pairs denote freshet start and end dates for 1962 – 2000 respectively, while dashed vertical 

red line pairs denote freshest start and end dates for 1980 – 2000 respectively. 
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Figure 7c. Average annual hydrographs (discharge [m3s-1] versus Julian day) of Ob station sub-

basins for 1962 – 2000 (blue line) and 1980 – 2000 (red line), grouped by western regions. 

Stations which exclusively show red series have data for 1980 – 2000 only.  Dashed vertical blue 

line pairs denote freshet start and end dates for 1962 – 2000 respectively, while dashed vertical 

red line pairs denote freshest start and end dates for 1980 – 2000 respectively. 

 

Figure 7d. Average annual hydrographs (discharge [m3s-1] versus Julian day) of Ob station sub-

basins for 1962 – 2000 (blue line) and 1980 – 2000 (red line), grouped by eastern regions. 

Stations which exclusively show red series have data for 1980 – 2000 only.  Dashed vertical blue 

line pairs denote freshet start and end dates for 1962 – 2000 respectively, while dashed vertical 

red line pairs denote freshest start and end dates for 1980 – 2000 respectively. 

 

Figure 8a. Average annual hydrographs (discharge [m3s-1] versus Julian day) of Yenisei station 

sub-basins for 1962 – 2000 (blue line) and 1980 – 2000 (red line), grouped by northern regions. 

Stations which exclusively show red series have data for 1980 – 2000 only.  Dashed vertical blue 

line pairs denote freshet start and end dates for 1962 – 2000 respectively, while dashed vertical 

red line pairs denote freshest start and end dates for 1980 – 2000 respectively. 
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Figure 8b. Average annual hydrographs (discharge [m3s-1] versus Julian day) of Yenisei station 

sub-basins for 1962 – 2000 (blue line) and 1980 – 2000 (red line), grouped by southern regions. 

Stations which exclusively show red series have data for 1980 – 2000 only.  Dashed vertical blue 

line pairs denote freshet start and end dates for 1962 – 2000 respectively, while dashed vertical 

red line pairs denote freshest start and end dates for 1980 – 2000 respectively. 

 

 

Figure 8c. Average annual hydrographs (discharge [m3s-1] versus Julian day) of Yenisei station 

sub-basins for 1962 – 2000 (blue line) and 1980 – 2000 (red line), grouped by western regions. 

Stations which exclusively show red series have data for 1980 – 2000 only.  Dashed vertical blue 

line pairs denote freshet start and end dates for 1962 – 2000 respectively, while dashed vertical 

red line pairs denote freshest start and end dates for 1980 – 2000 respectively. 

 

 

Figure 8d. Average annual hydrographs (discharge [m3s-1] versus Julian day) of Yenisei station 

sub-basins for 1962 – 2000 (blue line) and 1980 – 2000 (red line), grouped by eastern regions. 

Stations which exclusively show red series have data for 1980 – 2000 only.  Dashed vertical blue 

line pairs denote freshet start and end dates for 1962 – 2000 respectively, while dashed vertical 

red line pairs denote freshest start and end dates for 1980 – 2000 respectively. 
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Figure 9a. Average annual hydrographs (discharge [m3s-1] versus Julian day) of Lena station 

sub-basins for 1962 – 2000 (blue line) and 1980 – 2000 (red line), grouped by southern regions. 

Stations which exclusively show red series have data for 1980 – 2000 only.  Dashed vertical blue 

line pairs denote freshet start and end dates for 1962 – 2000 respectively, while dashed vertical 

red line pairs denote freshest start and end dates for 1980 – 2000 respectively. 

 

Figure 9b. Average annual hydrographs (discharge [m3s-1] versus Julian day) of Lena station 

sub-basins for 1962 – 2000 (blue line) and 1980 – 2000 (red line), grouped by western regions. 

Stations which exclusively show red series have data for 1980 – 2000 only.  Dashed vertical blue 

line pairs denote freshet start and end dates for 1962 – 2000 respectively, while dashed vertical 

red line pairs denote freshest start and end dates for 1980 – 2000 respectively. 
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Figure 9c. Average annual hydrographs (discharge [m3s-1] versus Julian day) of Lena station 

sub-basins for 1962 – 2000 (blue line) and 1980 – 2000 (red line), grouped by eastern regions. 

Stations which exclusively show red series have data for 1980 – 2000 only.  Dashed vertical blue 

line pairs denote freshet start and end dates for 1962 – 2000 respectively, while dashed vertical 

red line pairs denote freshest start and end dates for 1980 – 2000 respectively. 
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Figure 10a. Trends in freshet pulse dates during the period 1962 – 2000 for Mackenzie stations. 
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Figure 10b. Trends in freshet pulse dates during the period 1962 – 2000 for Eurasian stations. 
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Figure 11a. Trends in freshet pulse dates during the period 1980 – 2000 for Mackenzie stations. 
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 Figure 11b. Trends in freshet pulse dates during the period 1980 – 2000 for Eurasian stations. 
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 Figure 12a. Trends in freshet length during the period 1962 – 2000 for Mackenzie stations. 
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 Figure 12b. Trends in freshet length during the period 1962 – 2000 for Eurasian stations. 
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 Figure 13a. Trends in freshet length during the period 1980 – 2000 for Mackenzie stations. 
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 Figure 13b.  Trends in freshet length during the period 1980 – 2000 for Eurasian stations. 
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 Figure 14a.  Trends in freshet magnitude during the period 1962 – 2000 for Mackenzie stations. 
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 Figure 14b. Trends in freshet magnitude during the period 1962 – 2000 for Eurasian stations. 
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 Figure 15a. Trends in freshet magnitude during the period 1980 – 2000 for Mackenzie stations. 
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 Figure 15b. Trends in freshet magnitude during the period 1980 – 2000 for Eurasian stations. 
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 Figure 16a. Trends in freshet volume during the period 1962 – 2000 for Mackenzie stations. 
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 Figure 16b.  Trends in freshet volume during the period 1962 – 2000 for Eurasian stations. 
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 Figure 17a. Trends in freshet volume during the period 1980 – 2000 for Mackenzie stations. 
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 Figure 17b. Trends in freshet volume during the period 1980 – 2000 for Eurasian stations. 
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 Figure 18a. Trends in April through July volume during the period 1962 – 2000 for Mackenzie 

stations. 
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 Figure 18b. Trends in April through July volume during the period 1962 – 2000 for Eurasian 

stations. 
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 Figure 19a. Trends in April through July volume during the period 1980 – 2000 for Mackenzie 

stations. 
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 Figure 19b. Trends in April through July volume during the period 1980 – 2000 for Eurasian 

stations. 
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 Figure 20a. Trends in April volume during the period 1962 – 2000 for Mackenzie stations. 
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 Figure 20b. Trends in April volume during the period 1962 – 2000 for Eurasian stations. 
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 Figure 21a. Trends in April volume during the period 1980 – 2000 for Mackenzie stations. 
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 Figure 21b. Trends in April volume during the period 1980 – 2000 for Eurasian stations. 
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 Figure 22a. Trends in May volume during the period 1962 – 2000 for Mackenzie stations. 
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 Figure 22b. Trends in May volume during the period 1962 – 2000 for Eurasian stations. 
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 Figure 23a. Trends in May volume during the period 1980 – 2000 for Mackenzie stations. 
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 Figure 23b. Trends in May volume during the period 1980 – 2000 for Eurasian stations. 
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 Figure 24a. Trends in June volume during the period 1962 – 2000 for Mackenzie stations. 
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 Figure 24b. Trends in June volume during the period 1962 – 2000 for Eurasian stations. 
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 Figure 25a. Trends in June volume during the period 1980 – 2000 for Mackenzie stations. 
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 Figure 25b. Trends in June volume during the period 1980 – 2000 for Eurasian stations. 
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 Figure 26a. Trends in July volume during the period 1962 – 2000 for Mackenzie stations. 

 



197 

 

 

 Figure 26b. Trends in July volume during the period 1962 – 2000 for Eurasian stations. 
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 Figure 27a. Trends in July volume during the period 1980 – 2000 for Mackenzie stations. 
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 Figure 27b. Trends in July volume during the period 1980 – 2000 for Eurasian stations. 

 

  



200 

 

  

Figure 28a. Annual rank of standardized freshet volumes for representative Mackenzie 

sub-basin stations, based on the top 25% of standardized freshet volumes at Mackenzie 

River outlet station during the period 1980 - 2000. 
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Figure 28b. Annual rank of standardized freshet magnitudes for representative 

Mackenzie sub-basin stations, based on the top 25% of standardized freshet magnitudes 

at Mackenzie River outlet station during the period 1980 - 2000. 
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Figure 29a. Annual rank of standardized freshet volumes for representative Ob sub-

basin stations, based on the top 25% of standardized freshet volumes at Ob River 

outlet station during the period 1980 - 2000. 
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Figure 29b. Annual rank of standardized freshet magnitudes for representative Ob sub-

basin stations, based on the top 25% of standardized freshet magnitudes at Ob River 

outlet station during the period 1980 - 2000. 
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Figure 30a. Annual rank of standardized freshet volumes for representative Yenisei 

sub-basin stations, based on the top 25% of standardized freshet volumes at Yenisei 

River outlet station during the period 1980 - 2000. 
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Figure 30b. Annual rank of standardized freshet magnitudes for representative Yenisei sub-

basin stations, based on the top 25% of standardized freshet magnitudes at Yenisei River outlet 

station during the period 1980 - 2000. 
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Figure 31a. Annual rank of standardized freshet volumes for representative 

Lena sub-basin stations, based on the top 25% of standardized freshet volumes at Lena 

River outlet station during the period 1980 - 2000. 
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Figure 31b. Annual rank of standardized freshet magnitudes for representative 

Lena sub-basin stations, based on the top 25% of standardized freshet magnitudes at 

Lena River outlet station during the period 1980 - 2000. 
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 Figure 32a. Station sub-basins that display high freshet volumes during corresponding years of 

the top 25% of freshet volumes at the Mackenzie River outlet station 10LC014 during the period 

1980 - 2000.  Stations shown are significantly different from their periodic mean based on a t test 

at a 95% confidence level. 
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 Figure 32b. Station sub-basins that display low freshet volumes during corresponding years of 

the bottom 25% of freshet volumes at the Mackenzie River outlet station 10LC014 during the 

period 1980 - 2000.  Stations shown are significantly different from their periodic mean based on 

a t test at a 95% confidence level. 
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Figure 33a.  Station sub-basins that display high freshet magnitudes during corresponding years 

of the top 25% of freshet magnitudes at the Mackenzie River outlet station 10LC014 during the 

period 1980 - 2000.  Stations shown are significantly different from their periodic mean based on 

a t test at a 95% confidence level. 
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Figure 33b. Station sub-basins that display low freshet magnitudes during corresponding years 

of the bottom 25% of freshet magnitudes at the Mackenzie River outlet station 10LC014 during 

the period 1980 - 2000.  Stations shown are significantly different from their periodic mean 

based on a t test at a 95% confidence level. 

 

 



212 

 

 

Figure 34a. Station sub-basins that display high freshet volumes during corresponding years of 

the top 25% of freshet volumes at Eurasian outlet stations during the period 1980 - 2000.  

Stations shown are significantly different from their periodic mean based on a t test at a 95% 

confidence level. 
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 Figure 34b. Station sub-basins that display low freshet volumes during corresponding years of 

the bottom 25% of freshet volumes at Eurasian outlet stations during the period 1980 - 2000.  

Stations shown are significantly different from their periodic mean based on a t test at a 95% 

confidence level. 
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 Figure 35a. Station sub-basins that display high freshet magnitudes during corresponding years 

of the top 25% of freshet magnitudes at Eurasian outlet stations during the period 1980 - 2000.  

Stations shown are significantly different from their periodic mean based on a t test at a 95% 

confidence level. 
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 Figure 35b. Station sub-basins that display low freshet magnitudes during corresponding years 

of the bottom 25% of freshet magnitudes at Eurasian outlet stations during the period 1980 - 

2000.  Stations shown are significantly different from their periodic mean based on a t test at a 

95% confidence level. 
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CHAPTER 5: CLIMATIC DRIVERS OF TRENDS IN THE SPRING 
FRESHET OF FOUR MAJOR ARCTIC RIVER SYSTEMS  

Abstract 

For northern Arctic-draining rivers, the spring freshet is the dominant annual discharge event 

producing freshwater inflow to the Arctic Ocean.  Freshwater storage and circulation within the 

ocean are affected by seasonality of the spring freshet, which can also have impacts on the Arctic 

cryosphere, biota and linkages to global climate through thermohaline circulation.  At the same 

time, rate of change in the Arctic climate is significantly higher than other parts of the globe.   

This study evaluates the large-scale atmospheric and surface climatic conditions affecting the 

magnitude, timing and regional variability of the spring freshets by analyzing historic daily 

discharge data from sub-basins within the four largest Arctic-draining watersheds (Mackenzie, Ob, 

Lena and Yenisei).  Previous research indicated that an observed change in discharge seasonality 

at the outlets of these rivers was marked by increasing cold-season flows, earlier pulse dates and a 

lower fraction of flow released during the spring freshet; those trends were generally reproduced 

on a sub-basin level.  This study reveals that climatic relationships closely match the observed 

regional trends, whilst flow regulation appears to suppress the climatic drivers of freshet volume 

but does not have a significant impact on peak freshet magnitude or timing measures. Spring 

freshet characteristics are influenced by El Niño-Southern Oscillation (ENSO), Pacific Decadal 

Oscillation (PDO), Arctic Oscillation (AO) and North Atlantic Oscillation (NAO), particularly in 

their warm phases.  The majority of significant relationships are seen in unregulated stations.  This 

study provides key insight on the climatic drivers of previously observed trends in freshet 

characteristics, whilst clarifying the effects of regulation versus climate on the sub-basins.  

Keywords: Arctic, spring freshet, hydro-climatology, teleconnections, atmospheric circulation   
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5.1 Introduction 

The Arctic Ocean plays a critical role in the global hydrological cycle through import, 

export, storage and transformation of freshwater (Carmack et al., 2008).  Amongst other 

implications, Arctic Ocean freshwater may  have impacts on the global climate system through 

thermohaline circulation, which is affected by movement of lower-salinity waters within the 

ocean (Loeng et al., 2005).  Export of relatively fresh water from the ocean southwards into the 

northern North Atlantic Ocean through Fram Strait and the Canadian Arctic Archipelago couples 

the Arctic hydrological system with global thermohaline circulation, with subsequent effects on 

oceanic heat transport to northern latitudes (e.g., Aagard and Carmack 1989; Carmack 2000; 

Peterson et al. 2002; Arnell 2005). 

Unlike temperate seas, the cold upper Arctic ocean is predominantly stratified by salinity, 

rather than temperature (Carmack et al., 2008).  Freshwater is delivered mainly through direct 

precipitation on the ocean surface, import of lower-salinity Pacific waters through Bering Strait, 

and terrestrial river runoff  (e.g., Aagaard and Carmack, 1989; Carmack, 2000; Serreze et al., 

2006).  Since it is largely an enclosed system, the Arctic Ocean is particularly sensitive to river 

discharge from northward-flowing Arctic rivers.  In fact, river runoff provides as much as 50% 

of the freshwater influx or greater compared to other sources (Prowse and Flegg, 2000).  A 

change in the current freshwater budget of the Arctic Ocean can alter the mechanisms of 

freshwater export and deep oceanic convection in the North Atlantic, with resulting impacts to 

the thermohaline circulation (Kattsov et al., 2007; McClelland et al., 2011).   

In Arctic-draining rivers, as much as 60% of total annual flow volume is released during 

the spring freshet  (Lammers et al., 2001); this annual event follows the spring snowmelt and 

river ice breakup period and is the major hydrologic event occurring on largely nival Arctic river 
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systems.  Since the Arctic Ocean receives a significant proportion of its freshwater influx 

through riverine input, it can be deduced that there is a potential link between the spring freshet 

of major Arctic-draining rivers and oceanic heat transport to northern latitudes through global 

thermohaline circulation.  

Meanwhile, climate change is occurring more rapidly in Arctic regions than other parts of 

the globe.  A warming Arctic climate corresponds to an earlier freshet onset and higher winter 

flow from greater subsurface infiltration into thawing permafrost.  Additionally, northward 

redistribution of precipitation, increased sea ice melting, glacial wastage, permafrost degradation 

and an expected increase in river discharge may result in an intensification of the arctic 

hydrologic cycle.  A growing number of studies point to changes in Arctic Ocean freshwater 

influx and distribution over recent time periods.  For example,  Peterson et al. (2002) found that 

Eurasian river discharge had increased by approximately 7% over the period 1936-1999.  This 

amounted to a volumetric increase of 128 km3 of freshwater annually by the end of the study 

period, or an increase of 2.0 ± 0.7 km3/year, and was correlated with trends in global surface air 

temperature and the North Atlantic Oscillation (NAO).  Polyakov et al. (2008) found that over 

the last century, central Arctic Ocean salinity increased while Siberian shelf regions showed a 

freshening trend, largely due to variations in large-scale atmospheric circulation processes.  

McPhee et al. (2009) described a rapid change in the freshwater content in the western portion of 

the Arctic Ocean; freshwater had increased by 8,500 km3, or 26%, compared to winter 

climatological values.  River runoff and increased precipitation were amongst the dominant 

sources of the increase.  

In the current state of changing Arctic climate, there is a need to better understand 

climate-discharge relationships in Arctic river systems, particularly in the four largest Arctic-
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draining rivers: the Mackenzie River in Canada, and the Ob, Lena and Yenisei rivers in Eurasia, 

hence referred to as MOLY.  Combined, these four rivers contribute almost 1900 km3 of 

freshwater to the Arctic Ocean per year, or about 60% of annual flow volume from all Arctic 

contributing areas (Grabs et al., 2000; Prowse and Flegg, 2000).  In Chapter 3, seasonality of 

discharge was found to have had shifted; although combined MOLY freshet flow had increased, 

the percentage of discharge released as a fraction of annual flow actually decreased by 1.7% 

during the period 1980 – 2009, while winter, spring and fall all increased (1.3%, 2.5% and 2.5% 

respectively).  Meanwhile, summer flows reduced by 5.8%, indicating a shift toward earlier peak 

discharges.  Annually, combined flow was found to have increased by 8.9 km3yr-1 during the 

period 1980 – 2009.  While this increase seems proportionally larger than the earlier study 

incorporating only major Eurasian basins, it was noted in Chapter 3 that observed trends varied 

substantially depending on the analysis window utilized.   

In Chapter 4, it was revealed that trends on a sub-basin level generally matched the 

overall outlet pattern of shifting seasonality discovered in Chapter 3.  Moreover, the majority of 

statistically significant trends occurred in unregulated sub-basins.  This signified that flow 

regulation may have removed the effects of climatic drivers of trends in affected sub-basins.  

Further to this, despite regulated sub-basins often having vast drainage areas, no significant 

relationships with high freshet volumes recorded at the outlets were found in any regulated sub-

basin.  Meanwhile, several unregulated sub-basins, even smaller ones, displayed significant 

relationships with high freshet volumes at the outlets.  However, high peak freshet magnitudes in 

regulated stations still related to high peak magnitudes at the outlets, particularly if there was 

only one dam impounding flow.  This suggested that while regulation seemed to suppress the 

overall pulse of freshet flow, short-term high peaks could still affect flow at the outlet. 



220 

 

In order to link changing seasonality and magnitude of outlet discharge to key hydro-

climatic regions, the effects of flow regulation must be separated from climate.  To help achieve 

this goal, this study analyzes correlations of climatic and atmospheric patterns to the spring 

freshet for 106 sub-basins located within the MOLY basins, which are classified based on 

regulation status and regional topography.  This will identify whether significant hydro-climatic 

relationships over regions unaffected by flow regulation have the potential to be major drivers of 

changes observed at the outlets, and whether climatic conditions leading to increased peak 

freshet magnitudes in regulated basins are also an important control. 

5.2 Background 

5.2.1 Basin physiography 

The pan-Arctic drainage basins of the Mackenzie, Ob, Yenisei and Lena rivers are shown 

in Figure 1, with detailed study areas of the Mackenzie and Eurasian basins shown in Figure 2 

and Figure 3, respectively.  Total contributing areas of the four major river systems, including 

ungauged drainage areas, are as follows: Mackenzie 1,800,000 km2 (Finnis et al., 2009); Ob 

2,975,000 km2 (Yang et al., 2004b); Lena 2,488,000 km2 (Yang et al., 2002); and Yenisei 

2,554,482 km2 (Zhang et al., 2003).  The pan-Arctic region contains nearly half of the global 

alpine and sub-polar glacial area (Dyurgerov and Carter, 2004).  Meanwhile, some major 

Eurasian Arctic basins have a catchment area extending below 50°N, further south than what is 

traditionally considered the Arctic region (Loeng et al., 2005) (see Figure 1 and Figure 4).  As a 

result, discharge behaviour at each of the four major drainage outlets is influenced along its 

course by sub-basin tributaries which may adhere to variety of hydrological regimes such as 

nival, pluvial, wetland, proglacial, prolacustrine, regulated, hybrid or other.  For example, 

hydrologic retention due to extensive wetland coverage or large lakes within a catchment, such 
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as found in the Ob or Mackenzie basins, will lead to a more moderated seasonal discharge 

characteristic than basins without such retention (Carmack, 2000).  In fact, spring floods in the 

Ob Basin may persist for up to 100 days (Nuttall, 2005). 

Basin topography is shown in Figure 5 for the Mackenzie and Figure 6 for the Ob, 

Yenisei and Lena basins.  Hypsometric curves for individual sub-basins are given in Appendix 

A.  The Mackenzie Basin encompasses topography typical of the North American Cordillera in 

the western sub-basins, interior plains along the central Mackenzie corridor, and Precambrian 

Canadian Shield in the eastern portion of the basin (e.g., Woo and Thorne, 2003).  The Ob Basin 

covers a portion of the Altai Mountains, where its headwaters originate, although up to 85% of 

the basin is situated in the Western Siberian lowlands (Nuttall, 2005).  Central portions of the 

lowlands consist of taiga with extensive expanses of wetlands (Lydolph et al., 1977).  By 

contrast, the Yenisei comprises a greater proportion of mountainous terrain.  Southern portions 

of the Yenisei Basin encompass the Western and Eastern Sayan mountain ranges as well as Lake 

Baikal, and up to 80% of the basin is located in the Central Siberian Plateau, with elevations 

ranging from 500-700 metres a.s.l.  The basin is bordered by the Yenisei Ridge in the west and 

the Putorana Mountains in the northeast (Lydolph et al., 1977).  The Lena Basin includes the 

Baikal Mountains in the south, Yakut Lowlands below the mouth of the Aldan tributary and 

Verkhoyansk Mountains to the east (Lydolph et al., 1977).  

5.2.2 Climate 

The Mackenzie Basin covers several climatic regions, including cold temperate, 

mountain, subarctic and arctic zones (Woo and Thorne, 2003).  Mean surface air temperature 

(SAT) averaged over the entire basin is -25°C in January and 13.8°C in July (Serreze, 2003).  

Precipitation ranges from greater than 1000 mm in the southwest of the basin to only 200 mm in 
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the delta region (Woo and Thorne, 2003). Climate in the Ob Basin is characterized by a cold 

continental and subarctic to arctic climate.  It is the warmest of the four basins, with a mean SAT 

of -18.7°C in January and 18.1°C in July.  However, summer maximum temperatures in the arid 

south can reach 40°C while winter temperatures in the Altai Mountains can fall as low as -60°C.  

Precipitation, which falls mainly as rain during the summer, can reach up to 1,575 mm annually 

in the Altai Mountains while much of the rest of the basin receives 300 – 600 mm annually 

(Serreze, 2003).  Climate in the Yenisei Basin ranges from continental in the southern and 

central portions to subarctic in the north.  Average winter temperatures range from -20°C in the 

southern regions to -32°C in the northern regions, while summer average temperatures range 

from 20°C in the south to 12°C in the north.  Mean SAT is -26.5°C in January and 15.2°C in 

July.  Precipitation, which falls chiefly as rain during the warmer months, ranges from 400 – 500 

mm annually in the north, 500 – 750 mm in the central regions, and up to 1200 mm annually in 

the south (Serreze, 2003).  Similarly, climate in the Lena Basin ranges from continental to 

subarctic and arctic.  The Lena Basin is the coldest of the four basins.  Winters are cold, clear 

and calm, with temperatures falling as low as -70°C.  Summer temperatures range from 10 to 

20°C.  Mean SAT in January is -35°C and 14.7°C in July.  The southern mountain ranges receive 

up to 600-700 mm of precipitation annually, while the central basin receives 200 – 400 mm and 

100 mm falls annually in the delta regions.  Like the other basins, most precipitation falls as rain 

during the summer (Lydolph et al., 1977; Serreze, 2003).  

5.2.3 Climate Indices 

Relationships between various large-scale oceanic and atmospheric oscillations and 

freshet characteristics are explored with focus on four climate indices that have previously been 

shown to affect climate in the areas of interest: Arctic Oscillation (AO), North Atlantic 
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Oscillation (NAO), Pacific Decadal Oscillation (PDO), and El Niño-Southern Oscillation 

(ENSO).  ENSO is the leading pattern of interannual climate variability in the Pacific (Trenberth, 

1997).   The PDO index is derived as the leading principal component of monthly SST anomalies 

in the Pacific Ocean north of 20°N, separated from global SST anomalies to distinguish the 

pattern from any climate warming signal (Mantua et al., 1997).  The AO is defined as the leading 

principal component of sea level pressure (SLP) anomalies north of 20°N and varies 

considerably in intra-seasonal time scales in mid- to high-latitudes (Thompson and Wallace, 

1998).  The NAO is the normalized difference in surface pressure (SP) between stations in 

Azores and Iceland (Hurrell, 1995).   

In Canada, freshwater trends and variability have been linked to phases of the AO, ENSO 

and PDO (Bonsal et al., 2006).  For example, stronger positive phases of the PDO and ENSO 

have been shown to be a factor in decreased precipitation and subsequently, decreased river 

discharge in northern Canada (Déry, 2005) while PDO in particular has been shown to affect 

hydrologic variability in western North American regions which may be encompassed by the 

Mackenzie basin (e.g., Hamlet and Lettenmaier, 1999; Neal et al., 2002).  El Niño conditions and 

positive phases of PDO are representative of a deeper Aleutian Low, which has been linked to 

warmer winter and spring temperatures and subsequently, earlier snowmelt and freshwater ice 

break-up events in Western Canada (Bonsal et al., 2006).  The opposite tendencies are associated 

with La Niña/negative phases of PDO.   

Meanwhile, spring river discharge in the three Siberian basins has been positively 

correlated with winter and spring AO, an effect likely due to a high correlation of spring air 

temperature with the AO (Ye et al., 2004).  The AO has a strong center of action over the central 

Arctic Ocean, but displays weaker centers of opposing sign over the northern Atlantic and 
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northern Pacific oceans (Serreze et al., 2002), thus exhibiting a weaker influence on climatic 

conditions over those regions.  The positive phase of the AO results in anomalously high sea-

level pressure in the mid-latitudes and lower pressure in the Arctic, causing confinement of cold 

air to the Arctic and resulting in warmer Northern Hemisphere winters (Stoner et al., 2009).  

Positive indices of NAO are representative of a stronger Icelandic Low, leading to colder winters 

and springs (and hence later freshwater break-up dates) over western Atlantic regions and vice 

versa (e.g., Hurrell, 1995; Bonsal et al., 2006) .  Like the AO, the NAO is most active in winter 

months, bringing cold, dry Arctic air over northern Canada during its positive phase (Kingston et 

al., 2006).  Although the NAO and AO are highly correlated and nearly identical in the temporal 

domain, with both demonstrating similar structures (Thompson and Wallace, 1998), there is 

evidence of distinct regional differences (e.g., Rogers et al., 2001).  For example, effects of the 

NAO tend to be regionalized while AO effects are on a more global scale (Sveinsson et al., 

2008), with the NAO in particular being shown to affect variability in temperature and 

precipitation over the Northern Hemisphere (Hurrell, 1995).  Thus, both indices are included in 

this study to assess any potential regional differences.   

Descriptive plots of surface air temperature (SAT) and precipitation anomalies regressed 

onto normalized anomalies of November through April AO, ENSO and PDO may be obtained 

from the Joint Institute for the Study of the Atmosphere and Ocean (JISAO), available at 

http://jisao.washington.edu/analyses0500/#details, and aid in interpretation of teleconnections 

results.  These plots show that during 1950 – 1996, the positive phase of AO was associated with 

positive SAT anomalies and positive precipitation anomalies over most parts of the Mackenzie 

and Eurasian basins during the cold season.  The warm phase of ENSO (El Niño) was associated 

with positive SAT and precipitation anomalies over the Mackenzie while Eurasian basins 

http://jisao.washington.edu/analyses0500/#details
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showed mostly negative SAT with some positive SAT anomalies in the southern portions of the 

basins.  Precipitation anomalies were mostly negative over Eurasian basins, with some regional 

indications of positive anomalies.  PDO in its warm phase was associated with positive SAT 

anomalies in the Mackenzie and Eurasian basins, with very high anomalies over the Mackenzie.  

Distribution of precipitation anomalies varied, with mostly positive anomalies in the Mackenzie 

and Ob basins, and a mix of positive and negative precipitation anomalies in the Yenisei and 

Lena basins. 

5.2.4 Flow regulation 

Each of the MOLY watersheds experiences some degree of flow regulation within their 

catchments.  The Yenisei basin is the most substantially regulated of the four basins, with at least 

six major reservoirs having a capacity greater than 25 km3 located along the Yenisei and Angara 

stems (Yang et al., 2004a; Stuefer et al., 2011).  The next most regulated is the Ob basin, 

containing one major reservoir with capacity greater than 25 km3 and three midsize dams (Yang 

et al., 2004b).  Of the Eurasian basins, the Lena is least affected by flow regulation, with only 

one major reservoir located along the Vilyuy tributary.  The Mackenzie basin is also considered 

moderately affected, despite only one major reservoir located along the Peace tributary.  Large 

lakes in the Mackenzie basin (e.g., Great Slave L. and Great Bear L.) provide substantial storage 

capacity, acting to reduce high spring peaks and sustain lower flows resulting in a more 

consistent runoff pattern throughout the year, similar to the effect of flow regulation (Woo and 

Thorne, 2003).  Percentage of area in each basin directly upstream of a major reservoir, obtained 

by delineating the drainage area of each major reservoir, is as follows: Mackenzie 3.9%; Ob 

11.6%; Yenisei 46.5% and Lena 4.2%.  See Table 1 for characteristics of major reservoirs and 
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Figure 1 for locations of major reservoirs.  Flow regulation on a sub-basin level is discussed in 

Section 5.3.1. 

5.3 Data and Analysis  

5.3.1 Data sources 

Daily discharge data are obtained from the Environment Canada Hydrometric Database 

(HYDAT) for stations in the Mackenzie basin and from the Regional, Hydrometeorological Data 

Network for Russia (R-ArcticNET Russia v4.0) (Lammers and Shiklomanov, cited 2012) for the 

Ob, Lena and Yenisei basins.  R-ArcticNET Russia (v4.0) contains information from 139 

Russian Arctic gauges compiled from original archives of the State Hydrological Institute (SHI) 

and the Arctic and Antarctic Research Institute (AARI), St. Petersburg, Russia.  

Climatic relationships over all basins are assessed using the CRU TS3.21: Climatic 

Research Unit (CRU) Time-Series (TS) Version 3.21 of High Resolution Gridded Data of 

Month-by-month Variation in Climate (Jan. 1901 – Dec. 2012), a dataset made publicly available 

through the British Atmospheric Data Centre (BADC) (see http://badc.nerc.ac.uk/data/cru/) at a 

spatial resolution of 0.5 x 0.5 degrees covering all global land areas, excluding Antarctica.  

Correlations are computed using the spatial average of the climatic variable over the respective 

basin.  CRU TS3.21 is a gridded climatic dataset constructed from monthly observations of 

global meteorological stations.  Mean, minimum and maximum temperature and total 

precipitation time series of an earlier predecessor of the dataset, CRU TS3.10, were found to 

compare favourably to other gridded datasets with the only exceptions occurring in regions or 

temporal periods with sparser observational data (Harris et al., 2014).   

http://badc.nerc.ac.uk/data/cru/
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For comparison purposes, Appendix C provides the climatic relationships utilizing other 

available climatic datasets.  For the Mackenzie basin, climatic relationships were also analyzed 

using a 10x10 km resolution, spline-interpolated dataset of daily precipitation and maximum and 

minimum daily temperature covering the period 1950 – 2010, referred to as NRCAN (2012) 

(Hutchinson et al., 2009; McKenney et al., 2011).  The ERA-40 dataset was utilized for the 

Eurasian basins.  ERA-40 is a re-analysis product of meteorological observations covering the 

period September 1957 to August 2002, produced by the European Centre for Medium-Range 

Weather Forcasts (ECMWF) (Uppala et al., 2005).  Resolution is based on the T159 Gaussian 

grid, corresponding to a spatial resolution of approximately 1.125° x 1.125°.  Bengtsson et al. 

(2004) noted that care must be taken when using re-analysis data such as ERA-40 in longer-term 

climate analyses due to inhomogeneities inherent in the available observational data.  Because of 

the limited spatial resolution of the ERA-40 re-analysis dataset and limited spatial coverage of 

NRCAN (2012), CRU TS3.21 was chosen as the best available climatic dataset with the required 

spatial and temporal coverage and variables.   

Climate indices for AO, NAO, PDO and ENSO are obtained from the National Oceanic 

and Atmospheric Administration (http://www.esrl.noaa.gov/psd/data/climateindices/list/) as 

monthly standardized anomalies.   In this study the  common Niño 3.4 index of sea surface 

temperature (SST) anomalies is used to classify ENSO conditions, which capture the region 

bounded between 5°S – 5°N and 170°W – 120°W.   

Availability of hydrometric data is temporally limited, particularly in the Mackenzie 

region.  As a result, two time periods are utilized to maximize the number of stations selected for 

inclusion; 1962 – 2000 and 1980 – 2000.  These two periods are hence referred to as t1 and t2, 

respectively.  Currently, the temporal range of Eurasian station data for most Lena, Yenisei or 

http://www.esrl.noaa.gov/psd/data/climateindices/list/
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Ob sub-basins obtained from R-ArcticNET Russia (v4.0) does not extend past the year 2000, 

whilst many stations in the Mackenzie basin have incomplete or missing data in the period 1970 

– 1979.  Hence, the shorter period t2 is chosen to maximize spatial coverage of stations with 

available data, while the longer period t1 is used to increase the power of significance testing and 

t-tests for stations that had available data.  Table 2 identifies which stations in the Mackenzie 

region have available data throughout both time periods.  All Eurasian sub-basin stations have 

data from 1962 or earlier.  In total, there are 66 analyzed stations for t1 and 106 analyzed stations 

for t2.  Relevant station information for all 106 stations is given in Table 2.    

5.3.2 Sub-basin classification 

Regulation is a necessary consideration when investigating trends in the magnitude and 

timing of the spring freshet.  However, removing the effects of flow regulation by means of 

hydraulic modelling is not tractable within the scope of this study, nor would it be useful in 

determining the effects regulation may have on observed outlet discharge.  To accommodate this, 

sub-basin stations have been classified into three categories.  Unregulated stations (HU) are not 

impounded in their upstream catchment areas.  These catchment areas are considered regionally 

representative of a natural, unregulated basin with stable hydrologic conditions.  Regulated 

stations (HR) are located downstream of a major reservoir and have an average seasonal runoff 

pattern that is strongly influenced by the upstream flow impoundment.  Lastly, minimally 

regulated stations (HM) incorporate an upstream impounded flow signal that has been noticeably 

diminished by contribution from unaffected HU basins.  For example, the outlet station of the 

Mackenzie River, gauged near Inuvik, NT, is located approximately 3,120 km downstream of the 

W.A.C. Bennett Dam, gauged near Hudson’s Hope, BC.  Given the distance, the flow gauged 
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near Inuvik integrates a virtually insignificant percentage of impounded flow from the W.A.C. 

Bennett Dam.   

Of course, there is a subjective element involved in differentiating between stations 

classified as HR or HM.  Determining whether the regulation signal has been significantly 

diminished to classify as HM requires comparing the station’s average hydrograph to that of an 

HR-classified upstream station, and also to unaffected HU-classified upstream contributing 

basins.  Note that HU stations gauging the outlet of any large water body such as a natural lake 

will exhibit flow characteristics similar to that of an HR station.  The assigned classifications of 

each of the 106 analyzed stations are given in Table 2 with their associated sub-basin drainage 

areas are shown in Figure 2 for the Mackenzie basin and Figure 3 for the Eurasian basins.  

Approximately 85% of total gauged drainage area is classified as HU in the Mackenzie.  Due to 

limited station availability and expansive flow regulation in the Eurasian regions, only 9% of 

gauged area is classified as HU in the Ob basin, 12% in the Yenisei and 8% in the Lena basin.  

Sub-basins are also classified using a simple characterization based on geography and 

topology.  Sub-basins, where available, are roughly divided into northern, southern, eastern and 

western regions of similar topographical composition.  For example, the southern region of the 

Mackenzie basin incorporates largely alpine drainage areas, while the eastern region mostly 

consists of plains and large lakes.  These regions are given in Figure 5 for the Mackenzie basin 

and Figure 6 for the Eurasian basins.  Appendix A gives the hypsometric curves for each sub-

basin separated by regional classification.  These curves are useful in interpreting the effects 

elevation and topographic relief may have on freshet characteristics and trends.   
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In the Mackenzie basin, the southern region contains a high proportion of high-relief 

alpine drainage typical of the North American Cordillera, with one major dam in the southwest.  

The western region also consists of high-relief, high-elevation alpine zones including portions of 

the Mackenzie Mountains.  The eastern region contains interior plains and Precambrian 

Canadian Shield while the northern region incorporates the plains surrounding Great Bear Lake 

and the Mackenzie Mountains to the west.  In the Ob basin, the western and eastern regions 

consist largely of Western Siberian lowlands, although the western region covers a small section 

of the Altai Mountains at the headwaters of the Irtish River.  Vast expanses of wetlands cover 

these regions.  The southern region contains the largest proportion of high-relief drainage in the 

entire Ob basin.  There are only three stations located in the Ob lowlands characterized as the 

northern region.  In the Yenisei, the western region contains the Altai Mountains while the 

southern region contains the Sayan mountain ranges as well as Lake Baikal.  Eastern drainages 

include higher-relief smaller watersheds below Lake Baikal, covering the Baikal Mountains to 

the east.  The northern Yenisei basins include portions of the higher-elevation Central Siberian 

Plateau.  Finally, the western regions of the Lena basin include the impounded Vilyuy River and 

Central Siberian Plateau.  Southern basins cover some portions of the Baikal Mountains while 

the sole eastern basin drains a portion of the Verkhoyansk Mountains.  Due to limited data 

availability, there are no northern-classified sub-basins in the Lena basin. 

5.3.3 Flow estimation 

Missing data in the hydrometric records are estimated using three different techniques.  If 

there is an available upstream or downstream station gauging the same water course as the 

station with missing records, measurements from that recording gauge are used provided that it 
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has a complete record over the period to be estimated.  To account for lesser or additional 

contributing area, the estimated river runoff rate is scaled such that 

𝑅𝑃 =  𝑅𝐹𝐴𝑃/𝐴𝐹 (1) 

whereby R denotes the runoff rate (m3s-1) over an area A (m2) and subscripts P and F 

identify the partial and full records, respectively (Déry et al., 2005).  Similarly, stations with 

partial records that have no upstream or downstream station along the same tributary are assessed 

for areal runoff scaling by comparing the hydrologic response to the closest available basin, 

provided it has a similar hydrologic response.  Whenever possible, missing records are assigned 

values from basins with similar morphology and scaled by basin area in the same fashion as (1) 

(Gibson et al., 2006).   

If there are no suitable stations to use for runoff scaling, then missing discharge values 

are estimated from the mean daily value of discharge over the entire evaluated time period, 

adjusted by the deviation in discharge from the mean of all rivers in the larger basin (evaluated 

over the same time period) for which data are available on the missing day (Déry et al., 2005).  

At least three rivers which do not have concurrent missing data are used for reconstruction in all 

cases.  Here, data are reconstructed according to  

𝑅𝑃 =  
𝑅1+𝑅2+⋯+𝑅𝑁

𝑅1̅̅̅̅ +𝑅2̅̅̅̅ +⋯+𝑅𝑁̅̅ ̅̅
 ×  𝑅𝑃

̅̅̅̅  (2) 

whereby RP is the station with partial records for which missing data are to be 

reconstructed, 𝑅𝑃
̅̅̅̅  is the mean discharge for a specific day over the remaining time period, and 

𝑅1 … 𝑅𝑁 and 𝑅1
̅̅ ̅ … 𝑅𝑁

̅̅ ̅̅  are the time series of discharge for a particular day and the daily mean of 

the corresponding station for the evaluated time period, respectively.  In total, 46 out of 106 
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stations required infilling techniques to estimate missing data for one or more days throughout 

their records.  The percentages of missing data infilled for each station, where applicable, are 

given in Table 2. 

5.3.4 Spring freshet definition 

Two methods are used to define the volume of discharge released during the spring freshet 

period: i) flows occurring during the period April through July (AMJJ), referred to as V1 and ii) 

integrated flow from the date of the spring pulse onset to the hydrograph centre of mass calculated 

from pulse onset to the last day of the calendar year, referred to as V2.  July is used as the end-date 

of the V1 period since some basins display high discharge rates well into the summer months. The 

date of the spring pulse onset is determined as the date at which cumulative departure from mean 

annual flow is most negative.  This yields the date when flows on subsequent days are greater than 

the year average (Cayan et al., 2001; Stewart et al., 2005); see Appendix B for an illustration of 

the algorithm as well as visual indicators of the pulse onset, freshet end date, peak magnitude and 

V1 and V2 definitions of the spring freshet for a sample year of the Yenisei River outlet station.  

Visual inspection of the results as shown in the example in Appendix B verified that this 

is a reliable method for identifying the start date of spring freshet. Choosing the freshet end date 

by visual means is subjective and influenced by precipitation, temperature and other factors; 

therefore, the hydrograph centre of mass adjusted by pulse onset as the freshet end date is used as 

a consistent method for determination of the freshet end date.  Other metrics used to analyze freshet 

characteristics are given in Table 3. 
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5.3.5 Climatic correlations 

A Pearson’s r correlation analysis is used to examine the linear associations between 

climatic variables and spring freshet discharge.  Significant correlations are indicated at the 5% 

and 10% levels.  For each sub-basin, climatic correlations are obtained for pulse dates FP, freshet 

lengths FL, and peak freshet magnitudes FM with temperature, and freshet volumes V1 and April 

– July volumes V2 with precipitation.  Correlations are computed using the spatial average of the 

climatic variable over the respective sub-basin.  Temperatures are averaged over April - June for 

climatic correlations with FP, FL and FM since these measures may be affected by climatic 

conditions just prior to or during the spring break-up period.  However, volume measures may be 

affected by previous seasonal conditions, so to accommodate for seasonal lag of accumulated 

precipitation, the period of November - March is chosen for climatic correlations of cumulative 

precipitation with V1 and V2. 

5.3.6 Teleconnections 

Climate indices are averaged into a “winter” season of December – February, and a 

“spring” season of March – May to accommodate for influence of both current and lagged 

previous-season atmospheric/oceanic conditions.  In this study, the winter season is used for 

precipitation-related variables (i.e., volume) while the spring season is used for temperature-

related variables (i.e., pulse dates and peak freshet magnitude).  Several iterations of individual 

months and monthly combinations have been assessed; the described seasons given here are 

chosen since they show the greatest spatial coherence of significant results across the pan-Arctic 

domain.  For example, fewer significant relationships were found between winter climate indices 

and freshet pulse dates.  Similarly, few relationships were found between spring climate indices 

and freshet volume. 
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Following Maurer (2004) and Burn (2008), a composite approach is used to assess 

potential relationships between climate indices and freshet measures.  This approach is chosen 

since climate signals from large-scale teleconnections are not always linearly related to the 

hydro-climatic variable in question; for example, a strong relationship may exist in one phase but 

may be non-existent or weak in the other.  The scatterplot of Figure 7 illustrates an example of 

this, in which the ten highest and ten lowest NAO anomalies are averaged over December – 

February and plotted against freshet volume for station 07NB001 in the Mackenzie basin.  Here, 

the relationship is clearly stronger for positive values of the NAO anomaly, but weaker for 

negative values.  For this analysis, freshet statistics for years corresponding to the top/bottom 

25% of climate indices for each time period are evaluated separately, using a t-test at a 5% 

significance level to determine if the set is significantly different from the entire series mean.   

5.4 Results 

5.4.1 Climatic Relationships 

Strength and significance of correlations of climatic variables with freshet measures for 

the time periods 1962 – 2000 and 1980 – 2000 (t1 and t2, respectively) are shown in Figure 8 

through Figure 17.  Correlations significant at the 10% level are marked with an asterisk  

while correlations significant at the 5% level are marked with a bolded asterisk .   

Figure 8 displays the correlations of average April – June temperatures with freshet pulse 

dates FP during t1 for the Mackenzie and Eurasian basins, while correlations with FP during t2 are 

given in Figure 9.  A negative relationship indicates that warmer April – June temperatures are 

correlated with earlier pulse dates, and vice versa.  During both time periods, relationships are 

overwhelmingly moderate to strong negative and significant at the 5% level in all four basins.  

The most notable clustering of weak or negligible correlations reside in the southern portion of 
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the Mackenzie basin and eastern Yenisei, and are observed during both t1 and t2.  Only one 

small-sized basin, 07AF002 located in the southern portion of the Mackenzie basin, demonstrates 

a significant, positive relationship of warmer April – June temperature with later pulse dates in 

both time periods.  At least 64% and up to 100% of all significant correlations with FP occur in 

HU stations (Table 4), although significant correlations are seen in the regulated Irtish (Ob), 

Angara (Ob) and Yenisei stems. 

Correlations of average April – June temperatures with freshet length FL during t1 for the 

Mackenzie and Eurasian basins are given in Figure 10, while Figure 11 provides the correlations 

with FL during t2.  A positive relationship indicates that warmer April – June temperatures are 

correlated with longer freshet length as the spring melt period is extended, and vice versa.  

During t1, the majority of sub-basins demonstrate weak to strong positive relationships, 

significant at the 5% level.  No negative correlations exist although there are several negligible 

relationships in the southern Mackenzie and Ob basins.  During t2, relationships are generally 

weaker, with greater occurrence of negligible or weak positive relationships when compared to 

t1.  Some negative correlations are also shown in the Mackenzie and Ob basins although 

relationships are still dominated by positive correlations, particularly in the southern and western 

high-relief regions of the Mackenzie.  The differences in relationships seen in t1 and t2 may be 

indicative of the changing nature of the seasonal snowpack; this is further discussed in Section 

5.5.  Similarly to the analysis for FP, the majority of significant correlations typically occur in HU 

basins (Table 4), with no significant (5%) correlations in HR stations during t2. 

Correlations of average April – June temperatures with peak freshet magnitude FM during 

t1 for the Mackenzie and Eurasian basins are given in Figure 12, while Figure 13 provides the 

correlations with FM during t2.  A negative relationship indicates that warmer April – June 



236 

 

temperatures are correlated with a lower freshet magnitude, and vice versa.  This may be 

indicative of a more moderated annual runoff regime, in which cold season flows are increased 

while spring peaks are decreased in magnitude, but extended in duration.  During both t1 and t2, 

negative correlations are prevalent in the Mackenzie and Ob basins, with many relationships 

significant at the 5% level although correlations are generally weak to moderate.  The Lena and 

Yenisei basins exhibit very few significant correlations in either time period and most 

correlations are ranked negligible or weak.  Relationships are strongest in the southern and 

western Mackenzie regions during t2, with the regulated Peace tributary indicating a significant 

relationship in both time periods.  However, the majority of significant correlations again occur 

in HU basins, as given in Table 4.  No significant trends occur in any HR-classified Eurasian sub-

basin during t2. 

Figure 14 provides the correlations of cumulative November – March precipitation with 

freshet volume V2 during t1 for the Mackenzie and Eurasian basins, while Figure 15 shows the 

correlations with V2 during t2.  A positive relationship indicates that higher cumulative 

November – March precipitation is correlated with a higher freshet volume, and vice versa.  

During t1, the southern Mackenzie basin, and northern and eastern regions of the Ob and Yenisei 

basins, are dominated by weak to strong positive correlations significant at the 5% level.  

Relationships in the southern portions of the Eurasian basins are less distinct, with the majority 

of basins demonstrating a negligible correlation value.  During t2, the southern Mackenzie basin 

and northern regions of the Eurasian basins again show a greater incidence of positive 

relationships, although the strength and significance of these relationships are generally weaker 

compared to t1.  In addition, all basins show a greater occurrence of negative relationships 

(particularly in the high-relief eastern Ob and western Yenisei) although none of these 
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correlations are significant at the 5% or 10% levels.  The notable regional patterns of freshet 

volume correlations with winter precipitation suggest potential changes in hydrologic regime for 

some basins; this is further discussed in Section 5.5.  Between 50 – 100% of all significant (5%) 

correlations occur in HU basins during both time periods. 

Similarly, Figure 16 gives the correlations of winter precipitation with freshet volume V1 

(April through July cumulative volume) for the Mackenzie and Eurasian basins during t1, while 

Figure 17 displays correlations of winter precipitation with V1 during t2.  Spatial distribution of 

correlations in V1 and V2 are very similar during their respective time periods, with significant, 

positive relationships more prevalent in the southern Mackenzie, and northern and eastern 

Yenisei and Ob basins.  Significant relationships of volume V1 or V2 with cumulative cold season 

precipitation largely occur in HU basins (Table 4).  No significant results are seen in any HR 

basin during t2. 

5.4.2 Teleconnections 

Similarly to climatic relationships, the majority of significant teleconnections to any 

freshet measure are largely limited to HU basins, with exception of a few instances of significant 

results in the regulated Irtish tributary and southern Yenisei main channel.  Figure 18 presents 

the statistically significant March – May teleconnections with pulse dates FP during t1 while 

Figure 19 gives the results during t2.  During t1, NAO and ENSO show little influence in any of 

the basins during either phase, although some stations exhibited later pulse dates during the 

negative phase of each oscillation.  The negative phase of AO (associated with cooler SAT 

anomalies) was shown to relate to later pulse dates in some Eurasian and Mackenzie stations 

while the positive phase was related to earlier pulse dates in two northern Ob basin stations.  

Positive phase of PDO was correlated with delayed pulse dates in the northern Ob and Yenisei 
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regions.  In the Mackenzie basin, negative PDO associated with lower SAT anomalies was 

correlated with later pulse dates in two stations while positive PDO was correlated with an 

earlier occurrence of pulse dates in one station.  During t2, there were few significant 

teleconnections with NAO.  AO in its negative phase was largely associated with later 

occurrence of pulse dates (5 or more days) in northern Ob and Yenisei, although it was also 

related to earlier pulse dates in two eastern Yenisei basins.  In the Mackenzie basin, the positive 

phase of AO was associated with earlier pulse dates.  These results were consistent with 

descriptions of SAT anomalies during the positive phase of AO, discussed in Section 5.2.3.  

PDO was generally linked with later pulse dates in the western Mackenzie, Central Siberian 

Plateau and eastern Yenisei in its positive phase, while in its negative phase relationships with 

earlier pulse dates were mostly seen in the Ob basin.  This is somewhat unexpected since PDO in 

its positive phase is linked with positive SAT anomalies in all basins, which would generally 

lead to earlier pulse dates.  These results may be in part due to small sample sizes, and also due 

to the decadal nature of PDO.  Here, the t2 period covers an entirely positive PDO regime, which 

explains the high bias towards significant relationships with positive phases.  El Niño conditions 

were connected with earlier pulse dates in the Mackenzie and later pulse dates in Eurasia, 

although few significant relationships were found.  These results were again consistent with SAT 

anomalies associated with El Niño.  

Figure 20 presents the March – May teleconnections with peak freshet magnitude FM 

during t1 while Figure 21 gives the results during t2.  During t1, NAO and AO in their positive 

phases were associated with lower peak freshet magnitudes, particularly in Eurasian basins.  

NAO exhibited a strong influence in the eastern Ob and Yenisei regions while AO was mostly 

detectable in northern and western Ob.  Similarly, PDO in its positive phase was associated with 
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lower FM except most results were located in high-relief regions of the southern Mackenzie and 

western Yenisei.  These findings were consistent with positive SAT anomalies associated with 

the positive phases of these indices, as discussed in Section 5.2.3.  They were also consistent 

with positive correlations of temperature with decreased FM, as discussed in Section 5.4.1.  

Meanwhile, ENSO demonstrated little effect on FM.  During t2, positive NAO associated with 

higher SAT anomalies again demonstrated linkages with lower peak freshet magnitude, 

especially in the eastern Ob, although AO relationships did not persist in Eurasian basins; during 

the latter period, negative AO leading to lower Mackenzie basin winter precipitation anomalies 

(i.e., drier winter conditions) largely demonstrated relationships with decreased FM in the 

northern and eastern Mackenzie basin.  Significant relationships with PDO were limited to its 

negative phase during t2, showing that for the most part, negative PDO associated with cooler 

winter temperatures as well as somewhat drier winter conditions (albeit with regional variation) 

had significant relationships with decreased freshet magnitude.  ENSO revealed strong 

relationships in both phases in the Mackenzie sub-basins, with a distinct separation of phases 

visible between lower and middle latitudes.  JISAO plots as discussed in Section 5.2.3 show that 

there is indeed a division between the north-western and south-eastern portions of the Mackenzie 

basin, whereby El Niño conditions lead to wetter winters in the former and drier winters in the 

latter, and vice versa for La Niña.  Here, La Niña (cooler, drier winters in the upper region) 

showed strong relationships with decreased FM in the upper Mackenzie while El Niño (warmer, 

drier winters in the southern region) was similarly connected to decreased FM in the southern 

Mackenzie. 

Distributions of December – February teleconnections with freshet volume were similar 

for V1 and V2 during their respective time periods.  Figure 22 and Figure 23 present the 
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December – February teleconnections with freshet volume V2 during t1 and t2, respectively, while 

Figure 24 and Figure 25 display the teleconnections with freshet volume V1 during t1 and t2, 

respectively.  Regional patterns were most pronounced during t1, with strong influence of 

positive phases of PDO, AO, NAO and ENSO (El Niño) reflecting positive Central Pacific SST 

anomalies resulting in warmer, drier winter conditions for the southern Mackenzie basin and 

correspondingly decreased freshet volumes.  In the Eurasian basins, negative NAO and AO were 

related to increased volumes in some southern Ob basins.  This is likely due to regional variation 

in precipitation anomalies associated with these indices, where negative phases can lead to 

increased winter precipitation anomalies in southern portions of the Eurasian basins.  PDO 

generally did not exhibit any significant relationships in Eurasian basins.  ENSO, meanwhile, 

showed increased volume during El Niño (wetter winters, regionally) in two Ob sub-basins, 

while nearby in southern Ob and western Yenisei alpine regions, La Niña (drier winters, 

regionally) showed significant relationships with decreased freshet volumes.  During t2, 

relationships were less distinct.  With exceptions in some sub-basins, positive phases of AO and 

NAO were generally linked with decreased freshet volumes, mostly in the eastern Yenisei.  

Despite positive AO and NAO typically leading to wetter winter conditions, freshet volume may 

be adversely affected due to higher winter temperatures resulting in lower snowpack 

accumulation.  PDO and ENSO demonstrated the strongest relationships during t2, particularly in 

the southern Mackenzie basin.  Negative PDO (drier winter conditions over much of the 

Mackenzie basin) was associated with decreased freshet volumes, although it must again be 

noted that t2 falls in a positive PDO regime, so shorter-term negative anomalies given here are 

relative to that period only and do not necessarily reflect the overall state of the PDO in that time 

period.  Similarly to how positive AO and NAO resulting in warmer winter temperatures may 
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lead to less winter snowpack accumulation, El Niño conditions were also strongly associated 

with decreased volumes in the southern Mackenzie basin.  In Eurasia, positive PDO (associated 

with generally drier winters in the Ob basin and wetter winters in the Yenisei) was related to 

decreased freshet volumes in several Ob sub-basins and increased volumes in one Yenisei sub-

basin.   

5.5 Discussion 

Correlations of spring temperatures with FP, FL and FM timing measures were typically 

stronger and had more significant results when compared to correlations of cumulative cold-

season precipitation with freshet measures V1 and V2, particularly in the Eurasian basins where 

few significant precipitation-volume correlations existed.  Climatic relationships are compared to 

regional trends as determined in Chapter 4 in order to resolve whether trends can be attributable 

to climate or flow regulation, and what effects climatic relationships over key regions might have 

on outlet flows.  Trends in the Mackenzie basin were largely marked by strong regional 

similarities in the southern and western high-relief drainage areas, with fewer patterns evident in 

the low-relief northern and eastern regions.  Freshet volume as well as low peak freshet 

magnitudes at the Mackenzie River outlet displayed significant associations with unregulated, 

mountainous western basins.  High peak freshet magnitudes, meanwhile, were strongly 

associated with the southern alpine region and along the regulated Peace tributary, implying that 

regulation did not negate the downstream impacts of the highest peaks generated during the 

spring snowmelt period.   

Regional patterns of trends in the Eurasian basins were less clear, with the strongest 

clustering appearing in the higher-relief areas of the southern Ob, and southern, western and 

eastern Yenisei basin.  High volume at the Ob River outlet was related to the upper Ob and Irtish 
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stations gauging minimally regulated areas.  No volume associations with the Ob outlet were 

recorded in the regulated lower Irtish (HR) or Ob at Kolpashevo (HM) stations, both draining 

large basins.  However, a relationship with high peak freshet magnitude at the outlet was seen at 

the Ob at Kolpashevo station which has an upstream dam but also has a substantial high-relief 

headwater area.  In the Yenisei, no high volume or magnitude relationships with the outlet were 

observed in any of the highly regulated but steep western and southern drainage regions.  The 

multiple dams along the tributary stems likely suppressed any high peak flows that might still be 

evident in other sub-basins (such as the Peace or Ob at Kolpashevo) with only one dam 

impounding flow.  Low magnitude was, however, associated with unregulated eastern stations 

below Lake Baikal and along the Yenisei main channel, owing to outlet proximity.  The Lena 

basin followed the same general pattern, with no outlet flow relationships seen in the large but 

minimally-regulated Vilyuy tributary.  High and low volumes had some associations with 

unregulated basins draining into the southern main Lena channel and there were no high 

magnitude relationships with the outlet in any sub-basin.   

Pulse dates were strong negatively correlated with April – June temperature in most sub-

basins, with the majority of those correlations statistically significant.  This indicated that 

warmer spring temperatures resulted in an earlier freshet onset in those basins.  Meanwhile, sub-

basin trends revealed pulse dates were, for the most part, decreasing in the same sub-basins.  

Pulse date correlations in the Mackenzie basin were exclusively limited to HM and HU sub-

basins.  In the Eurasian basins, significant correlations and trends were also found in HR sub-

basins, suggesting that flow regulation does not have a substantial impact on pulse timing in 

those regions.  Freshet length showed mostly positive correlations throughout all basins during 

1962 – 2000, indicating that warmer April – June temperatures were correlated with sustained 
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snow melt and a longer freshet period.  However, during 1980 – 2000, relationships were 

generally weaker, with some sub-basins showing negative correlations with freshet length.  

Many of those mixed results occurred in lowland regions with limited topographical relief, 

suggesting that basins with less high-elevation snow storage were more susceptible to decreased 

freshet duration with warmer spring temperatures.  Warmer spring temperatures may also have 

enhanced infiltration into a thawing active layer, resulting in a reduction of the spring flood 

duration.  Significant correlations as well as trends were found in HR sub-basins, suggesting 

again that flow regulation does not strongly affect the natural relationship of temperature with 

timing measures.  

Peak freshet magnitude displayed mostly negative correlations in the Mackenzie basin and 

in the Ob and Yenisei basins during both time periods.  This revealed that warmer spring 

temperatures resulted in decreased peak freshet magnitudes in those regions.  Again, correlation 

patterns were consistent with previously observed decreasing trends in peak freshet magnitude, 

with some notable exceptions particularly in the Lena basin during t2 where peak freshet 

magnitudes were shown to be largely increasing. The trend and hydrograph analysis of Chapter 4 

revealed that the combination of generally more persistent freshet durations and lower freshet 

magnitudes resulted in an overall flattening of the annual hydrograph shape in many sub-basins.  

This may also have been indicative of a potential shift from a distinctly nival hydrological 

regime to a more pluvial or hybrid regime in some basins.  Notably, as discussed in the recap of 

Chapter 4, low peak freshet magnitudes at the Mackenzie outlet during 1980 – 2000 were found 

to have a relationship with the unregulated western region, while high outlet magnitudes were 

strongly associated with the southern alpine region and along the regulated Peace tributary.  

Here, negative correlations are indicated in the same regions, signifying that the climatic drivers 
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influenced flow at the outlet regardless of regulation.  In the Eurasian basins, magnitude 

correlations again agree with outlet and sub-basin relationships, showing a significant correlation 

in the minimally-regulated Ob at Kolpashevo station that was related to high peak magnitudes at 

the outlet.  No high peak magnitude relationships with the outlet were discovered in the Yenisei 

and Lena basins, and similarly, there are few significant climatic correlations in those regions.  

Freshet volume correlations by either definition showed distinct regional variability in all 

basins, where higher winter precipitation in the southern alpine region of the Mackenzie and 

northern regions of the Eurasian basins were positively correlated with freshet volumes and 

increasing trends in those basins.  However, in the southern Ob and western Yenisei basins, 

higher cumulative winter precipitation did not necessarily result in greater freshet volumes.  This 

was evidenced by weaker or even negative correlations (not statistically significant) of freshet 

volume to winter precipitation, possibly due to susceptibility to a warming climate causing a 

shift to a more rainfall-driven hydrologic regime, whereby the integrated effects of increased 

temperature and precipitation may have resulted in less winter snowpack precipitation 

accumulation and correspondingly lower freshet volumes.  Interestingly, volume correlations 

with winter precipitation were strongest in the southern Mackenzie region, although no 

significant relationships were found in any southern sub-basin with outlet volume, likely as a 

result of upstream regulation along the Peace River tributary whose drainage area encompasses 

these smaller regions.  In Eurasian basins, no strong correlations were found in any HR basin 

during 1980 – 2000, while few sub-basins displayed any relationship with volume at the outlet.  

Those that did were either HU or HM-classified. This suggests that extensive regulation in the 

Eurasian basins may be obscuring the impact of climatic controls on those regions. 
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Relationships between freshet measures and a variety of teleconnections indices averaged 

over different seasons revealed that regional patterns were generally less consistent during the 

shorter period of t2 compared to t1, most likely due to smaller sample sizes.  Where statistically 

significant relationships existed, only one phase of a particular climate signal was typically 

associated with the relationship although there were a limited number of occasions where 

significant results in both phases resulted in an opposite response.  Positive AO and NAO 

leading to warmer winters and springs were typically associated with earlier pulse dates, 

decreased peak freshet magnitude and lower freshet volume although there were some regional 

exceptions.  Positive ENSO (El Niño), associated with positive SAT and precipitation anomalies 

over the Mackenzie and negative SAT and precipitation anomalies over the Eurasian basins 

(with some regional variability), demonstrated relationships with earlier Mackenzie and later 

Eurasian pulse dates, and decreased peak freshet magnitude in the southern Mackenzie basin.  El 

Niño had strong associations with decreased freshet volume in the southern Mackenzie but had 

little effect on Eurasian volumes.  Meanwhile, positive PDO, associated with positive SAT 

anomalies and mixed, mostly positive precipitation anomalies in all basins, tended to coincide 

with later pulse dates and lower freshet magnitudes in all basins.  These unexpected relationships 

of PDO with delayed pulse onset may be due to the long-term decadal variation of this index, 

particularly during t2 which occurs entirely in a warm PDO phase.  Similarly, warm phase PDO 

was associated with decreased freshet volume in the Mackenzie basin during t1 but not during t2.  

Further research is suggested to obtain more insight into these PDO interactions, as well as 

potential integrated effects of multiple climate indices. 

Finally, it is important to note which teleconnections indices influenced regions which 

presented a significant association with high or low peak freshet magnitudes or volumes at the 
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outlet.  In the Mackenzie basin, low magnitude at the outlet, associated with the western region, 

showed a strong connection to negative ENSO affecting peak freshet magnitudes.  High outlet 

magnitude, meanwhile, was linked with the southern region, which indicated strong positive 

ENSO influence.  High outlet volume was related to the western region, which displayed some 

negative PDO volume relationships, while scattered low volume relationships were linked with 

both negative PDO and positive ENSO.  In Eurasia, high magnitude at the outlet was only 

connected with one Ob sub-basin, corresponding to negative NAO in that region.  Low 

magnitudes at the outlet were associated with several scattered basins, but indicated little 

influence of any teleconnections indices.  Similarly, high and low volumes at the outlet were 

linked with several sub-basins, although none of these displayed any significant influence of 

NAO, AO, PDO or ENSO.  

5.6 Conclusions 

In summary, the effects of regulation versus climate on the hydrologic response of sub-

basins, and their corresponding relationship to outlet flow, were clarified by comparing regional 

variations in climatic correlations with sub-basin trends that were obtained in Chapter 4.  Here, 

timing and peak magnitude (FP, FL and FM) of the freshets within sub-basins were found to be 

strongly linked to spring temperatures.  Moreover, regulation did not appear to completely 

suppress these climatic relationships, since significant trends were found where significant 

climatic correlations existed, regardless of regulation status.   

Regulation did, however, appear to limit climatic relationships of cold season precipitation 

accumulation with freshet volume V1 and V2, since few significant correlations with volume were 

found in regulated stations.  This reinforces the notion that flow impoundment does act to 

suppress some natural climatic drivers of freshet generation, with potential impact to seasonal 
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runoff regimes.  However, volume relationships with cold season precipitation were not as 

distinct as temperature linkages with freshet timing.  This suggests that an integrated multi-

variable approach incorporating both temperature and precipitation is needed to further clarify 

these freshet volume relationships.  Furthermore, although the correlation analysis reveals some 

climatic relations with freshet measures, it doesn’t account for all climatic interactions with 

trends.  It is therefore recommended to analyze climatic trends in temperature and precipitation 

for side-by-side comparison to freshet trends, and to perform this comparison using a suite of re-

analysis and observed climatic data sets.  

Sub-basin freshet measures were significantly related to several large-scale climate indices.  

Some climate indices were linked with regions that had previously been shown to impact freshet 

measures at the outlets.  This knowledge is valuable in determining potential predictors 

controlling freshet generation.  Additionally, atmospheric variability has been shown not only to 

affect runoff generation within basins but also to affect terrestrial runoff trajectory upon entering 

the Arctic Ocean.  For example, the state of the AO was noted to affect the way runoff enters the 

interior ocean waters, whereby a positive AO forces Eurasian runoff eastward into the Beaufort 

Gyre and a negative AO forces runoff directly towards the Transpolar Drift (Johnson and 

Polyakov, 2001).   

Since there were significant differences in climatic and large-scale atmospheric variability 

relationships with unregulated stations versus those stations incorporating an upstream regulation 

signal, the effects of flow regulation on the timing and magnitude of freshet response need to be 

more fully evaluated.  It is recommended to approach this via hydraulic flow modelling that can 

remove the effect of regulation and thereby permit the controlling signals of climate to be better 

identified.  Likewise, flow modelling can be used to determine whether regulation can actually 
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mitigate the effects of climatic variation on discharge seasonality and magnitude at the outlets.  

Lastly, it is recommended to undertake a travel-time analysis utilizing a hydrologic flow-routing 

model to determine the proportional contribution of the given sub-basins to flow recorded at the 

outlet.  This will allow for further discussion on the regional impacts of climatic influences to 

overall circumpolar freshet freshwater contribution to the Arctic Ocean.  This discussion is 

especially important since climate change, resulting in an increase in precipitation and air 

temperature over Arctic basins, as well as a potential increase in extreme climatic events such as 

stronger El Niños, will continue to alter the nature of terrestrial freshwater contribution to the 

Arctic Ocean. 
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Table 1. Characteristics of major hydroelectric dams/reservoirs located in the study regions. 
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Table 2. Characteristics of drainage sub-basins as labeled in Figure 2 and Figure 3. An asterisk * 

beside the station ID denotes an “index” station with no upstream flow regulation. Note: M = 

Mackenzie, O = Ob, L = Lena, Y = Yenisei. Stations IDs in italic have data during t2 only.  

Label Basin ID Lat. (°N) Long. (°E) D.A. (km2) % Infilled Classification Region 

1 M 07AD002 53.42 -117.57 9765 -- HU South 

2 M 07DA001 56.78 -111.4 132585 -- HU East 

3 M 07GJ001 55.71 -117.62 50300 -- HU South 

4 M 07KC001 59.11 -112.43 293000 -- HR East 

5 M 07NB001 59.87 -111.58 606000 -- HM East 

6 M 10BE001 59.41 -126.1 104000 -- HU West 

7 M 10CD001 58.79 -122.66 20300 -- HU West 

8 M 10ED002 61.75 -121.22 275000 -- HU West 

9 M 10JC003 65.13 -123.55 146400 15.60% HU North 

10 M 10FA002 61.14 -119.84 9270 -- HU East 

11 M 10FB005 61.45 -121.24 1310 -- HU West 

12 M 10GC003 61.9 -121.61 2050 -- HU North 

13 M 10KA001 65.27 -126.84 1594500 11.80% HM North 

14 M 07OB001 60.74 -115.86 51700 -- HU East 

15 M 07TA001 63.11 -116.97 13900 -- HU East 

16 M 07AA001 52.86 -118.11 629 -- HU South 

17 M 07AA002 52.91 -118.06 3872 -- HU South 

18 M 07AF002 53.47 -116.63 2562 -- HU South 

19 M 07AG003 53.6 -116.27 826 -- HU South 

20 M 07BB002 53.6 -115 4402 -- HU South 

21 M 07BC002 54.45 -113.99 13014 -- HU South 

22 M 07BE001 54.72 -113.29 74602 -- HU South 

23 M 07BF002 55.45 -116.49 1152 -- HU South 

24 M 07BJ001 55.32 -115.42 1900 -- HU South 

25 M 07BK007 55.26 -114.23 2100 -- HU East 

26 M 07CD001 56.69 -111.26 30792 -- HU East 

27 M 07EC002 55.92 -124.57 5560 -- HU South 

28 M 07EE007 55.08 -122.9 4930 -- HU South 

29 M 07FB001 55.72 -121.21 12100 -- HU South 

30 M 07FC001 56.28 -120.7 15600 -- HU South 

31 M 07FC003 56.68 -121.22 1770 -- HU South 

32 M 07FD001 55.96 -120.56 3630 -- HU South 

33 M 07FD007 55.86 -120.03 2860 14.00% HU South 

34 M 07GE001 55.07 -118.8 11300 -- HU South 

35 M 07GG001 54.75 -117.21 1040 -- HU South 

36 M 07GH002 55.46 -117.16 11100 -- HU South 

37 M 07HA001 56.24 -117.31 194374 -- HR South 
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Table 2 cont’d…    

Label Basin ID Lat. (°N) Long. (°E) D.A. (km2) % Infilled Classification Region 

38 M 07HA003 56.06 -117.13 1968 -- HU South 

39 M 07HC001 56.92 -117.62 4679 -- HU East 

40 M 07JD002 57.87 -115.39 35800 -- HU East 

41 M 07LE002 59.15 -105.54 50700 4.80% HU East 

42 M 07MB001 58.97 -108.18 9120 -- HU East 

43 M 07OC001 58.6 -118.33 10370 1.30% HU East 

44 M 10AB001 60.47 -129.12 12800 -- HU West 

45 M 10AC005 59.12 -129.82 882 -- HU West 

46 M 10BE004 58.85 -125.38 2540 -- HU West 

47 M 10BE007 59.34 -125.94 1170 -- HU West 

48 M 10CB001 57.23 -122.69 2180 -- HU South 

49 M 10EA003 61.53 -125.41 8560 0.30% HU West 

50 M 10EB001 61.64 -125.8 14500 -- HU West 

51 M 10ED001 60.24 -123.48 222000 2.50% HU West 

52 M 10GC001 61.87 -121.36 127000 -- HM East 

53 M 10LA002 66.79 -133.09 18750 1.10% HU North 

54 M 10LC014 67.456 -133.75 1679100 2.00% HM Outlet 

55 M 10MC002 67.26 -134.89 70600 6.30% HU North 

56 M 10ED003 61.33 -122.09 542 -- HU West 

57 O 11801 66.63 66.6 2950000 2.60% HM Outlet 

58 O 11056 58.2 68.23 1500000 0.80% HM West 

59 O 11048 55.02 73.3 769000 -- HR West 

60 O 10031 61.07 68.9 2690000 5.60% HM East 

61 O 10021 58.3 82.88 486000 -- HM South 

62 O 10062 51.28 87.72 16600 9.90% HU South 

63 O 10126 51.02 84.32 3480 5.60% HU South 

64 O 10176 53.73 84.95 15900 5.10% HU South 

65 O 10219 55.32 84.1 15700 5.10% HU South 

66 O 10277 53.33 87.23 7080 5.10% HU South 

67 O 10317 55.38 91.62 14700 12.20% HU South 

68 O 10387 56.2 87.78 9820 5.10% HU South 

69 O 10407 56.18 86.4 3460 7.70% HU South 

70 O 10428 57.78 82.63 25000 5.10% HU South 

71 O 10444 56.85 83.07 2560 5.10% HU South 

72 O 10466 59.37 82.83 6500 5.10% HU East 

73 O 10478 59.22 78.22 31700 9.40% HU East 

74 O 10489 59.85 81.95 24500 5.10% HU East 

75 O 11309 55.45 78.32 12200 5.10% HU West 

76 O 11353 56.38 75.25 16400 -- HU West 
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Table 2 cont’d…    

Label Basin ID Lat. (°N) Long. (°E) D.A. (km2) % Infilled Classification Region 

77 O 11496 57.13 69.22 2140 2.60% HU West 

78 O 11556 66.87 65.78 1240 0.60% HU North 

79 O 11558 66.03 68.73 15100 2.90% HU North 

80 O 11574 64.93 77.8 31400 0.20% HU North 

81 Y 9803 67.43 86.48 2440000 -- HM Outlet 

82 Y 9092 61.1 90.08 1760000 -- HM North 

83 Y 9002 51.72 94.4 115000 -- HU South 

84 Y 8091 58.35 93.55 1040000 -- HR South 

85 Y 9079 58.45 92.15 1400000 -- HR West 

86 Y 7156 51.95 106.35 565 -- HU East 

87 Y 7172 51.53 104.07 959 -- HU South 

88 Y 7015 55.85 110.15 20600 -- HU East 

89 Y 7024 53.6 109.6 19800 -- HU East 

90 Y 7036 52.92 108.73 5050 -- HU East 

91 Y 7072 50.3 108.63 15600 -- HU East 

92 Y 7102 51.2 106.97 38300 -- HU East 

93 Y 9207 52.65 90.1 14400 -- HU West 

94 Y 9252 53.8 92.87 31800 -- HU West 

95 Y 9372 59.12 93.48 15100 -- HU North 

96 Y 9422 65.65 90.12 9100 -- HU North 

97 Y 9425 65.98 84.27 10100 5.10% HU North 

98 L 3821 70.68 127.39 2430000 -- HM Outlet 

99 L 3329 63.95 124.83 452000 2.00% HM West 

100 L 3156 60.98 115.5 32600 2.60% HU West 

101 L 3157 60.17 116.8 27600 0.30% HU South 

102 L 3277 60.68 135.03 24200 2.60% HU East 

103 L 3291 59.67 127.05 23900 2.60% HU South 

104 L 3202 60.9 120.8 16600 10.30% HU West 

105 L 3210 61.05 128.65 12200 10.30% HU South 

106 L 3219 58.97 126.27 49500 10.30% HU South 
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Table 3. Metrics used to describe freshet characteristics. 

Symbol Description 

FP Freshet pulse date 

FL Freshet length 

FM Peak freshet magnitude 

V1 April – July volume 

V2 Freshet volume 
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Table 4a. Percentage of total significant correlations (5% level) occurring in unregulated (HU) 

stations, 1962 – 2000. Items marked by N/A indicate that there were no significant correlations 

for the corresponding freshet measure. 

 FP FL FM V2 V1 

Mackenzie 100 88 80 92 86 

Ob 78 57 63 75 100 

Lena 75 50 100 100 100 

Yenisei 64 50 50 50 50 
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Table 4b. Percentage of total significant correlations (5% level) occurring in unregulated (HU) 

stations, 1980 – 2000. Items marked by N/A indicate that there were no significant correlations 

for the corresponding freshet measure. 

 FP FL FM V2 V1 

Mackenzie 88 91 100 83 71 

Ob 76 100 100 N/A 100 

Lena 71 0 N/A N/A N/A 

Yenisei 67 67 100 N/A 100 
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List of Figures  

Figure 1. Map showing the Arctic Ocean, ocean features, major surface currents, and drainage 

basins and outlet stations of the Mackenzie, Ob, Yenisei and Lena rivers. Red arrows denote 

warmer currents, while black arrows denote colder currents. Figure adapted from Figure 6 in 

McClelland et al. (2011). 

Figure 2. Study area of the Mackenzie basin showing station locations labeled with a unique 

identifier and station sub-basin drainage areas.  Stations and basins are colour-coded and 

classified as regulated (HR), minimally regulated (HM) or unregulated (HU).  Descriptions of 

identification labels are provided in Table 2. 

Figure 3. Study area of the (left to right in inset map) Ob, Yenisei and Lena basins showing 

station locations labeled with a unique identifier and station sub-basin drainage areas.  Stations 

and basins are colour-coded and classified as regulated (HR), minimally regulated (HM) or 

unregulated (HU).  Descriptions of identification labels are provided in Table 2. 

Figure 4. Hypsometric curves (area versus degrees latitude) of Mackenzie, Ob, Lena and Yenisei 

basins showing basin area per increment of latitude as well as percentage of combined basin area 

by latitude.  

Figure 5. Topographical map of the Mackenzie basin showing regional classification of sub-

basins into Northern, Southern, Western and Eastern regions.  Note that outlet stations are not 

included in the classification. 

Figure 6. Topographical map of the Eurasian basins showing regional classification of sub-

basins into Northern, Southern, Western and Eastern regions.  Note that outlet stations are not 

included in the classification.  There are no sub-basins classified as Northern in the Lena basin. 

Figure 7. Scatterplot of the ten highest and ten lowest NAO average December – February 

values against freshet volume for station 07NB001 during the period 1962 - 2000.  Horizontal 

line denotes mean freshet volume for the period. 

Figure 8. Pulse date correlations with April through June average temperature during the period 

1962 – 2000 for a) Mackenzie and b) Eurasian stations. 
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Figure 9. Pulse date correlations with April through June average temperature during the period 

1980 – 2000 for a) Mackenzie and b) Eurasian stations. 

Figure 10. Freshet length correlations with April through June average temperature during the 

period 1962 – 2000 for a) Mackenzie and b) Eurasian stations. 

Figure 11. Freshet length correlations with April through June average temperature during the 

period 1980 – 2000 for a) Mackenzie and b) Eurasian stations. 

Figure 12. Peak freshet magnitude correlations with April through June average temperature 

during the period 1962 – 2000 for a) Mackenzie and b) Eurasian stations. 

Figure 13. Peak freshet magnitude correlations with April through June average temperature 

during the period 1980 – 2000 for a) Mackenzie and b) Eurasian stations. 

Figure 14. Freshet volume correlations with November through March cumulative precipitation 

during the period 1962 – 2000 for a) Mackenzie and b) Eurasian stations. 

Figure 15. Freshet volume correlations with November through March cumulative precipitation 

during the period 1980 – 2000 for a) Mackenzie and b) Eurasian stations. 

Figure 16. April through July volume correlations with November through March cumulative 

precipitation during the period 1962 – 2000 for a) Mackenzie and b) Eurasian stations. 

Figure 17. April through July volume correlations with November through March cumulative 

precipitation during the period 1980 – 2000 for a) Mackenzie and b) Eurasian stations. 

Figure 18. Climate signals (March through May) for a) NAO b) AO c) PDO and d) ENSO 

exhibiting 95% significant teleconnections to pulse dates during the period 1962 – 2000.  

Figure 19. Climate signals (March through May) for a) NAO b) AO c) PDO and d) ENSO 

exhibiting 95% significant teleconnections to pulse dates during the period 1980 – 2000.  

Figure 20. Climate signals (March through May) for a) NAO b) AO c) PDO and d) ENSO 

exhibiting 95% significant teleconnections to freshet magnitude during the period 1962 – 2000.  
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Figure 21. Climate signals (March through May) for a) NAO b) AO c) PDO and d) ENSO 

exhibiting 95% significant teleconnections to freshet magnitude during the period 1980 – 2000. 

Figure 22. Climate signals (December through February) for a) NAO b) AO c) PDO and d) 

ENSO exhibiting 95% significant teleconnections to freshet volume during the period 1962 – 

2000.  

Figure 23. Climate signals (December through February) for a) NAO b) AO c) PDO and d) 

ENSO exhibiting 95% significant teleconnections to freshet volume during the period 1980 – 

2000. 

Figure 24. Climate signals (December through February) for a) NAO b) AO c) PDO and d) 

ENSO exhibiting 95% significant teleconnections to April through July volume during the period 

1962 – 2000. 

Figure 25. Climate signals (December through February) for a) NAO b) AO c) PDO and d) 

ENSO exhibiting 95% significant teleconnections to April through July volume during the period 

1980 – 2000.
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Figure 1. Map showing the Arctic Ocean, ocean features, major surface currents, and drainage 

basins and outlet stations of the Mackenzie, Ob, Yenisei and Lena rivers. Red arrows denote 

warmer currents, while black arrows denote colder currents. Figure adapted from Figure 6 in 

McClelland et al. (2011). 
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Figure 2. Study area of the Mackenzie basin showing station locations labeled with a unique 

identifier and station sub-basin drainage areas.  Stations and basins are colour-coded and 

classified as regulated (HR), minimally regulated (HM) or unregulated (HU).  Station descriptions 

are provided in Table 2. 
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Figure 3. Study area of the (left to right in inset map) Ob, Yenisei and Lena basins showing 

station locations labeled with a unique identifier and station sub-basin drainage areas.  Stations 

and basins are colour-coded and classified as regulated (HR), minimally regulated (HM) or 

unregulated (HU).  Station descriptions are provided in Table 2. 
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Figure 4. Hypsometric curves (area versus degrees latitude) of Mackenzie, Ob, Lena and Yenisei 

basins showing basin area per increment of latitude as well as percentage of combined basin area 

by latitude. 
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Figure 5. Topographical map of the Mackenzie basin showing regional classification of sub-

basins into Northern, Southern, Western and Eastern regions.  Outlet stations are not included in 

the classification. 
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Figure 6. Topographical map of the Eurasian basins showing regional classification of sub-

basins into Northern, Southern, Western and Eastern regions.  Outlet stations are not included in 

the classification. 
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Figure 7. Scatterplot of the ten highest and ten lowest NAO average December – February 

values against freshet volume for station 07NB001 during the period 1962 - 2000.  Horizontal 

line denotes mean freshet volume for the period. 
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Figure 8a. Pulse date correlations with April through June average temperature during the period 

1962 – 2000 for Mackenzie stations.  A negative (red) correlation indicates a relationship with 

earlier pulse dates, while a positive (blue) correlation indicates later pulse dates.  
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Figure 8b. Pulse date correlations with April through June average temperature during the 

period 1962 – 2000 for Eurasian stations.  A negative (red) correlation indicates a relationship 

with earlier pulse dates, while a positive (blue) correlation indicates later pulse dates. 



274 

 

 

Figure 9a. Pulse date correlations with April through June average temperature during the period 

1980 – 2000 for Mackenzie stations.  A negative (red) correlation indicates a relationship with 

earlier pulse dates, while a positive (blue) correlation indicates later pulse dates. 
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Figure 9b. Pulse date correlations with April through June average temperature during the 

period 1980 – 2000 for Eurasian stations.  A negative (red) correlation indicates a relationship 

with earlier pulse dates, while a positive (blue) correlation indicates later pulse dates. 
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Figure 10a. Freshet length correlations with April through June average temperature during the 

period 1962 – 2000 for Mackenzie stations.  A negative (red) correlation indicates a relationship 

with shorter freshet length, while a positive (blue) correlation indicates longer freshet length. 
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Figure 10b. Freshet length correlations with April through June average temperature during the 

period 1962 – 2000 for Eurasian stations.  A negative (red) correlation indicates a relationship 

with shorter freshet length, while a positive (blue) correlation indicates longer freshet length. 
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Figure 11a. Freshet length correlations with April through June average temperature during the 

period 1980 – 2000 for Mackenzie stations.  A negative (red) correlation indicates a relationship 

with shorter freshet length, while a positive (blue) correlation indicates longer freshet length. 
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Figure 11b. Freshet length correlations with April through June average temperature during the 

period 1980 – 2000 for Eurasian stations.  A negative (red) correlation indicates a relationship 

with shorter freshet length, while a positive (blue) correlation indicates longer freshet length. 
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Figure 12a. Peak freshet magnitude correlations with April through June average temperature 

during the period 1962 – 2000 for Mackenzie stations.  A negative (red) correlation indicates a 

relationship with lower peak freshet magnitude, while a positive (blue) correlation indicates 

higher peak freshet magnitude. 
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Figure 12b. Peak freshet magnitude correlations with April through June average temperature 

during the period 1962 – 2000 for Eurasian stations.  A negative (red) correlation indicates a 

relationship with lower peak freshet magnitude, while a positive (blue) correlation indicates 

higher peak freshet magnitude. 
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Figure 13a. Peak freshet magnitude correlations with April through June average temperature 

during the period 1980 – 2000 for Mackenzie stations.  A negative (red) correlation indicates a 

relationship with lower peak freshet magnitude, while a positive (blue) correlation indicates 

higher peak freshet magnitude. 
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Figure 13b. Peak freshet magnitude correlations with April through June average temperature 

during the period 1980 – 2000 for Eurasian stations.  A negative (red) correlation indicates a 

relationship with lower peak freshet magnitude, while a positive (blue) correlation indicates 

higher peak freshet magnitude. 
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Figure 14a. Freshet volume correlations with November through March cumulative precipitation 

during the period 1962 – 2000 for Mackenzie stations.  A negative (red) correlation indicates a 

relationship with lower freshet volume, while a positive (blue) correlation indicates higher 

freshet volume. 
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Figure 14b. Freshet volume correlations with November through March cumulative 

precipitation during the period 1962 – 2000 for Eurasian stations.  A negative (red) correlation 

indicates a relationship with lower freshet volume, while a positive (blue) correlation indicates 

higher freshet volume. 
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Figure 15a. Freshet volume correlations with November through March cumulative precipitation 

during the period 1980 – 2000 for Mackenzie stations.  A negative (red) correlation indicates a 

relationship with lower freshet volume, while a positive (blue) correlation indicates higher 

freshet volume. 
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Figure 15b. Freshet volume correlations with November through March cumulative 

precipitation during the period 1980 – 2000 for Eurasian stations.  A negative (red) correlation 

indicates a relationship with lower freshet volume, while a positive (blue) correlation indicates 

higher freshet volume. 
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Figure 16a. April through July volume correlations with November through March cumulative 

precipitation during the period 1962 – 2000 for Mackenzie stations.  A negative (red) correlation 

indicates a relationship with lower freshet volume, while a positive (blue) correlation indicates 

higher freshet volume. 
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Figure 16b. April through July volume correlations with November through March cumulative 

precipitation during the period 1962 – 2000 for Eurasian stations.  A negative (red) correlation 

indicates a relationship with lower freshet volume, while a positive (blue) correlation indicates 

higher freshet volume. 
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Figure 17a. April through July volume correlations with November through March cumulative 

precipitation during the period 1980 – 2000 for Mackenzie stations.  A negative (red) correlation 

indicates a relationship with lower freshet volume, while a positive (blue) correlation indicates 

higher freshet volume. 
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Figure 17b. April through July volume correlations with November through March cumulative 

precipitation during the period 1980 – 2000 for Eurasian stations.  A negative (red) correlation 

indicates a relationship with lower freshet volume, while a positive (blue) correlation indicates 

higher freshet volume. 
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CHAPTER 6: SUMMARY & CONCLUSION 

Daily discharge data from the Environment Canada Hydrometric Database (HYDAT) for 

56 sub-basin stations in the Mackenzie Basin and from the Regional, Hydrometeorological Data 

Network (R-ArcticNET v4.0) for 50 sub-basin stations in the Ob, Yenisei and Lena basins were 

analyzed for the periods 1962 – 2000 and 1980 – 2000, while data for the MOLY outlet stations 

were analyzed for the period 1980 – 2009.  From these data, information describing the spring 

freshet such as pulse onset, freshet end date and duration, peak freshet magnitude, freshet 

volume, April – July volume, and April, May, June and July volume were extracted for each time 

period.  These freshet indices were then analyzed to address a series of new, previously 

unaddressed research goals outlined in Chapter 1.  The goals were as follows: 

(I) Quantify the trends in freshet timing and magnitude in outlet stations of the four 

major river basins (MOLY) around the circumpolar Arctic. This primary goal 

will determine whether there were any changes (e.g., increasing or decreasing 

annual or seasonal flows) and, importantly, whether a shift in seasonality of peak 

flows has occurred.  Temporal sequencing of circumpolar freshet events will 

also be examined.  

(II) Investigate the MOLY freshet flows entering the Arctic Ocean at a finer scale, 

by determining the trends in peak magnitude, volume, and timing of spring 

freshets in regulated, minimally regulated and unregulated sub-basins as well as 

changes in hydrograph shape.  Trends on a sub-basin level will be compared to 

trends which have occurred at the outlets. 

(III)  Examine relationships of variability in spring freshets with regional temperature 

and precipitation patterns, as well as, several large-scale atmospheric/oceanic 
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teleconnection indices including the Arctic Oscillation (AO), North Atlantic 

Oscillation (NAO), Pacific Decadal Oscillation (PDO) and El Niño-Southern 

Oscillation (ENSO) 

Results were presented as three separate, stand-alone journal-style manuscripts.  

Additionally, a literature review was provided to introduce background and set the context of the 

outlined research.  Specifically, the literature review of Chapter 2 discussed the major freshwater 

budget components of the Arctic Ocean and its linkages with the global hydrological cycle with 

special emphasis placed on potential impacts of spring freshet variability.  Other implications of 

Arctic freshwater and terrestrial runoff variability were discussed; for example, regional 

biological effects and sea-ice impacts.  Atmospheric teleconnections indices were defined and 

related with respect to their regional climatic effects to the Mackenzie and Eurasian basins.  

Future climate scenarios and their flow and budget predictions were mentioned; specifically, 

how climate change occurs more rapidly in Arctic regions than elsewhere, and may result in a 

shift from a nival regime to a more pluvial one.  Basin characteristics including physiography, 

climatology and flow regulation were discussed in detail.  Finally, accuracy issues related to 

collecting hydrometric data in sparsely populated Arctic regions were discussed as a disclaimer 

to the subsequent research.    

Thesis objective (I) was addressed in Chapter 3.  Daily discharge data for MOLY outlet 

stations were used to quantify trends in freshet timing and magnitude for the entire available 

length of record for each station, as well as during 1980 – 2009.  Over the longer records, pulse 

dates were found to be significantly decreasing in the Mackenzie and Lena stations, while peak 

freshet magnitudes showed non-significant decreasing trends.  Freshet volumes did not exhibit 

any significant changes in any station over the longer term records.  During 1980 – 2009, 
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however, freshet volumes increased in all stations, with only the Yenisei basin showing a non-

statistically significant increase.  Pulse dates were generally becoming earlier, whilst peak freshet 

magnitudes decreased (non-significantly) in the Lena and Yenisei basins.  No change in peak 

freshet magnitude was observed in the Mackenzie basin during 1980 – 2009, while the Ob 

showed a minor increase.  Freshet lengths increased in all stations during 1980 – 2009, although 

none of the increases were statistically significant.  Circumpolar freshet volume contribution 

during the period 1980 – 2009 was dominated by the Lena River, followed by the Yenisei, Ob 

and Mackenzie.  Freshet onset occurred on the Mackenzie River first, followed by the Ob, 

Yenisei and Lena rivers.   

Importantly, total annual freshwater influx to the Arctic Ocean increased by 14% during 

1980 – 2009.  While this estimate was comparatively larger than the 7% increase found in a 

previous study using records from the six largest Eurasian rivers during 1936 – 2009 (see 

Peterson et al., 2002), the results found here were consistently more drastic during the shorter 

window of analysis.  The increase was distributed throughout the year.  Freshet contribution 

expressed as a percentage of annual flow decreased by 1.7% during 1980 – 2009, suggesting that 

despite total freshet volume showing a net increase, its proportional contribution to annual flow 

had decreased.  Hence, annual increases were not solely due to increasing freshet volume.  

Winter, spring and fall expressed as proportions of annual flow showed increases (1.3%, 2.5% 

and 2.5%, respectively), while summer showed a strong decrease (5.8%) in proportional 

discharge during 1980 – 2009.  Rising winter, spring and fall discharge proportions, combined 

with lower peak freshet magnitudes, potentially increased freshet durations, and lower summer 

proportions are indicative of a shift to a flatter, more gradual annual hydrograph with an earlier 
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pulse onset.  This shift in seasonality has potential implications to Arctic Ocean freshwater 

circulation and is an important finding from Chapter 3. 

Chapter 4 addressed thesis objective (II).  Discharge was assessed on a sub-basin and 

regional level in order to determine the effects of the dominant controls of elevation and latitude, 

as well as flow regulation, on freshet trends and how these compared to outlet flow 

characteristics as obtained in Chapter 3.  Comparisons of hydrographs revealed differences in 

hydrograph shape from 1962 – 2000 compared to 1980 – 2000.  In many sub-basins, the annual 

hydrograph and specifically the spring freshet period trends were observed to have undergone a 

general “flattening”, with earlier pulse onset dates, longer freshet durations and sometimes 

decreased peak freshet magnitudes.  In some cases, early winter and late-fall low-flows rose, a 

possible result of changes in seasonal precipitation.  Late summer rainfall peaks have increased 

in frequency and magnitude in many alpine, pluvial-dominated basins.  These sub-basin trends 

suggested an overall shifting seasonality of flow, which propagated downstream to the outlet 

stations.  Regionally, the high-relief western and southern areas of the Mackenzie basin as well 

as the southern Ob and southern and western Yenisei showed most similarity to flow at the 

outlets.   

Notably, unregulated stations, regardless of region, had observed relationships with 

freshet volumes at the outlets, although those relationships could be negated in the larger 

encompassing basins if there was upstream regulation.  No sub-basin relationships with freshet 

volume at the outlet were observed in any regulated station.  High peak freshet magnitudes in 

regulated stations still related to high peak magnitudes at the outlets, particularly if there was 

only one dam impounding flow.  This suggests that regulation impacted the volume of water 

released during the spring freshet but did not necessarily suppress the highest short-term peak 
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flows.  Since the majority of all significant trends occurred in HU stations, flow regulation may 

have impacted the timing of peak flows as well as moderated the effects of climatic drivers such 

as temperature and precipitation on HR and HM basins.   

To separate the effects of regulation and climate, Chapter 5 addressed thesis objective 

(III) by assessing climatic drivers of trends obtained in Chapter 3 and Chapter 4.  This was 

achieved by performing a correlation analysis of cumulative winter precipitation and spring 

temperatures to freshet measures.  To supplement this, a composite teleconnections analysis 

related the highest or lowest 25% of values of four major climate indices (AO, NAO, PDO and 

ENSO) to corresponding freshet measures.  This composite analysis essentially evaluated each 

phase of the climate indices separately, since climate signals from the large-scale teleconnections 

may not have displayed a linear relationship to the hydro-climatic variables.   

Timing and peak magnitude of the freshets within sub-basins were found to be strongly 

linked to spring temperatures.  Significant trends were found where significant climatic 

correlations existed, regardless of regulation status.  Regulation did, however, appear to limit 

climatic relationships of cold season precipitation accumulation with freshet volume V1 and V2, 

since few significant correlations with volume were found in regulated stations.  This reinforces 

the notion that flow impoundment did act to suppress some natural climatic drivers of freshet 

generation, with potential impact to seasonal runoff regimes.  However, volume relationships 

with cold season precipitation were less clear than temperature linkages with freshet timing. 

Significant relationships (p < 0.05) were found with all four major teleconnections 

indices.  Relationships were generally less apparent during the shorter period of 1980 – 2000 

compared to 1962 – 2000, possibly due to small sample sizes.  Where statistically significant 
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relationships existed, only one phase of a particular climate signal was typically associated with 

the relationship, with few exceptions.  Positive AO and NAO leading to warmer, wetter winters 

were most often associated with earlier pulse dates, decreased peak freshet magnitude and lower 

freshet volume.  Positive ENSO (El Niño), associated with warmer, wetter winters over the 

Mackenzie and colder, drier winters over the Eurasian basins (with some regional variability), 

demonstrated relationships with earlier onset of pulse dates in the Mackenzie, later onset in the 

Eurasian sub-basins, and decreased peak freshet magnitude in the southern Mackenzie basin.  El 

Niño had strong associations with decreased freshet volume in the southern Mackenzie but had 

little effect on Eurasian volumes.  Meanwhile, positive PDO, associated with positive SAT 

anomalies and mixed, mostly positive precipitation anomalies in all basins, showed significant 

relationships with later pulse dates and lower freshet magnitudes in all basins.  The unexpected 

relationships of PDO with delayed pulse onset, particularly during 1980 – 2000, may be due to 

the study period entirely occurring in a warm PDO phase.  Significant relationships were 

predominantly found in unregulated basins, with fewer significant relationships observed in 

impounded stations. 

In conclusion, the results of this research provide an expanded knowledge base of the 

significance of the spring freshet as an important component of atmospheric freshwater 

contribution to the Arctic Ocean.  Importantly, it is found that the seasonality of the spring 

freshet is shifting, and that the freshet is sensitive to changes and variability in climatic 

conditions.  Pulse onsets are occurring earlier, followed by an increase in freshet durations and 

generally lower peak magnitudes.  Despite lower peak magnitudes, volume contribution during 

the freshet from the four major circumpolar basins has significantly increased over a recent time 

period.  However, freshet volumes as a fraction of annual flow have decreased, while winter, 
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spring and fall proportions have increased.  A key finding of this study is that increases in total 

annual freshwater contribution to the Arctic Ocean cannot be solely attributed to increases in 

circumpolar freshet volume; regardless of freshet volumes having increased, flow contribution 

during the winter, spring and fall seasons have increased at a greater rate.  Rising winter and fall 

discharge proportions may be a result of an upward trend in precipitation changes, and should be 

investigated in more detail.  Flow regulation appears to affect trends on a sub-basin level by 

suppressing climatic drivers of freshet volume, but may not have a substantial impact on freshet 

timing and peak magnitude.  This is a preliminary result and further work is required to isolate 

the effects of flow regulation on freshet measures. 

Although this research has provided valuable information regarding the dominant controls 

of freshet generation and has highlighted the potential impacts to Arctic Ocean freshwater 

balance, further investigation is required.  This study can be expanded to include additional 

drainage areas that provide contribution to the Arctic Ocean, such as Hudson Bay.  Future work 

should consider geochemical differences amongst basins.  Basin geochemistry can be used as an 

indicator of changing permafrost thaw depth, which has subsequent effects on discharge 

seasonality.  Since freshet volume relationships with cold season precipitation were less clear 

than temperature relationships with freshet timing, an integrated multi-variable approach 

incorporating both temperature and precipitation is needed to clarify these freshet volume 

relationships.  The correlations analysis of Chapter 5 discovered some climatic and atmospheric 

relationships with freshet measures; however, a basin-scale synoptic climatological approach 

should be used to better identify atmospheric processes associated with regional variation in 

freshet measures.  Trends in temperature and precipitation must be compared side-by-side to 

freshet trends, using a suite of re-analysis and observed climatic data sets, in order to fully reveal 
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the complex climatic interactions driving trends in freshet characteristics.  Climatic variability 

and its relationship with extreme discharge events must also be investigated in greater detail.  

Furthermore, since there were significant differences in climatic and large-scale 

atmospheric variability relationships with unregulated stations versus those stations 

incorporating an upstream regulation signal, the effects of flow regulation on the timing and 

magnitude of freshet response need to be more fully evaluated.  Future climate as well as other 

human activities causing impacts to discharge behaviour, such as forestry and agriculture, should 

be considered alongside flow regulation.  Hydraulic flow modelling, some datasets of which 

already exist, can be used to remove the effect of regulation and thereby permit clearer 

identification of climatic-induced long term trends as well as clarify the role of climate-

atmosphere interactions at the regional scale.  Likewise, flow modelling can be used to determine 

whether regulation can actually mitigate the effects of climatic variation on discharge seasonality 

and magnitude at the outlets.  Lastly, implementation of a hydraulic flow-routing model will 

permit determination of travel time of flow from each sub-basin station along its channel to the 

mouth of the major river outlet.  This will allow for accurate determination of proportional sub-

basin contributions and identification of major regional freshet drivers.  This discussion could be 

extended to include local climatic effects on key contributing sub-basins, with subsequent 

implications to the seasonality of relative contribution amongst major Arctic Ocean freshwater 

flow drivers. 
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APPENDIX A 

Basin Hypsometry 

Hypsometric curves for individual sub-basins in each of the four major basins are given 

below.  Hypsometry for the entire gauged basin (i.e., at the outlet) is shown in the hypsometry of 

station ID 10LC014 (Mackenzie River at Arctic Red River) for the Mackenzie, 11801 (Ob at 

Salekhard) for the Ob, 9803 (Yenisei at Igarka) for the Yenisei and 3821 (Lena at Kusur) for the 

Lena.  The Mackenzie basin shows a gradual hypsometric curve with 20% or more of the area 

above 900 m elevation.  The Ob reveals the flattest and lowest elevation in its hypsometric curve, 

with approximately 90% of the basin below 500 m elevation.  The Yenisei and Lena basins show 

greater percentages (40 – 50 %) above 500 m elevation, with much of the higher elevation terrain 

occurring in mountainous regions or plateaus. 
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Figure A.1.1 Hypsometric curves (elevation versus % area) of Mackenzie station sub-

basins, labelled and grouped by northern regions. 

Figure A.1.2 Hypsometric curves (elevation versus % area) of Mackenzie station sub-

basins, labelled and grouped by southern regions. 
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Figure A.1.3 Hypsometric curves (elevation versus % area) of Mackenzie station sub-

basins, labelled and grouped by western regions. 

Figure A.1.4 Hypsometric curves (elevation versus % area) of Mackenzie station sub-

basins, labelled and grouped by eastern regions. 
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Figure A.2.1 Hypsometric curves (elevation versus % area) of Ob station sub-basins, 

labelled and grouped by northern regions. 

Figure A.2.2 Hypsometric curves (elevation versus % area) of Ob station sub-basins, 

labelled and grouped by southern regions. 
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Figure A.2.3 Hypsometric curves (elevation versus % area) of Ob station sub-basins, 

labelled and grouped by western regions. 

Figure A.2.4 Hypsometric curves (elevation versus % area) of Ob station sub-basins, 

labelled and grouped by eastern regions. 

Figure A.3.1 Hypsometric curves (elevation versus % area) of Yenisei station sub-basins, 

labelled and grouped by northern regions. 



313 

 

 

 

  

Figure A.3.2 Hypsometric curves (elevation versus % area) of Yenisei station sub-basins, 

labelled and grouped by southern regions. 

Figure A.3.3 Hypsometric curves (elevation versus % area) of Yenisei station sub-basins, 

labelled and grouped by western regions. 

Figure A.3.4 Hypsometric curves (elevation versus % area) of Yenisei station sub-basins, 

labelled and grouped by eastern regions. 
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Figure A.4.1 Hypsometric curves (elevation versus % area) of Lena station sub-basins, 

labelled and grouped by southern regions. 

Figure A.4.2 Hypsometric curves (elevation versus % area) of Lena station sub-basins, 

labelled and grouped by western regions. 
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Figure A.4.3 Hypsometric curves (elevation versus % area) of Mackenzie station sub-

basins, labelled and grouped by eastern regions. 
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APPENDIX B 

Daily flow (upper curve) and cumulative departure from mean flow (lower curve) for the 

Yenisei River, 2000. The date at which cumulative departure is at a minimum defines the onset 

of the spring pulse, occurring on May 17 (Julian day 137) in this case (Cayan et al., 2001). Also 

shown is the annual hydrograph centre of mass date used to define the freshet end date; the 

freshet duration between the date of onset and the freshet end date; and the peak flow occurring 

during freshet. Shaded grey regions denote the time periods used to integrate flows occurring 

from April through July (V1) and during freshet duration (V2). 
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APPENDIX C 

Climatic Relationships using Alternative Datasets 

For the Mackenzie basin, climatic relationships were also performed using a 10 x10 km 

resolution, spline-interpolated dataset of daily precipitation and maximum and minimum daily 

temperature covering the period 1950 – 2010, referred to as NRCAN (2012) (Hutchinson et al., 

2009; McKenney et al., 2011).  The ERA-40 dataset was utilized for the Eurasian basins.  ERA-

40 is a re-analysis product of meteorological observations covering the period September 1957 to 

August 2002, produced by the European Centre for Medium-Range Weather Forcasts (ECMWF) 

(Uppala et al., 2005).  Resolution is based on the T159 Gaussian grid, corresponding to a spatial 

resolution of approximately 1.125° x 1.125°. 

Table C-1 and C-2 give the number of significant correlations (5% level) for all sub-

basins obtained when using the CRU TS3.21 dataset versus NRCAN (2012) for the Mackenzie 

basin and ERA-40 for the Eurasian basins, respectively.  Correlation results obtained using CRU 

TS 3.21 are further discussed in Chapter 5.  In the Mackenzie basin, temperature-related 

correlations (FP, FL and FM) using CRU TS3.21 improve, despite the higher resolution of 

NRCAN (2012).  Precipitation-related correlations (V1 and V2) show worse overall performance 

using CRU TS3.21.  In Eurasian basins, FP correlations using CRU TS 3.21 show a vast 

improvement in significant results over ERA-40, although other variables show little 

improvement or worse performance.  Because of the limited spatial resolution of the ERA-40 re-

analysis dataset and limited spatial coverage of NRCAN (2012), CRU TS3.21 was chosen as the 

best available climatic dataset with the required spatial and temporal coverage and variables.   
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Table C-1. Number of significant correlations (5% level) with freshet measures obtained using 

different climatic datasets during the period 1980 – 2000 for Mackenzie stations. Shown in 

brackets are the percent changes in significant results when using the alternate climatic datasets 

compared to CRU TS3.21.  

 FP FL FM V1 V2 

CRU TS3.21 23 (+10%) 11 (+38%) 10 (+67%) 7 (-50%) 9 (-36%) 

NRCAN 21 8 6 14 14 

 

 

Table C-2. Number of significant correlations (5% level) with freshet measures obtained using 

different climatic datasets during the period 1980 – 2000 for Eurasian stations. Shown in 

brackets are the percent changes in significant results when using the alternate climatic datasets 

compared to CRU TS3.21.  

 FP FL FM V1 V2 

CRU TS3.21 35 (+3400%) 7 (+600%) 2 (-33%) 0 (-100%) 2 (+100%) 

ERA-40 1 1 3 1 1 
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Figure C.1. Pulse date correlations with April through June average temperature 

(NRCAN) during the period 1962 – 2000 for Mackenzie stations. 
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Figure C.2. Pulse date correlations with April through June average temperature (ERA-40) 

during the period 1962 – 2000 for Eurasian stations. 
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Figure C.3. Pulse date correlations with April through June average temperature 

(NRCAN) during the period 1980 – 2000 for Mackenzie stations. 
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Figure C.4. Pulse date correlations with April through June average temperature (ERA-40) 

during the period 1980 – 2000 for Eurasian stations. 
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Figure C.5. Freshet length correlations with April through June average temperature 

(NRCAN) during the period 1962 – 2000 for Mackenzie stations. 
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Figure C.6. Freshet length correlations with April through June average temperature 

(ERA-40) during the period 1962 – 2000 for Eurasian stations. 
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Figure C.7. Freshet length correlations with April through June average temperature 

(NRCAN) during the period 1980 – 2000 for Mackenzie stations. 
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Figure C.8. Freshet length correlations with April through June average temperature 

(ERA-40) during the period 1980 – 2000 for Eurasian stations. 
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Figure C.9. Freshet magnitude correlations with April through June average temperature 

(NRCAN) during the period 1962 – 2000 for Mackenzie stations. 
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Figure C.10. Freshet magnitude correlations with April through June average temperature 

(ERA-40) during the period 1962 – 2000 for Eurasian stations. 
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Figure C.11. Freshet magnitude correlations with April through June average temperature 

(NRCAN) during the period 1980 – 2000 for Mackenzie stations. 
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Figure C.12. Freshet magnitude correlations with April through June average temperature 

(ERA-40) during the period 1980 – 2000 for Eurasian stations. 
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Figure C.13 Freshet volume correlations with November through March cumulative 

precipitation (NRCAN) during the period 1962 – 2000 for Mackenzie stations. 



332 

 

 

Figure C.14. Freshet volume correlations with November through March cumulative 

precipitation (ERA-40) during the period 1962 – 2000 for Eurasian stations. 
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Figure C.15. Freshet volume correlations with November through March cumulative 

(NRCAN) precipitation during the period 1980 – 2000 for Mackenzie stations. 
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Figure C.16. Freshet volume correlations with November through March cumulative 

precipitation (ERA-40) during the period 1980 – 2000 for Eurasian stations. 
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Figure C.17. April through July volume correlations with November through March 

cumulative precipitation (NRCAN) during the period 1962 – 2000 for Mackenzie stations. 
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Figure C.18. April through July volume correlations with November through March 

cumulative precipitation (ERA-40) during the period 1962 – 2000 for Eurasian stations. 
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Figure C.19. April through July volume correlations with November through March 

cumulative precipitation (NRCAN) during the period 1980 – 2000 for Mackenzie stations. 



338 

 

 

Figure C.20. April through July volume correlations with November through March 

cumulative precipitation (ERA-40) during the period 1980 – 2000 for Eurasian stations. 

 

 


