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Abstract 

The eastern Canadian Arctic is home to Canada’s largest Indigenous population, which 

depends on local freshwater sources for drinking water. However, small watersheds have rarely 

been analyzed for long-term hydrologic response to changing climate. This study aims to address 

this issue by examining the Apex River, a small watershed with a long hydroclimatic record, near 

Iqaluit, Nunavut. Particular emphasis was placed on the long-term changes in climate and river 

discharge, and the seasonal variability of water sources between two snapshots in time, 1983 and 

2013. Long-term hydrological data were obtained from gauge station 10UH002, operated by 

Environment and Climate Change Canada, and long-term meteorological data were acquired from 

Environment Canada–operated stations near Iqaluit Airport. Breakpoint analysis suggested that 

long-term mean annual surface air temperatures have increased since 1994. In contrast, no long-

term total precipitation or annual discharge changes were observed. However, river flow initiation 

and cessation analyses of the Apex River flow season indicates that flow extended into the 

autumn since the 2000s. The 2013 flow season lasted 44 days longer than the 1983 flow season. 

Systematic river sampling was undertaken throughout the 2013 thaw season to determine 

contributing proportions of event (snowmelt or rainfall) and pre-event (baseflow) water to river 

runoff. Results from the stable isotope hydrograph separation for 2013 were compared to findings 

for 1983. Snow was the main source of water to the river during the snowmelt period in 1983 and 

2013, however baseflow was still an important contributor. Although there was high similarity of 

water sources early in the season in 1983 and 2013, the two years differed during the autumn. In 

2013 there was a high rainfall runoff response that was not present in 1983, suggesting high 

release of late-season sub-surface water storage and an increased sensitivity to late-season rainfall 

events in 2013. This research provides insights into the hydrologic response of the Apex River to 

long-term climatic change, and highlights the need for high-quality precipitation and discharge 

data for effective long-term hydrological assessment.  
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Chapter 1 

Introduction 

The region north of 60°N has experienced large climatic changes during the second half of 

the 20
th
 century, and in the 15 years since (Rouse et al., 1997; Kattsov, 2005; Walsh et al., 2011). 

Warmer surface air temperatures, deeper active layer thaw, increased rainfall and decreased 

snowfall have profound effects on Arctic rivers.  Some of the effects include: earlier river ice 

break-up and later freeze-up (Prowse et al., 2011a), an extended flow season (Prowse et al., 

2006), reduced spring flood severity (Callaghan et al., 2011a), higher groundwater contribution to 

river flow (Hinzman et al., 2005), and increased sediment and nutrient input from the thawing 

active layer (Lafrenière and Lamoureux, 2013). Therefore, changes in Arctic hydrology are 

further expected to have considerable impacts on downstream marine and aquatic ecosystems 

(McKnight et al., 2008). 

Ample evidence exists regarding the long-term hydrologic response of large Arctic 

watersheds to changing climate (McClelland et al., 2006; Kattsov et al., 2007; Smith et al., 2007; 

Déry et al., 2009a). However, long-term hydrologic analysis is rarely available for small rivers. 

Discharge records for small rivers are usually of short duration and/or are incomplete, and only a 

few studies provide information about water sources driving these systems (Obradovic and 

Sklash, 1986; Gibson et al., 1993, 1996; Clark et al., 2001; Carey and Quinton, 2005; Boucher 

and Carey, 2010; Lewis et al., 2012). Since projected climate changes will contribute to the 

intensification of the hydrologic cycle (Holland et al., 2007; Francis et al., 2009; Rawlins et al., 

2010), as well as changes to the active layer and thus hydrologic reservoirs and pathways, it is 

essential to provide an improved understanding of the relationship between changing climate and 

small Arctic freshwater systems. Of particular importance are detailed temporal and spatial 

representations of hydrologic responses to changes in climate within small watersheds, as they are 

required to assist management of local freshwater resources and improve model projections 

(Kattsov et al., 2007). 

This research aims to provide an understanding of the changing hydrology of a small 

watershed in the eastern Canadian Arctic — the Apex River, southern Baffin Island, Nunavut 

(63° 45' N, 68° 75' W) — in response to long-term climatic changes. The goals of this study were 

to: (1) analyze the long-term hydroclimatic change at the Apex River; (2) characterize and 

compare river water sources in 2013 with comparable data from 1983 (Obradovic and Sklash, 
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1986); and (3) examine the spatial variability of water sources in the watershed and determine 

whether some areas of the catchment are more likely to be vulnerable to climate change.  

For the purposes of the study, we obtained hydrological data from the Apex River gauging 

station 10UH002, operated by Environment and Climate Change Canada, and meteorological 

data from stations near Iqaluit Airport, operated by Environment Canada. Additionally, 

systematic river and lake sampling for stable isotopes of water and contributing water sources 

was undertaken in the Apex River watershed, during the 2013 thaw season. The results from 2013 

provide an opportunity to compare the seasonal differences in water sources in 2013 to findings 

from 1983 (Obradovic and Sklash, 1986), thirty years earlier. This site is comparable to other 

watersheds in the eastern Canadian Arctic, and processes occurring here can be related on a 

broader scale to other near-coastal small Arctic watersheds. The research aims to provide a better 

understanding of the hydroclimatic sensitivity of small Arctic rivers in the eastern Canadian 

Arctic, and to facilitate their management as they represent an important freshwater resource for 

northern communities.  
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Chapter 2 

Literature Review 

2.1 Introduction 

 

Scientific literature provides substantial evidence for rapid climate change and sensitivity 

of Arctic regions (Kattsov, 2005; Jiménez Cisneros et al., 2014). Rapidly warming conditions in 

the Arctic over the past few decades have affected freshwater hydrology (Callaghan et al., 

2011a). Documented impacts of Arctic warming on Arctic freshwater systems include the 

following: longer open water conditions and pronounced evaporation; higher annual but lower 

summer runoff; increased runoff response to late summer/autumn rainfall events; and higher 

nutrient and sediment loads to downstream aquatic ecosystems (Rouse et al., 1997; Bolton et al., 

2000; Prowse et al., 2006; Wolfe et al., 2007; Callaghan et al., 2011b; Lewis et al., 2012). 

Because of the sensitivity of Arctic freshwater systems, it is important to understand how they 

will respond to further changes in Arctic climate. The purpose of this chapter is to review and 

outline the processes driving Arctic climate, and to understand their effect on the hydrologic 

system. Particular emphasis is placed on relevant processes occurring in the rapidly warming 

eastern Canadian Arctic, where changes in hydrology will directly impact local Indigenous 

populations by impacting drinking water resources (UNEP/GRID, 2004). 

 

2.2 Arctic Climate 

 

The Arctic is characterized by strong feedbacks between the atmosphere, the ocean, and 

the land, with processes operating at different temporal and spatial scales (Serreze et al., 2007). 

Driven by the large seasonal differences in solar radiation input compared to those in lower 

latitudes, Earth’s inclination, and large synoptic atmospheric circulation patterns, the Arctic has a 

distinct climate (Przybylak, 2003). As part of the global system the Arctic serves as the Northern 

Hemisphere ―heat sink‖ (Serreze and Barry, 2005).  

Recent observations north of 60°N demonstrate high sensitivity in the region to changes 

in global climate (Walsh et al., 2005). Additionally, the area is expected to undergo accelerated 

warming in the near future (AMAP, 2011). Model simulations of mean November to January 
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surface air temperatures suggest a 13 °C increase for the Arctic region compared to a 6 °C 

increase for global surface temperatures by the end of the twenty-first century (Overland et al., 

2013).  

Altered surface energy and moisture processes in the Arctic are expected to affect 

northern hydrology substantially (Hartman et al., 2013). For example, currently warming spring 

temperatures are leading to an earlier spring river-ice break-up and snowpack melting. This in 

turn reduces the severity of spring floods and the effects on downstream river geomorphology, as 

well as limits the use of river-ice roads as a form of northern transportation (Prowse et al., 

2011a,b). Additionally, changes in the amount and source of runoff (snow vs. rain) will affect not 

only seasonal runoff patterns, but also sediment, solute and organic yields in runoff (Lewis et al., 

2012).  

 

2.2.1 Surface Energy Budget  

 

Incoming solar radiation is an important driver of climate. In particular, the seasonality of 

latitudinal distribution of incoming solar radiation is a result of uneven distribution of solar 

radiation between latitudes due to the inclination of the Earth’s rotational axis (Serreze and Barry, 

2005). The seasonality of latitudinal distribution of solar radiation, with Arctic regions receiving 

the lowest global totals, creates difference in surface temperature and pressure gradients 

(Pryzbylak, 2003; Serreze et al., 2007).  

The net solar radiation reaching the surface of the Earth (Q*) is defined as the sum of net 

shortwave (K*) and net longwave (L*) radiation: 

 

 Q*=K*+L* (2.1) 

 

 K*=(1-α) K↓ (2.2) 

  

 α= K↑/K↓ (2.3) 

 

where K↑ and K↓ are the outgoing and incoming shortwave radiation respectively, L* is the 

balance between incoming (L↓) and outgoing long-wave radiation (L↑), and surface albedo (α) 

which is calculated as the ratio between reflected (K↑) and incoming (K↓) short-wave radiation 

(Woo, 2012).  
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During the winter the net radiation budget in the Arctic is negative. At this time of the 

year the Arctic experiences a large differential in radiative heating relative to lower latitudes, and 

this drives atmospheric and poleward energy transport (Serreze and Barry, 2005). In the spring, 

the higher input of solar radiation in the Arctic is offset by the high albedo of sea-ice and snow 

cover, leading to a relatively long negative net surface radiation. At this time of year, a large 

portion of the net surface radiation contributes energy for snowmelt (Serreze and Barry, 2005). 

During the summer, net radiation melts sea ice and replenishes the ocean’s sensible heat 

reservoir. Also when most land surfaces in the Arctic are snow-free, net radiation enhances soil 

warming, evaporation and sensible heating of the air, which results in higher surface air 

temperatures (Serreze and Barry, 2005). 

 

2.2.2 Feedbacks 

 

Rapid warming of the high Arctic in comparison to the Earth as a whole have been 

referred to as polar or Arctic amplification (Serreze et al., 2009; Overland et al., 2011a; Serreze et 

al., 2011). Arctic amplification is associated with changes in the surface heat energy budgets 

(Figure 2.1). Key positive feedbacks which exacerbate Arctic amplification are: a) reduced ice-

albedo (Screen and Simmonds, 2010); b) changes in cloud cover and water vapor (Sedlar et al., 

2012), and c) altered heat fluxes between the ocean and the atmosphere (Yang et al., 2010).  

 

Figure 2.1 A representation of Arctic climate feedbacks. Atmospheric warming leads to loss 

of summer sea ice and increased storage of heat, which is returned to the lower atmosphere 

in the autumn and results in atmospheric warming (from Overland et al., 2013). 
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Ice- and snow-albedo feedbacks represent main seasonal and spatial drivers of 

temperature and moisture patterns across the Arctic (Callaghan et al., 2011c). Specifically, the 

presence of sea-ice cover functions as a barrier of heat and moisture between the Arctic Ocean 

and the atmosphere. Longer open water conditions allow for greater sea surface absorption of 

solar radiation, which increases sea surface temperatures and evaporation. In this manner a rise in 

ocean temperature increases the atmospheric heat budget and circulation, with highest air 

temperature changes during the autumn (Serreze et al., 2009; Screen and Simmonds, 2012; 

Bintanja and Selten, 2014). Therefore, reduced ice-albedo feedbacks are the result of sea ice 

retreat and increasing autumn temperatures (Screen and Simmonds, 2012). 

Similarly, earlier snow disappearance reduces the snow-albedo and results in higher solar 

absorption and warming of the lower atmosphere (Street et al., 1995). For example, monthly 

mean snow cover extent over North America from 1972 to 2006 showed an inverse relationship 

with air temperature for the April–June period (Dèry and Brown, 2007). Results from this study 

confirmed the sensitivity of net surface radiation budget to changes in spring snow cover extent. 

To conclude, the net climatic effect of the ice- and snow-albedo feedbacks depend on the sign 

(positive or negative), magnitude and timing of warming-induced snowfall changes, and the 

interactions of net climatic effects with other aspects of Arctic change (Screen and Simmonds, 

2012). 

 

2.2.3 Precipitation  

 

Precipitation is an important hydroclimatic variable that links the Arctic and the global 

climate by transporting moisture from lower to higher latitudes (Dickson, 1999; Vörösmarty, 

2002). The seasonality and spatial variability of Artic precipitation depends on several 

parameters: synoptic scale weather systems, local topography, and availability of moisture 

(Prowse et al., 2011a). Generally, low temperatures and atmospheric moisture limit precipitation 

in the Arctic, characterizing areas north of 70°N as polar deserts (Serreze and Barry, 2005).  The 

mean annual precipitation in the Arctic is quite variable and ranges from 150–300 mm over land, 

150–200 mm over the central Arctic Ocean, and up to 1000 mm near eastern Baffin Island 

(Serreze and Barry, 2005).         

 In the Arctic, precipitation typically falls as snow in winter and as rain in summer. For 

most areas north of 60°N in the central Canadian Arctic, winter is the season with the lowest 

precipitation, except for the Atlantic sector, which is associated with high moisture flux 
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convergence in the vicinity of the Icelandic Low (Serreze and Barry, 2005). By April the eastern 

Canadian Arctic experiences a decline in precipitation as a result of weakened primary cyclone 

tracks. In contrast, strong heating of land surfaces and increased evaporation in the low Arctic 

during the summer result in increased cyclonic activity and convective precipitation (Serreze and 

Barry, 2005). For most subarctic and high Arctic regions, late summer and early autumn 

precipitation is lower, although the Atlantic and Pacific sectors experience increased precipitation 

in those periods (Serreze and Barry, 2005).       

 The reason for high cyclonic activity in the eastern Canadian Arctic is the region’s 

proximity to the jet stream combined with open water conditions. This allows for strengthening of 

storms and a greater number of cyclones. Gascon et al. (2010) studied 194 major precipitation 

events that occurred in Iqaluit, southern Baffin Island from October to April from 1955 to 1996 

and found that these events originated primarily from three broad regions: the south, west, and 

east. In particular, the majority of the precipitation events (40%) for this region were dominated 

by southern air masses, which developed in the central US and the Great Lakes region, and 

strengthen as they move northward.  

 

2.2.4 Recent and Projected Meteorological Change in the Arctic  

 

Surface air temperatures and precipitation are the most frequently analyzed climate 

variables. Primarily driven by the amount of incoming net solar radiation and the Earth’s 

inclination, surface air temperatures demonstrate latitudinal and seasonal variations in response to 

the net solar radiative flux (Przybylak, 2003). Proxy-based analyses suggest that pan-Arctic 

summer temperatures were cooling by -0.22 ° ± 0.06° C per 1000 years prior to the 1800s 

(Kaufman et al., 2009; AMAP 2011). However, recently the region between 55°N and 85°N 

experienced rapid warming compared to global temperatures (Serreze and Barry, 2005; Bekryaev 

et al., 2010). Furthermore, since the beginning of the twenty-first century mean annual near-

surface temperatures have increased by 2 to 3 °C in the Arctic compared to an increase of 0.5 to 1 

°C for the mid-latitudes (Jeffries et al., 2013). The largest rise in Arctic temperatures have been 

observed in the autumn and winter, with the latter exceeding summer warming by a factor of four 

in some areas (Britanja and van der Linden, 2013; Jeffries et al., 2013; Jiménez Cisneros et al., 

2014). This warming in the Arctic has been augmented by snow- and ice-albedo feedbacks 

(Overland et al., 2008) (see Section 2.2.2 Feedbacks).  
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Model projections developed for the Fourth Assessment of the Intergovernmental Panel 

on Climate Change (IPCC) suggest that the Arctic will continue to experience large temperature 

increase in the near future (Kirtman et al., 2013). In particular, by 2080 autumn and winter 

temperatures in the Arctic are expected to increase between 3 and 6 °C, a change that will have 

local effects on loss of sea ice and/or global effects on atmospheric and oceanic circulation 

(Overland et al., 2011b; Walsh et al., 2011).  

During the twentieth century, the Arctic showed a 1.4% increase in precipitation per 

decade, with the largest changes occurring during the autumn and winter (McBean et al., 2005). 

Additionally, the Arctic observed changes in the precipitation type. Annual snow precipitation 

north of 50°N diminished, while annual rainfall increased by 1.2% per decade with the highest 

changes observed during the spring and autumn (Derksen and Brown, 2012; Derksen et al., 

2012). In the eastern Canadian Arctic, longer open water ocean conditions and higher specific 

humidity increased short duration convective precipitation during the autumn season (Berg et al., 

2013; Utsumi et al., 2011; Vaughan et al., 2013).     

 Warmer climate and higher availability of water vapor in the lower troposphere will 

continue to change precipitation type and quantity in the near future (Holland et al., 2007; 

Kattsov et al., 2007; Screen and Simmonds, 2010). Climate models project a 50 % increase in 

Arctic precipitation by the end of the twenty-first century (Overland et al., 2011b). The smallest 

increase is expected to occur during the summer, because of decreased available moisture and 

reduced cyclonic activity at this time (Prowse et al., 2006; Screen and Simmonds, 2012; Vaughan 

et al., 2013). Autumn and winter precipitation is expected to double as a result of seasonal 

changes in moisture contribution from predominantly remote (poleward transport) to 

predominantly local (enhanced local surface evaporation) moisture sources (Bintanja and Selten, 

2014).  

2.3 Arctic Hydrology 

 

Arctic hydrology is governed by: the seasonality of solar radiation, precipitation amount, 

timing and duration of snowmelt, and presence of permafrost (Kane et al., 2003; Serreze and 

Barry, 2005; Woo, 2012). Therefore, seasonal and temporal variations in climate and permafrost 

lead to high inter-annual variability in freshwater runoff and storage (Woo and Thorne, 2008). 

The following sections review the effects of climate on Arctic hydrology and the important 

hydrological processes and some approaches used to evaluate hydrological change.  
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2.3.1 Snow Hydrology  

 

Snow is the largest hydrological component of northern environments, with a mean 

annual maximum extent of 47 million km
2
 and a volume of 2 million km

3 
(Gray and Male, 1981; 

Woo, 2012). Snow persists on the ground for over half of the year in the Arctic, and redistributes 

water between the cold and warm seasons (Dingman, 2002; Serreze and Barry, 2005; Woo, 

2012). Snowmelt generated runoff accounts for about 75% of total annual flow in the Canadian 

High Arctic (Woo, 1986). Arctic hydrology is therefore closely related to snow accumulation, 

redistribution, ablation and sublimation, and subsequent snowmelt-generated runoff (Hinzman et 

al., 1991).  

 

2.3.2 Snowpack Energy Balance  

 

The heat gained or lost at the surface of the snowpack is represented by the following 

energy balance equation:  

 

QM=Q*+QH+ QE+ QR+ QG+ dQSnow/dt    (2.4)  

 

where QM is the energy that enters or leaves the snow surface necessary as snowmelt, Q* is net 

radiation, QH and QE are the sensible and latent heat fluxes respectively, QR is the energy added 

by rainfall, QG is the upward ground heat flux, dQSnow/dt is the change in snowpack energy (Woo, 

1983). 

The main contributors of snowmelt (QM) in Arctic areas are: Q*, QH, QE, and QR, 

whereas the contributions of QG and dQSnow/dt are usually small and/or negligible and as a result 

they are often omitted from calculations (Woo, 2012). Q* is the largest energy contributor to 

melt, and it is not until late April or early May when the snow albedo starts to decline that net 

radiation budget becomes positive in the Arctic (Woo, 2012). Towards the end of the melt season 

air temperatures are high and heat is advected from snow-free patches, which leads to increases in 

QH. On the other hand, sublimation (QE) often occurs before melt is initiated, and is high in 

magnitude in relatively low humidity regions like the High Arctic. Finally, even though QR is a 

relatively small component for most of the Arctic, regions that are under marine influence often 

have rainfall energy influencing the snowmelt processes. For example, depending on whether 
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surface air temperatures are negative or positive during and after the event, rainfall will either 

form an ice layer on top of the snow or accelerate snowmelt (Woo, 2012).  

 

2.3.3 Arctic Runoff  

 

Arctic runoff has a prominent snowmelt period and depends largely on the presence and 

degree of permafrost degradation (Walsh et al., 2005; Woo, 2012). Previous work demonstrated 

that the temporal and spatial variability in surface/subsurface runoff depends on the presence of 

permafrost, which covers approximately 80% of the Arctic drainage system (Figure 2.2) (Scott, 

1978; Woo, 2012). Permafrost is defined as any subsurface material (bedrock, organic or earth 

material) that remains below 0 °C for at least two consecutive years, and is classified as isolated, 

sporadic, discontinuous or continuous according to the spatial extent (1–10, 10–50, 50–90 or 90–

100%) and thickness (Figure 2.2)  (Brown et al., 1997; Frey and McClelland, 2009).  

 

 

Figure 2.2 Spatial extent of permafrost in the Arctic and major Arctic watersheds 

contributing to the Arctic Ocean. Delineations of continuous (90-100%), discontinuous 

(50–90%), sporadic (10–50%), and isolated (0–10%) patches of permafrost (from Brown 

et al., 1997). 
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 The main characteristic of permafrost is that the top boundary (i.e., the permafrost table) 

completely restricts deep-water infiltration and acts as an impervious surface (Carey and 

Pomeroy, 2009). In contrast, the active layer (the ground surface in a permafrost area) is subject 

to seasonal freeze and thaw processes, and responds to local conditions (snowpack, soil moisture 

conditions, height and type of vegetation and thermal conductivity of underlying material) (Woo, 

2012). Typically, at the beginning of the snowmelt period the active layer is only thawed to a 

shallow depth or still frozen, and since snowmelt cannot infiltrate the soil, there are high peaks 

surface runoff.  However, as the season progresses and there is higher incoming solar radiation, 

the snow cover diminishes, exposing soil to solar radiation, and the active layer thickens. A 

thicker active layer promotes infiltration and increases soil water storage capacity, which reduces 

surface water flow (McNamara et al., 1997; Lyon et al., 2009; Woo, 2012).  

 

2.3.4 Snowmelt Runoff  

 

In the Arctic, snow generally accumulates from the autumn freeze-up until the spring 

(Woo, 2012). The lack of tall vegetation in Arctic environments allows for snow drifting and 

accumulation in channels, gullies and depressions, which can store large quantities of water 

(DeWalle and Rango, 2008). However, the hydrologic runoff response in the spring is delayed by 

the high albedo values for snow (0.8–0.9 for freshly fallen and 0.4 for aged or dirty snow), the 

coldness of the snowpack and the soil active layer depth (Kane et al., 1991; Dingman, 2002; 

DeWalle and Rango, 2008; Woo, 2012). Long daylight hours in the Arctic means extended solar 

radiation, which can warm the snowpack to a temperature of 0 °C (snowpack ripens), a process 

that varies spatially and temporally across the landscape (Woo, 2012). As soon as the snowpack 

ripens, the snow surface starts melting and the meltwater percolates and refreezes, further 

warming up the snow (Woo, 2012). When the snowpack reaches full saturation, water output 

occurs as the last step of the snowmelt process (Dingman, 2002).  

Snowmelt is the primary source of annual runoff in the Arctic with most rivers typically 

exhibiting a nival (snowmelt – dominated) regime (Figure 2.3). The snowmelt period is short, 

ranging from a few days to several weeks, with a distinct discharge peak occurring shortly 

(typically within a few days) after the beginning of snowmelt period (Walsh et al., 2005). 

Distinguishing features of the snowmelt dominated regime are: (a) rapid and highly variable 

initiation of flow, variable magnitude and duration of freshet; (b) a pronounced discharge 

response to diurnal net radiation and late summer rainfall; and (c) no flow during the winter 
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months (French, 2007; McDonald and Lamoureux, 2009; Woo, 2012) (Figure 2.3). The snowmelt 

peak is followed by a gradual decline in surface storage, manifested as a recession of flow, which 

may be interrupted and prolonged by rainfall events (Kane et al., 2003). Even though spring peak 

flow represents the majority of the annual runoff for most Arctic watersheds the large summer 

and autumn precipitation events can result in prominent discharge peaks (French, 2007; Woo et 

al., 2008; Dugan et al., 2009). 

 

 

Figure 2.3 Arctic nival discharge regime of McMaster River (Resolute, Nunavut). Snowmelt 

exhibits prominent diurnal cycles during snowmelt high flows followed by summer low 

flows interrupted by rain runoff events.  Note the considerable inter-annual variation in 

discharge at this site (from Woo, 2012).  
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2.3.5 Baseflow 

 

Baseflow is the portion of river flow after the surface storage has been depleted. In areas 

of continuous permafrost, baseflow is usually supported by melting of ground ice (Callaghan et 

al., 2011b), and/or water on top of the permafrost i.e. suprapermafrost water (Figure 2.3) (Woo, 

2012). In order to understand the controls on baseflow during periods of thaw and low 

precipitation input it is important to understand the seasonal changes in permafrost properties and 

their effects on baseflow (Woo, 2012).  

 

 

 

Generally, baseflow is inversely proportional to spatial extent of permafrost in the river 

watershed area, indicating that baseflow contribution decreases as permafrost extent increases 

(Woo, 2012). In continuous permafrost environments, the active layer is usually frozen from 

autumn until late spring. The active layer gradually thickens after snowmelt begins and soil is 

exposed to prolonged solar radiation. Therefore, when soils start thawing depending on 

antecedent moisture conditions prior to freeze-up, it either releases over-winter stored water or 

allows for snowmelt infiltration (Obradovic and Sklash, 1986; McNamara et al., 1998; Carey et 

al., 2013).  

As the summer progresses, the active layer thickens and provides larger water storage 

capacity. At this time, the river flow is low and consists mainly of baseflow (Frey and 

Figure 2.4 Seasonal response of permafrost and groundwater occurrence: suprapermafrost 

(on top of permafrost), intrapermafrost (within permafrost) and subpermafrost (below 

permafrost) groundwater (from Woo, 2012). 
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McClelland, 2009). However, when no precipitation occurs to replenish soil storage (baseflow) 

and when suprapermafrost water is exhausted, rivers stop flowing (Woo, 2012). In some areas, 

baseflow conditions are enhanced by ground ice melt in the top few meters of permafrost. 

Thawing of massive areas of ground ice has been documented to trigger land subsidence and 

disturbance (thermokarst) and to increase the downstream nutrient yield in a watershed (Lewis et 

al., 2012; Kokelj et al., 2013; Louiseize at al. 2014). Frequent creation of thermokarst features not 

only affects surface drainage patterns, but also increases sediment and nutrient loads to Arctic 

rivers and lakes during the summer period (Kokelj et al., 2013). 

 

2.3.6 Impact of Changing Snow on Arctic Hydrology  

 

Snow plays a major role in Arctic climate and hydrology by influencing the surface 

energy balance with its high albedo and low thermal conductivity, and the water balance through 

water storage and release (Serreze and Barry, 2005; Walsh et al., 2005; Callaghan et al., 2011c; 

Woo, 2012). Changes in snowfall or snow accumulation are therefore expected to have important 

effects on the Arctic hydrological regime (Adam and Lettenmaier, 2009).  

Snow observations across the Arctic are made in situ and by satellite (Callaghan et al., 

2011c). Satellite measurements have high spatial coverage, while in situ measurements provide 

more detailed information about the physical properties of snow. Nevertheless, in situ data 

measurements obtained are of low spatial resolution because of the high cost of instrumentation 

and labor associated with taking these measurements. In addition, in situ measurement 

instruments, such as the Nipher shielded snow gauge, are prone to large uncertainties because of 

problems with undercatch, snow sublimation, and the instrument`s inability to record trace 

precipitation (Mekis and Hogg, 1998; Yang et al., 1999). 

In situ snow observations north of 60 °N in the North American and Eurasian Arctic 

show a decline in spring snow cover during the 1950s due to warmer winter conditions (McCabe 

and Wolock, 2010; Derksen and Brown, 2012). Daily spring snow depth observations for Alaska 

and Canada from 1967 to 2007 reveal a significant snow cover duration reduction of 2.2 days per 

decade, with May temperature anomalies explaining 32% of the variance (Brown et al., 2010). 

During the same period, observations in the Canadian Arctic Archipelago showed a 46% decrease 

in spring and autumn snow cover duration (Brown et al., 2010), due to enhanced local warming 

related to thinner ice (Lindsay and Zhang, 2005) and earlier sea ice retreat (Howell et al., 2009). 
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Similarly, analysis of temporal and spatial satellite data of daily Arctic snow cover from a 

10 km horizontal grid north of 55° N using MicroMet and SnowModel (Liston and Elder, 

2006a,b) identified a decreased snow cover duration of 2.49 days per decade during the 1979–

2009 period (Liston and Hiemstra, 2011). Additionally, Derksen and Brown (2012), using the 

Northern Hemisphere spring terrestrial snow cover extent (SCE) from the National Oceanic and 

Atmospheric Administration`s (NOAA) snow chart Climate Data Record (CDR) for the period of 

April to June, were able to demonstrate a snow cover extent reduction of 3.3 days per decade 

from 2008 to 2012.  

Arctic model simulations predict up to a 20% reduction in snow cover duration by 2050, 

with the greatest decrease in snow cover extent during spring, late autumn and early winter 

(Callaghan et al., 2011c). However, snow precipitation projections are spatially variable, with an 

increase of 7.5 % to 18 % across the Arctic and a local increase of 35% in the western Canadian 

High Arctic during the autumn and winter (Kattsov et al., 2005). The projected high spatial 

variability of snow cover for the next few decades will undoubtedly result in numerous 

hydrologic responses.  

Snow reflects the incoming solar flux and reduces net radiation, and it has thermal 

insulating effects on the underlying surface (Serreze and Barry, 2005; Walsh et al., 2005; 

Callaghan et al., 2011c; Woo, 2012). A deep snow cover prevents large heat loss from the ground 

in the winter, while low snow cover/depth leads to cooling of underlying soil and restricted 

infiltration and groundwater flow (Zhang, 2005; Lafrèniere et al., 2013). Projected winter and 

spring snowfall increase would delay spring runoff and reduce ice melt (negative feedback). In 

contrast, warmer spring temperatures and reduced snow cover would increase the surface 

radiation budget and advance snowmelt runoff (Callaghan et al., 2011c). Consequently, a shorter 

snow season would both diminish the water supply and moderate the rate of its delivery. This has 

been demonstrated through reduced frequency and severity of ice jams and earlier river ice break-

up in Arctic rivers (Prowse and Bonsal, 2004), whereas small rivers in polar deserts may 

completely cease flow except during heavy rainfalls (Dugan et al., 2009; Callaghan et al., 2011a).  

Changes in surface energy balance by reduced snow accumulation will result in thicker 

active layer and increased the storage capacity, which will reduce surface runoff and during 

periods of deep thaw trigger land disturbances and increase sediment loads (Kokelj and Burn, 

2003; Favaro and Lamoureux, 2014). Longer residence time of water in the active layer will 

increase the nutrient load delivery to rivers (Walvoord and Striegl, 2007; Frey and McClelland, 

2009; O’Donnell et al., 2012; Prowse et al., 2012b; Woo, 2012). Therefore, reduced snow 

accumulation, earlier snowmelt, and increased sublimation due to warmer surface air 
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temperatures will alter the seasonal water storage in Arctic watersheds (Callaghan et al., 2011c; 

Lafrenière et al., 2013). 

 

2.3.7 Impact of Changing Rain on Arctic Hydrology  

 

Rainfall is the second most important water source to Arctic environments: able to 

generate large hydrologic, sedimentary and biogeochemical fluxes (Lewis et al., 2012). The 

rainfall runoff response is proportional to the permafrost extent and depends on: (a) the 

magnitude and intensity of rain; (b) the size and physical characteristic of the watershed; and (c) 

the soil antecedent conditions (McNamara et al., 1998; Woo, 2012; Favaro and Lamoureux, 

2014).  

Late summer and autumn storms in the Arctic are becoming increasingly important, with 

rainfall runoff resembling or exceeding snowmelt in some instances (McNamara et al., 1998; 

Kane et al., 2003). The size of the watershed is the determining factor of rainfall runoff response, 

where large watersheds have muted response to a rainfall event than smaller watersheds (Kane et 

al., 2008). For example, a nested watershed analysis approach for the Kuparuk River Basin in 

Alaska confirmed that even though a summer storm runoff can exceed the snowmelt peak in 

smaller watersheds, the snowmelt runoff is always greater than rainfall runoff from any individual 

storm in the larger watersheds (McNamara et al., 1998).   

Soil antecedent conditions are another important determinant of runoff response (Kane et 

al. 2008; Favaro and Lamoureux, 2014). In a small watershed on Cape Bounty, Melville Island, 

Dugan et al. (2009) demonstrated that two similar summer rainfall events could yield a 

substantially different runoff because of different antecedent conditions and active layer 

development. They suggested that saturated active layer conditions primed the system for an 

intense rainfall runoff response. In another study from the same catchment, Favaro and 

Lamoureux (2014) revealed that antecedent soil moisture levels and the rate of soil saturation 

between 2009 and 2012 resulted in differing catchment soil dryness, which affected the response 

to the rainfall event. 
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2.4 Stable Isotope Hydrology  

 

Hydrometric data are often insufficient to determine the proportions of event and pre-

event water to river flow. Therefore, hydrological studies have often used stable isotopes of water 

as a means of differentiating the sources of water contributing to river flow (Kendall and 

McDonnell, 1998). Stable isotopes of water are inherent to the hydrologic cycle, and integrate 

small-scale variability to provide an effective understanding of catchment scale processes (Buttle, 

1994). Stable isotope composition of water is defined as the variation in relative abundance of the 

stable isotopes of hydrogen (
1
H, 

2
H) and oxygen (

16
O, 

18
O) (Edwards et al., 2003). Isotopic 

compositions are expressed as δ values (δ
2
H and δ

18
O), and represent deviation permil (‰) from 

the isotopic standard: 

 

 
                (

       

         
)    

(2.5) 

where R refers to the 
2
H/

1
H or 

18
O/

16
O ratios in the sample and standard, respectively. For 

example, a sample that has a δ
18

O value of -20‰ is said to be heavier/enriched compared to a -

30‰ sample, which is described as lighter/depleted relative to the former (Kendall and 

McDonnell, 1998).  The reference standard for stable isotopic composition of water is the Vienna 

Standard Mean Ocean Water (VSMOW), which approximates the bulk isotopic composition of 

present-day global ocean water, and has a composition of 0‰ for both δ
2
H and δ

18
O (Edwards et 

al., 2003).  

Isotope fractionation is a differentiation by mass and rates of reactions for different 

isotopes (Clark and Fritz, 1997). For example, molecular bonds in  the heavy isotopes of a given 

element (e.g. 
2
H-

2
H) are more stable and require higher energy to break the bonds involving 

lighter isotopic species (e.g. 
1
H-

1
H) (Kendall and McDonnell, 1998). Depending on the 

reversibility of the fractionation, there are two types of fractionation: equilibrium and kinetic 

fractionation.  

The redistribution of heavy and light isotopes during an equilibrium fractionation occurs 

in a closed system, where the rates of forward and backward reactions of a chemical or physical 

(i.e. phase change) transformation are identical, and the ratios of different isotopes in each 

component are constant for a particular temperature (Kendall and McDonnell, 1998). During 

phase change reactions, isotope fractionation results in enhanced accumulation of the heavier 

isotope in the more dense material (e.g. solid vs. liquid). A typical example of equilibrium 
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fractionation is water vapor condensation in rain clouds, where the heavier water isotopes (
18

O 

and 
2
H) become enriched in the liquid phase while the lighter isotopes (

16
O and 

1
H) remain in the 

vapor phase. Note that the higher the temperature, the lower the fractionation or difference 

between the equilibrium isotopic compositions of the two phases (Kendall and McDonnell, 1998). 

Kinetic fractionation is irreversible and occurs when there is a change in temperature or 

the addition or removal of a reactant, which moves the system far from thermodynamic 

equilibrium, accelerating the forward reaction rate (Clark and Fritz, 1997). Kinetic fractionation 

is contingent on: the reaction pathway, the reaction bond, and the relative bond energies formed 

or severed, all of which depend on the relative differences in the mass of the isotopes, and their 

vibrational energies (Kendall and McDonnell, 1998). For example, if the evaporated water vapor 

above a water surface is continuously transported away, the phase change reaction cannot reach 

equilibrium. Typical examples of kinetic fractionation are: a) the diffusion of H2O across a 

membrane, where lighter molecules (
2
H

16
O(l)) move faster than heavier molecules (

2
H

18
O(l)); and 

b) carbon fixation through photosynthesis (Kendall and McDonnell, 1998). 

 

2.4.1 Stable Water Isotopes of Meteoric Water  

 

Global atmospheric moisture broadly arises from a well-mixed source (i.e., the subtropic 

ocean surface), and undergoes progressive rain-out of heavy isotopes as it is transported inland 

and poleward. In addition, the degree of fractionation (i.e. enrichment of rainfall, and depletion of 

remaining vapor in the air mass) increases due to decreasing poleward temperatures. As such, the 

isotopic composition of global precipitation plots along the global meteoric water line (GMWL). 

The slope of the GMWL reflects the influence of temperature-dependent equilibrium 

fractionation of the two heavy isotopic species between atmospheric vapor and condensing 

precipitation. The GMWL was defined as  (Craig, 1961):  

 

 δ
2
H = 8*δ

18
O+ 10 (2.6) 

 

where slope of 8 is close to the ratio of the equilibrium fractionation factors for the water liquid-

vapor phase transition 1.0098 and 1.084 at 20 ºC for 
18

O and 
2
H, respectively (Majoube, 1971), 

and 10 is the y-intercept of the GMWL, referred to as the deuterium excess (d-excess) (Figure 

2.5) (Kendall and McDonnell, 1998).  
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D-excess is the deviation of δ
2
H and δ

18
O from the GMWL under normal conditions 

(Sodeman, 2006). D-excess is therefore used to define the extent of non-equilibrium fractionation 

during evaporation and the influence of relative humidity gradient above the water surface, air 

and water temperature and the evaporative cooling of the water surface (Merlivat and Jouzel, 

1979). D-excess is measured in permil (‰) defined as (Dansgaard, 1964): 

 

 d-excess=δ
2
H- 8*δ

18
O                                            (2.7) 

   

Therefore, d-excess reflects the prevailing conditions during evolution and interaction or mixing 

of air masses en route to the precipitation site (Froehlich et al., 2001). D-excess can be used as a 

fingerprint of the oceanic source area of precipitation collected at a given station and the mixing 

of air masses originating from different sources particularly recycled air moisture (Froehlich et 

al., 2001). Recently, d-excess has been used as an independent climatic parameter to characterize 

atmospheric general circulation models (Hoffmann et al., 2000) and to characterize atmospheric 

circulation in polar regions (Petit et al., 1991).  

Figure 2.5 Representation of river isotopic composition (closed circle) and possible 

trajectories (arrows) with different water sources contribution. Rainfall and snowfall 

isotopic compositions plot along the GMWL, whereas lake water is offset to GMWL due to 

evaporative enrichment. The d-excess decreases with increasing offset from the GMWL as 

shown by the dashed lines (from Turner et al., 2014).  
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At a local scale, snow and rain isotopic composition plot along the Local Meteoric Water 

Line (LMWL), whose slope depends on the source, trajectory, and distillation history of the 

contributing air mass(es), and may vary slightly from the GMWL (Figure 2.5). Soil water and 

surface water bodies (lakes and ponds) often plot along the Local Evaporation Line (LEL) which 

has a slope of 4-6 depending on local atmospheric conditions (relative humidity, air temperatures 

and isotopic composition of ambient moisture) (Figure 2.5) (Kendall and McDonnell, 1998, 

Gibson et al., 2008). For example, low temperatures and low humidity promote large isotopic 

fractionation (low LEL slope) and high temperatures and high humidity promote small isotopic 

fractionation (high LEL slope) (Kendall and McDonald, 1998). Therefore, the slope of the LEL 

can be used as an indicator of the isotopic fractionation in a system as a result to varying local 

temperatures and relative humidity (Kendall and McDonald, 1998). Additionally, surface waters 

that have been subject to evaporation will have enriched isotopic composition and lower d-excess 

values than atmospheric precipitation, which offsets them from the GMWL (Turner et al., 2010) 

(Figure 2.5). 

 

2.4.2 Isotopic Hydrograph Separation  

 

Stable water isotopes have often been used in hydrograph separation studies to evaluate 

runoff generation processes and distinguish between water sources (Klaus and McDonnell, 2013). 

The goal of hydrograph separation is to improve the understanding of runoff generating 

mechanisms especially during the snowmelt/freshet period (Gibson et al., 1993; Carey and 

Quinton, 2004; Hayashi et al., 2004; St. Amour et al., 2005; Boucher and Carey, 2010) and 

following summer rainfall (Sklash et al., 1976; Sklash and Farvolden 1979; McNamara et al., 

1997; Carey and Quinton 2005). Note that other conservative chemical tracers like Cl
-
, Mg

2+ 
can 

be used to distinguish between water sources and pathways in a system (Kendall and 

MacDonnell, 1998). 

The evaluation of river flow in terms of event water or ―new water /snowmelt/rainfall‖, 

and pre-event water ―old water /baseflow‖ is performed by two-component mixing analysis: 

  

          (2.8) 
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                  (2.9) 

 
     [

     

     
] 

(2.10) 

          (2.11) 

where Q is the discharge, C is the isotope composition and the subscripts r, e, o refer to  river 

flow, event (new) and pre-event (old) components respectively. 

The two-component hydrograph separation method is based on the following 

assumptions (Sklash and Farvolden, 1979; Obradovic and Sklash, 1986; Buttle, 1994):  

 

1. The mass is conserved and tracer movement is unobstructed in the system; 

2. The isotopic content of the event and the pre-event water are significantly 

different from each other;  

3. The event water maintains constant isotopic signature in space and time, or if any 

variations occur they can be accounted for; 

4. The isotopic signature of the pre-event water is constant in space and time, or if 

any variations occur they can be accounted for;  

5. Contributions from the vadose zone must be negligible, or the isotopic signature 

of the soil water must be similar to that of groundwater;  

6. Surface storage contributes minimally to the streamflow. 

Event water is typically the dominant component during the freshet period. However, 

water contributions and runoff response are determined by the properties of the underlying soils. 

In Arctic catchments, the percent of event and/or pre-event contribution is primarily affected by 

the presence of permafrost. For example, in the discontinuous permafrost zone the active layer is 

typically thicker during the snowmelt period compared to continuous permafrost zones. A thicker 

active layer increases potential for infiltration and storage, and therefore decreases the percent of 

event water contribution (Metcalfe and Buttle, 2001). Isotope hydrograph separation results from 

two consecutive years (1994 and 1995) in a discontinuous permafrost watershed show significant 

interannual differences in event contribution during the snowmelt period of 78% vs. 27%, 

respectively (Metcalfe and Buttle, 2001).  The lower event contribution in 1995 at the time of 
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snowmelt was attributed to deeper active layer development at the end of the previous summer 

and higher soil moisture conditions prior to freeze up – which lead to greater pre-event water 

contributions in spring of 1995 (Figure 7 in Metcalfe and Buttle, 2001).  

During the baseflow period, watersheds in permafrost areas are dominated by water that 

has been stored in the active layer (―old or pre-event water‖) and/or summer rainfall contributions 

(McNamara et al., 1997; Carey and Quinton, 2005). Therefore, when baseflow contribution is 

exhausted, summer precipitation input can become an important source of water in areas of 

increased permafrost thaw (Carey and Quinton, 2005; Frey and McClelland, 2009; Lyon et al., 

2009; Favaro and Lamoureux, 2014).   

The earliest known example of a hydrograph separation study in continuous permafrost 

terrain is from the Apex River near Iqaluit, southern Baffin Island (Obradovic and Sklash, 1986). 

The study investigated contributing sources and pathways of water during snowmelt using δ
18

O, 

Ca
2+

 and Mg
2+

. Results demonstrated that more than half of the total discharge during the 

snowmelt period was event water, after which gradual thaw, infiltration of event water and 

enhanced contributions from subsurface flow rapidly increased the contributions of pre-event 

water during the recession.  

The two-component mixing model examines the contribution of water sources in a 

spatially integrated signal (Clark and Fritz 1997; Kendall and McDonnell, 1998). The model 

analyses runoff consisted of event and pre-event water, which is a simple view of runoff 

components and flow processes in permafrost environments (Sklash, 1990; Rodhe, 1998; Turner 

and Barnes, 1998). One of the issues associated with using a two-component mixing model is the 

spatial and temporal isotopic variability in the event water, both during snowmelt and within 

rainfall events (Taylor et al., 2002). For example, water collected from snow lysimeters on the 

south and north slope of a subarctic alpine catchment in northern Yukon revealed temporal 

variability in δ
18

O during the melt period, which was attributed to fractionation during melt and 

distinct δ
18

O signature of different snow layers (Carey and Quinton, 2004). Similarly, Lafrenière 

and Sinclair, (2011) found that snowpack in the Canadian Rockies showed both temporal and 

spatial variability in δ
18

O as a result of the deposition of air masses with different development 

and origin of air moisture.  The intra-storm isotopic variability can be captured and defined by 

high frequency sampling during the course of an event (Taylor et al., 2002). However, changing 

the seasonality and precipitation type and timing will have confounding effects on the 

interpretation of data (Spence et al., 2011). 

Characterizing the spatial and temporal variability in the composition of pre-event water 

is challenging. In order to evaluate the isotopic heterogeneity of pre-event water, it is necessary to 
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conduct subsurface sampling before, during and after events (rain or snowmelt), as not all-old 

water is groundwater and it will not necessarily have the same isotopic values (Genereux and 

Hemond, 1990). Finally, this mixing model does not provide information on how pre-event water 

reaches the stream during a precipitation event (Boucher and Carey, 2010). 

Since the isotope composition of the runoff components is not homogeneous in space and 

time, means for describing inaccuracies are needed (Kline, 1985). First order Taylor series or 

Gaussian error propagation (Hooper et al., 1990; Genereux, 1998; Uhlenbrook and Hoeg, 2003) 

and Monte Carlo techniques (Bazemore et al., 1994) have been commonly used to preform 

uncertainty analysis in hydrograph separation studies. The Gaussian approach allows for a 

detailed quantitative evaluation of the confidence in the hydrograph separation during an event 

contribution (Generaux, 1998; Uhlenbrook and Hoeg, 2003). The uncertainty of a two-component 

hydrograph separation model can be calculated as follows:  

 

      √*(
  

     
)   +

 
 *(

  

     
)   +

 
 *(

  

     
)   +

 
                           (2.12) 

 

 fo= Ce-Cr/Ce-Co  (2.13) 

 fe=Cr-Co/Ce-Co (2.14) 

 

where the uncertainty (W) of the hydrograph separation components (Co, Ce, Cr) was calculated 

as a product of the standard deviation and the asymptotic t value for α=0.05, and fo and fe are the 

pre-event and event mixing fractions. When the river samples were collected at the same location 

(well mixed horizontally and vertically) there is no spatial variability to consider in defining Wcr. 

In this case the laboratory precision of the measurement is a good estimate. Uncertainty is 

insignificant when the difference between the two mixing components is large (Sklash and 

Farvolden, 1979; Generaux, 1998; Pu et al., 2013). However, the potential sources of uncertainty 

are site and event specific with spatial variability of tracers being the most critical uncertainty 

source, that can be overcome by intensive sampling (Uhlenbrook and Hoeg, 2003; Machavaram 

et al., 2006; Leibundgut et al., 2009).  
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2.4.3 Isotopic Water Balance  

 

Water balance is an important environmental characterization of a region and a 

quantitative expression of the hydrologic cycle (Dingman, 1973). It is the product of hydrologic 

processes in a catchment that govern the gains and losses of water and their respective 

distribution in time and space (Woo, 2012). Therefore, quantifying the amount and timing of 

water fluxes and water balance is important for estimating climate change effects and for water 

management purposes (Woo, 2012). 

Water balance is a method used to estimate the seasonal evaporation rates and other 

hydrologic components within a watershed, defined as: 

 

dV/dt= I-Q-E                (2.15) 

 

where dV/dt is the change in storage volume in the basin over time, I is the instantaneous inflow 

(I= IS+IG+P), and Q is instantaneous outflow (Q= QS+QG), where subscripts S and G refer to 

surface and groundwater inflow and outflow, respectively (Gibson, 2002).  However, often due to 

data availability and/or study objectives, the water balance equation is simplified as the sum of 

precipitation (P) minus evaporation (E) and outflow (Q) (Woo, 2012). 

Water balance studies have often used stable isotopes of surface bodies (ponds and lakes) 

to investigate change in hydrologic processes (Gibson and Edwards, 2002). δ 
2
H, δ 

18
O and d-

excess have been used to examine both large and small northern catchments, and to improve the 

quantification and understanding of evaporation where it is otherwise challenging to provide 

quantitative information using conventional techniques (Gibson et al., 1993; Gibson et al., 2002; 

Gibson and Edwards, 2002; Bowling et al., 2003; Kane et al., 2003; Prowse et al., 2012a,b).   

The seasonality of solar radiation and presence of thick ice cover for most of the year in 

the Arctic affects surface water balance. With the beginning of spring, open water conditions 

enable penetration of incoming radiation and surface water exchange with the atmosphere 

(Gibson et al., 1993, 1996; Edwards et al., 2003). At the start of the summer, surface water bodies 

(lakes and ponds) that are dominated by snowmelt input are isotopically depleted relative to the 

steady state isotopic composition of atmospheric moisture (i.e., summer rainfall input) (Gibson, 

2002). As the season progresses, they undergo preferential evaporation of lighter isotopes, and 

might become isotopically enriched (Gibson, 2002), though at a lower rate than rainfall 

dominated lakes (Turner et al., 2010).  
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The water- and isotope -mass balance for a well-mixed lake is often analyzed using 

evaporation to inflow ratio (E/I). The E/I ratio is an index of water balance calculated as the 

isotopic enrichment of a given lake (δL) along the LEL (Figure 2.6): 

 

 E/I= (δI- δL)/(δE-δL) (2.16) 

 

where δI is an approximation of the weighted-mean isotopic composition of input waters  between 

LEL and LMWL, and δE is the isotopic composition of the evaporated water estimated using 

Craig and Gordon’s (1965) linear resistance model.  

 

 

Figure 2.6 Schematic diagram identifying the key isotopic parameters used in isotope-mass 

balance studies. These include lake water isotope composition (δL), input water isotope 

composition (δI), evaporated lake water isotopic composition (δE) and the atmospheric 

isotope composition (δAS), as well as the position of Local Meteoric Water Line (LMWL) 

and Local Evaporation Line (LEL) in relation to Global Meteoric Water Line (GMWL).  

 

The model accounts for variations in equilibrium vapor pressures (―equilibrium effects‖) 

and variations in molecular diffusivities (―kinetic effects‖) while assuming negligible resistance 

to liquid-phase mixing defined as (Edwards et al., 2003): 

 

 δE = ((1 + 10
-3
ε*) δL – hδA – ε)/(1 – h + 10

-3
εK)    (2.17) 
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where ε* and εK are the equilibrium and kinetic enrichment factors respectively, expressed in 

permil (‰)  as fractionation between the liquid and vapor phases, ε is the total enrichment (= ε* + 

εK), and h is the relative humidity normalized to the saturation vapor pressure at the temperature 

of the air-water interface.  

Hydrogen and oxygen equilibrium enrichment values (ε*) are estimated from the 

empirical relations derived by Horita and Wesolowski (1994) are as follows respectively: 

 

       ε* = 1158.8(T
3
/10

9
) – 1620.1(T

2
/10

6
) + 794.84(T/10

3
) – 161.04 + 2.9992(10

9
/T

3
)       (2.18) 

 

 ε* = –7.685 + 6.7123(10
3
/T) – 1.6664(10

6
/T

2
) + 0.3504(10

9
/T

3
)        (2.19) 

 

where T is the interface temperature (in K).  The kinetic enrichment factors (εK) for hydrogen and 

oxygen are approximated as a function of the relative humidity deficit (Gonfiantini, 1986; 

Araguás-Araguás et al., 2000):  

 εK = 12.5(1 – h) (2.20) 

 εK = 14.2(1 – h) (2.21) 

 

The final component necessary to determine the evaporation to inflow ratio is 

atmospheric moisture (δAS). If there are no direct available measurements of δAS, the isotopic 

signature of atmospheric moisture is assumed to be in isotopic equilibrium with the isotopic 

composition of precipitation and equilibrium isotopic enrichment factor for oxygen and hydrogen 

(Gibson et al., 2002): 

 δAS= δP - ε* (2.22) 

 

Therefore, by evaluating the isotopic composition of key water elements (atmospheric 

moisture, precipitation input and runoff) and estimating the seasonal E/I rates, surface bodies can 

provide information about: the long-term catchment water balance, regional hydrology in 

response to climate change, and the dominant precipitation input type (Gibson et al., 1993, 1996, 

2002; Wolfe et al., 2007; Labrecque et al., 2009; Turner et al., 2010). For example, Turner et al., 

(2010) found that on average snowmelt dominated lakes in the subarctic have lower evaporation 

to inflow ratio than rainfall dominated lakes (0.20 versus 0.35 respectively) as a result of high 

snow accumulation during the winter months, and deliver isotopically-depleted water during the 

spring melt. Hence, the water balance of rainfall-dominated lakes was found to be more sensitive 

to evaporation than water balance in snow-dominated lakes (Turner et al., 2010).  However, 

another study of shallow lakes in a continental low Arctic setting showed that when lake 
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evaporation is less than 50 mm during the ice-free period, they are less sensitive to short term 

water balance variation (Gibson, 2002). The analysis confirms that nearby lakes with broadly 

similar characteristics do not have substantially different evaporation rates or water balances on a 

weekly timescale (Gibson, 2002).  

Finally, the evaporation to inflow ratio has been used to provide an assessment of the 

drainage hierarchy within a watershed. Gibson et al. (2002) examined the isotopic range of lakes 

in the Boreal Plain and northern parts of Alberta in addition to lakes physiological and 

climatological data. Results showed that on average, lakes in wetland-dominated catchments 

(isotopically enriched) received higher runoff than upland dominated lakes (isotopically 

depleted). However, this was not due to differences in vapor loss mechanisms in wetland versus 

upland systems. Gibson et al. (2002) suggested that wetland-dominated basins are better 

hydraulically connected to lakes than upland basins, and that they collect water from a number of 

lakes that might be affected by evaporation. It is probable that evaporation in wetland-dominated 

basins is over-estimated due to the systematic underestimation of catchment areas in lower relief, 

where wetlands tend to occur. Therefore, local climate and morphological settings are both 

important controls on water balance (Gibson et al., 2002). 

 

2.5 Conclusion   

 

Large-scale circulation patterns play a dominant role in freshwater ecosystem changes 

(Rawlins et al., 2010). In particular, warming air temperatures affect the precipitation type (snow 

versus rain), and the quantity and distribution of snow, which influences surface albedo and 

timing of lake ice break-up and freeze-up. Longer ice-free conditions alter net surface energy 

fluxes and affect the local water energy balance by increased evaporation. Warmer thaw season 

conditions result in a thicker active layer and promote higher infiltration rates, increase soil water 

storage potential, and influence river baseflow and runoff. Therefore, projected Arctic warming 

trends are expected to have a series of substantial impacts on freshwater systems (Prowse et al., 

2011a,b; Jiménez Cisneros et al., 2014). 

The intensification of the Arctic freshwater system demonstrates considerable spatial and 

temporal variability. Changes in freshwater runoff and its contributing components (surface 

versus subsurface sources) will impact not only the Arctic Ocean (Prowse et al., 2011a), but also 

the freshwater security of northern communities. Hydrological responses to changing climate are 

especially important for the rapidly warming eastern Canadian Arctic (Allard et al., 1995), where 
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some of the largest northern settlements are present. In particular, as fluvial systems experience 

shifts in timing of flow and low-flow conditions (Vörösmarty et al., 2010; Jiménez Cisneros et 

al., 2014), increased demand for freshwater supplies in rapidly growing northern communities 

will put further pressure on freshwater resources. Therefore, the availability of reliable long-term 

hydroclimatic data is of particular importance for the long-term analyses of rapidly changing 

Arctic freshwater systems in response to a warming climate (Prowse et al., 2012a,b), which are a 

vital freshwater source for local communities. 
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Chapter 3 

Long-term hydroclimatic change and interannual variability in water 

sources, Apex River (Iqaluit), Baffin Island, Nunavut 

3.1 Abstract 

 

The Apex River is an important freshwater source for the residents of Iqaluit, with one of 

the longest discharge records in the eastern Canadian Arctic dating back to 1973. Long-term 

mean annual air temperatures (MAAT) in Iqaluit show significant cooling (-0.06 °C/yr, p=0.002) 

prior to 1994, and an increasing trend (+0.06 °C/yr, p =0.19) thereafter. Even though MAAT’s 

recent increase is not statistically significant, summer (JJA), autumn (SON) and winter (DJF) 

seasons show significant temperature increases over the past 30 years. In contrast, there were no 

significant trends in the long-term precipitation and discharge records. The Apex River runoff 

was analyzed for contributing water sources in 2013, and the results were compared to findings 

from a similar study conducted in 1983. The two years provided unique opportunity to compare 

the relative contribution of different water sources to runoff in a region subject to warming 

climatic conditions. The Apex River annual discharge was higher in 2013 relative to 1983, likely 

as a result of a longer flow season and a higher baseflow contribution to runoff in 2013. The two 

years had similar contribution of snowmelt (~50%) during the spring melt. However, 2013 had 

2.6 times higher baseflow than 1983 (21 mm versus 8 mm). Additionally, 2013 had a high rainfall 

runoff ratio of 1.4 at the end of September, at which time 1983 flow had already ceased. The high 

autumn runoff response in 2013 indicates the watershed is sensitive to late-season rainfall events. 

Stable isotope water balance analysis from 2013 shows that the Apex River lakes had low and 

stable evaporative rates, characteristic of snowmelt-dominated lakes. Therefore, reduced snowfall 

and increasing seasonal temperatures will likely affect the water balance in the watershed. Higher 

baseflow and rainfall runoff in the warmer 2013 relative to the cooler 1983 highlight the 

importance of having hydroclimatic data year-round. The availability of high-quality data is 

necessary for effective hydrological assessment and management, as freshwater demand in Iqaluit 

is expected to increase and will depend on late season flows to maintain reservoir levels over the 

winter months.  
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3.2 Introduction  

 

Recent climatic changes in the Arctic have resulted in warmer air temperatures, shorter 

winters and longer summers, increased rainfall and reduced snowfall and ice cover (Callaghan et 

al., 2011a, b; Prowse et al., 2011a; Walsh et al., 2011; Screen and Simmonds, 2012). These 

changes have impacted the surface energy balance, and this has exacerbated ice-albedo 

temperature feedbacks, further influencing the atmospheric heat budget and broader atmospheric 

circulation patterns (Overland and Wang, 2005; Smith et al., 2005; Overland and Wang, 2010). 

Warmer Arctic conditions have been accompanied by: permafrost warming, active-layer 

thickening, increased soil moisture storage capacity, deeper water pathways and larger 

groundwater contributions (Overland and Wang, 2005; Smith et al., 2005; Overland and Wang, 

2010; Overland et al., 2011a; Woo, 2012).   

In turn, these climatic changes have impacted Arctic hydrology through: (1) earlier river and lake 

ice break-up and later freeze-up (Prowse et al., 2011b); (2) increased annual runoff and winter 

flow (Bolton et al., 2000); (3) decreased summer peak flow (Rouse et al., 1997); (4) increased 

evapotranspiration and drainage of lakes and ponds (Wolfe et al., 2007): and (5) altered surface 

water chemistry and sediment loads (Lewis et al., 2012). However, these hydrologic responses 

have been manifested in different ways across the Arctic, depending on the size of the watershed 

and local factors. For example, while large river basins in Eurasia, Canada and Alaska increased 

in discharge (Peterson et al., 2002; Adam and Lettenmaier, 2008; Overeem and Syvitski, 2010), 

smaller Canadian rivers have shown a decrease in discharge between 1964 and 2003 (Déry and 

Wood, 2005). Furthermore, warm conditions in snow-dominated northwestern Canada during the 

mid-1970s and early 2000s resulted in a decrease in runoff as a result of lower precipitation, 

while glacier-dominated watersheds in southwestern Yukon observed an increase in runoff 

volumes as a result of increased glacier ablation (Janowicz, 2007). In contrast, cooling conditions 

in the eastern Canadian Arctic from 1950 to 1990 were associated with river flow decreases for 

most large watersheds (Allard et al., 1995; Déry and Wood, 2005). 

A river discharge record is important as it can provide accurate and timely data about 

land surface responses to atmospheric forcings and water source contributions (Edwards et al., 

2002). However, hydrologic response to changing climate has generally been performed for large 

watersheds (McClelland et al., 2006; Shiklomanov et al., 2006; Kattsov et al., 2007; Smith et al., 

2007; Déry et al., 2009a,b). This is mainly because discharge data of the flowing season from 

small rivers are often of short or incomplete record, and there is limited information regarding 
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key hydrological processes operating in these systems (Obradovic and Sklash, 1986; Gibson et 

al., 1993, 1996; Clark et al., 2001; Carey and Quinton, 2005; Dugan et al., 2009; Boucher and 

Carey, 2010; Lewis et al., 2012; Carey et al., 2013). Further understanding of the hydrologic 

response of small-scale watersheds to climate change and seasonality of water sources is 

especially important as a large number of northern communities in the Canadian Arctic rely on 

local rivers and lakes as sources for drinking water. Therefore, detailed spatial and temporal 

resolution data from smaller watersheds will assist with the management of these local freshwater 

resources. 

This study examines the hydroclimatic response of the Apex River, a small watershed 

near Iqaluit, Nunavut that has the longest available hydrological and meteorological records in the 

eastern Canadian Arctic. The research aims to: (1) analyze long-term climatological and 

hydrological change at the Apex River watershed in south Baffin Island, Nunavut; (2) 

characterize and compare data for water sources in 2013 with comparable data for 1983 

(Obradovic and Sklash, 1986); and (3) examine the differences in water balance across the 

watershed and determine whether parts of the catchment are more likely to be vulnerable to 

climate change. We hypothesize that, because of regional increases in surface and ground 

temperatures, rainfall and groundwater inputs will be more important in recent years than they 

were at the start of the record (objectives 1 and 2) and that Arctic areas with large surface water 

bodies will be less dependent on precipitation input than will river-dominated regions (objective 

3). The results of this research provide a better understanding of the long-term hydrology (1973-

2013) of the Apex River and its response to the recent long-term climate (1946-2013) in Iqaluit.  

The findings from this study will help facilitate the management of the Apex River, which is an 

important freshwater resource for the community of Iqaluit.  
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3.3 Study Site  

 

The study was carried out at the Apex River watershed near Iqaluit, Nunavut on southern 

Baffin Island (63°45’N, 68°75’ W) (Figure 3.1), which covers an area of 58.5 km
2
 (Environment 

and Climate Change Canada, 2014). The landscape has rolling topography up to 350 m above sea 

level (masl), with higher elevations in the northeastern part of the watershed (Figure 3.1) (St-

Onge et al., 1999). According to the most recent climate normal (1981-2010), mean monthly air 

temperatures in Iqaluit ranged from 8.2 °C in July to -26.9 °C in January, with mean annual air 

temperature (MAAT) of -9.3 °C  (Environment Canada, 2014). Mean annual precipitation during 

the same period was 412 mm with 57 % falling as snow (Environment Canada, 2014).  

The Apex River watershed is underlain by early Holocene and late Wisconsinan glacial 

till on the uplands, and localized coarse-grained glaciofluvial deposits and Holocene marine 

sediments in the lowlands (St-Onge et al., 1999).  The landscape is characterized by resistant 

Paleoproterozoic monzogranite bedrock, commonly exposed as glacially modified ridges (St-

Onge et al., 1999). The watershed is in a continuous permafrost area (Smith et al., 2005). Recent 

depth of the active layer in natural terrain around Iqaluit was measured to be ~1.5 m (LeBlanc et 

al., 2012). Vegetation cover varies with soil moisture conditions, exposure and substrate. 

Generally it is low growing tundra and consists of willow and heath, with patches of grasses, 

sedges and moss (Short and Jacobs, 1982).         

Discharge for the Apex River has been measured since 1973 at station 10UH002 operated 

by Environment and Climate Change Canada.  The Apex River is representative of a typical 

Arctic nival regime (Obradovic and Sklash, 1986), with no flow during the cold winter months 

and flow initiation at the end of May to mid-June. Snowmelt runoff is typically the dominant 

hydrological period and lasts several weeks in June and July.  Following the exhaustion of snow 

cover, runoff recedes to baseflow with sporadic rainfall events that generate short-term rainfall 

runoff responses.  Usually, river flow ceases in late September or late October (Environment and 

Climate Change Canada, 2014). 
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Figure 3.1 Apex River watershed near Iqaluit, Nunavut (outlined with solid black line). The 

East and West subcatchments are delineated in dotted black lines. Contour interval is 

presented in 100 m grey lines outside the watershed, and 50 m grey lines within the 

watershed. Symbols indicate sampling locations. 
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3.4 Methods  

 

3.4.1 Meteorological Data 

 

The Apex River is a small-scale (< 100km
2
) watershed (Obradovic and Sklash, 1986; 

Singh, 1992), with a long-term meteorological and hydrological record in the eastern Canadian 

Arctic. Prior to this study, the Apex River was examined in 1983 for the spatial and temporal 

variability of water sources with the use of environmental tracers (δ
18

O, Ca
2+

 and Mg
2+

) 

(Obradovic and Sklash, 1986). The combination of the long-term hydroclimatic record and the 

1983 study provide an unique opportunity to examine: (a) the long-term hydrologic response of 

this eastern Canadian Arctic watershed to recent warming conditions; and (b) the interannual 

variability of water sources thirty years apart (1983 vs. 2013) during a period of regional climate 

warming (Allard et al., 1995; Smith et al., 2005).  

Long-term meteorological data for the Apex River watershed were obtained from 

Environment Canada operated weather stations at Iqaluit Airport (63° 75’N, 68° 55’W). Data 

were collected since 1946 at: Iqaluit A, Iqaluit UA, and Iqaluit AWOS (Environment Canada, 

2014). The locations and available periods of record for these stations are provided in Appendix 

A. For the purpose of this research, the majority of temperature data were obtained from the 

longest available record, station Iqaluit A. Periods of missing data were completed using linear 

regression with Iqaluit A as the independent variable. Iqaluit weather stations correlated in terms 

of air temperature, and therefore missing periods were supplemented with data from UA or AWOS 

stations. Data from Iqaluit A correlated well with stations UA (y=1x+0.2, R
2
= 0.99, p< 0.001) 

and AWOS (y=1x, R
2
=0.99, p <0.001).  

Breakpoint analysis preformed in R using the ―strucchange‖ package (Zeileis et al., 

2002), established a change in the temperature data series. The breakpoint analysis in the package 

is based on a piecewise linear regression model, and it minimizes the sum of squares of the linear 

model with m+1 segments. This package uses dynamic programming (Bayesian information 

criterion (BIC)) to determine the number of breakpoints (m= 0,…,5), and therefore a model with 

the lowest BIC is preferred (Zeileis et al., 2002). The confidence interval (CI) provided by this 

analysis does not reflect the variability in the unknown parameter, but rather the amount of 

random error in the sample, and the range of values likely to include the unknown parameter. 

After establishing the breakpoint of the data, linear regression was used to determine the rate of 

change in the air temperature time series. 
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Daily precipitation data were obtained from Iqaluit A station for the period of 1946-1996 

and 2000-2006 (Environment Canada, 2014, Appendix A). Precipitation data gaps for station 

Iqaluit A were supplemented by monthly precipitation totals from stations Iqaluit UA (1997 to 

1999 and 2008 to 2010), and Iqaluit AWOS (2011 to 2013) using linear regression with monthly 

totals from Iqaluit A as the independent variable. Data from Station A correlated well with station 

Iqaluit UA (y=0.95x+2.5, R
2
= 0.85, p<0.001). Note that climate stations in Iqaluit were located 

<0.5 km of each other in relatively open areas. Issues with open wind-swept areas have been 

documented to lead to precipitation under-catch (Mekis and Hogg, 1999), and therefore 

measurements likely represent ―minimum measured‖ precipitation. 

Larger scale atmospheric influence on near surface conditions were analyzed using polar 

stereographic maps representing pressure differences at 500 mb and 925 mb for 1983 and 2013. 

Analysis was performed to compare late season atmospheric conditions in 1983 and 2013. 

Anomaly maps in (m) were generated using NCEP reanalysis data (NOAA, 2014) with a focus on 

the difference between 2013 and 1983 during two seasons: a) summer (JJA 2013 and 1983), and 

b) autumn (SON 2013 and 1983).  

 

3.4.2 Hydrological Data 

 

Hydrometric data were acquired from station 10UH002 located at the mouth of the Apex 

River operated by Environment and Climate Change Canada (Figure 3.1). Data are available for 

1973-1995 and 2006-2013 (ntotal=29), however only years with complete discharge records 

(ncomplete=19) were analysed for long-term trends. The record provides Apex River mean daily 

discharge values (m
3
 s

-1
) from flow initiation to freeze-up, which were converted to daily runoff 

depth (mm) based on the watershed area. Periods of low quality discharge data due to poor 

measurement are indicated in Appendix B (Environment and Climate Change Canada, 2014). 

Flow initiation, and cessation were determined as the first and last day of flow respectively, 

whereas flow duration was established as the number of days between flow initiation and flow 

cessation.  

 Graphical hydrograph separation was performed to separate annual runoff into proportion 

of: snowmelt (Qs), baseflow (Qb) and rainfall runoff (Qr) (Figure 3.2 and Table 3.3). Baseflow 

was determined using a constant slope contribution from the lowest hydrograph point prior to an 

event (snowmelt or rainfall) to the lowest point on the hydrograph following the same event 

(Figure 3.2). Rainfall runoff (QR) was defined as the river flow between the two lowest points 
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before and after a rainfall event. Note that when rainfall events were overlapping or occurring 

close to each other, within 3-4 days, they were considered as one event. Snowmelt period 

occurred from the beginning of flow until snow cover was exhausted and baseflow conditions 

were reached. The snowmelt hydrograph was characterized by rapid flow early in the season with 

a prominent snowmelt peak discharge and a long recession period. Snowmelt runoff proportion 

(Qs) was determined as the total discharge during the snowmelt period, minus the baseflow 

runoff proportion (Qs).  

 

 

 

Figure 3.2 An example of graphical hydrograph separation method for 2013 runoff 

components: snowmelt runoff (Qs, solid black line), rainfall runoff (Qr, solid grey line), and 

baseflow (Qb, dashed black line). The same graphical hydrograph separation method was 

applied to the complete Apex River discharge record (ncomplete=19). 

 

Lastly, annual and maximum peak discharge were analysed for reoccurrence interval 

using the following equation: 

 
  

   

 
 

(3.1) 

 

where P is the reoccurrence interval, M is the rank of the year and n is years of record. Note that 

maximum discharge was determined as the highest recorded discharge for a particular year, 

which usually signifies the peak snowmelt runoff. 
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The graphical separation of hydrological runoff proportions described above and analyses 

of the characteristics of annual discharge (total discharge, length of flow season i.e. flow 

initiation and cessation, proportion of discharge components (QS, QR, QB)) were performed for 

three separate groups of data: (a) the full long-term record (1973-2013, n=19); (b) the period prior 

to 1994 (1973-1994, n=12); and (c) the most recent seven years (2007-2013, n=7). Different 

periods were compared to the meteorological record using Spearman correlation (α= 0.05). 

Significant relationships were assessed using linear regression, and were inspected for outliers.  

 

3.4.3 Stable Water Isotopes 

 

Stable water isotopes (δ
2
H, δ

18
O) are the most commonly used environmental tracers to 

determine the inter-annual variability of runoff generating processes, changes in water sources, 

and rates of evaporation in a watershed (Obradovic and Sklash, 1986; Gibson et al., 1996; Wolfe 

et al., 2007; Turner et al., 2010; Turner et al., 2014). In this study, stable water isotopes were used 

to: (a) conduct hydrograph separation analysis for runoff in 1983 (Obradovic and Sklash, 1986) 

and 2013 in different hydrological periods; and (b) determine the spatial variability of water 

sources and water balance within the watershed in 2013.  

The 2013 field sampling strategy was to replicate and expand on the 1983 stable water 

isotope study methods of Obradovic and Sklash (1986). In 1983, river and snow samples were 

collected near the Apex River gauge (Figure 3.1). River samples were obtained using a cygnus 

automatic sampler, and bulk snow samples were collected using a snow tube prior and during the 

initiation of the melt season (Obradovic and Sklash, 1986). Rain was collected using plastic 

buckets near the gauging site and near the laboratory site in Iqaluit. All freshwater samples 

(n=43) were sealed in plastic bottles with paraffin wax and analyzed for δ
18

O (Table 3.5). For the 

purpose of the 1983 water source partitioning analyses (See Section 3.4.4), pre-event water was 

considered to be the average isotopic composition of river samples during baseflow conditions, 

and event water was obtained as the average isotopic composition of snow samples.  

Snow samples in 2013 were collected from April to early June from six locations selected 

to capture the range of snow depths and stable isotope values in the watershed (Appendix C). The 

snow pits were sampled in layers of varying thickness according to visual changes in snow 

stratigraphy (crystal type and density). Rainfall samples were collected on July 2, 4, 12, 25 and 19 

August 2013 in a rain collector located at the Nunavut Research Institute premises in Iqaluit 
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(Figure 3.1). Rainfall samples were collected with a polycarbonate funnel device, which was 

covered with fine mesh, to prevent deposition of insects and debris, and attached to a 1 L Nalgene 

bottle containing 60 ml of mineral oil to prevent evaporation (Appendix D). Samples were 

collected on an event basis, when there was sufficient accumulation (> 10mm) to provide an 

appropriate sample volume over a 10-day period. The precipitation samples were transported 

within two-three weeks to Queen’s University and filtered using a polyvinylidene difluoride 0.22 

µm syringe filter into 25 ml scintillation vials without headspace, sealed with Parafilm and 

refrigerated until analysis. Two out of the five rain samples collected in summer 2013 (July 25 

and August 19) were omitted from the isotope data analysis because they were either affected by 

evaporation (plotted far from the δ
2
H and δ

18
O linear trend for 2013 atmospheric precipitation), or 

there was more than 10 days between sample collection and processing, during a period of 

minimal precipitation (<10 mm) (Appendix D).  

River water samples were collected weekly from May to October 2013 at the Apex 

outlet, and daily from 18 July to 8 August 2013 at three additional stations established for the 

purpose of this study (Confluence, West and East) (Figure 3.1). Lakes were sampled on an 

opportunistic basis, one to three times during the same period, to determine the spatial variability 

of water balance and sources within the watershed (Figure 3.1). River and lake samples were 

collected in triple rinsed 500 ml Nalgene bottles. All river and lake samples were filtered in the 

field at the sampling site through a polyvinylidene difluoride 0.22 µm syringe filter and stored in 

25ml scintillation vials without headspace, sealed with Parafilm and refrigerated until analysis.  

Stable isotope composition (δ
2
H, δ

18
O) was determined using a Los Gatos Research 

(LGR) Liquid Water Isotope Analyzer at Queen’s University. Sample results were based on the 

average of the last three of six injections per sample, and a set of 3 standards measured every 3 

samples. A random duplicate was run every ten samples. Results are reported in δ values, 

representing deviations permil (‰) from the Vienna Standard Mean Ocean Water (VSMOW) 

such that: 

 δsample =[(Rsample /Rref) - 1] x 1000  (3.2) 

 

where R is the 
18

O/
16

O or 
2
H/

1
H ratio in sample (Rsample) and the VSMOW reference standard 

(Rref). Accuracy of the analyses were determined by comparing the standards (Appendix E) to the 

VSMOW isotopic ratios: 

 

 
2
H/

1
H = ((δ

2
H/1000) + 1) * 155.76 x 10

-6
                  (3.3) 
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18

O/
16

O = ((δ
18

O/1000) + 1) * 2005.2 *10
-6

                  (3.4) 

 

Analytical uncertainty (precision) was calculated as the standard deviation of the last 

three of six replicate analyses for each sample. Analytical results were acceptable if the precision 

was ≤ 0.25 ‰ for δ
18
O, and ≤ 1.5 ‰ for δ

2
H. 

The isotopic composition of precipitation follows the Global Meteoric Water Line 

(GMWL), whose linearity and slope reflect the pervasive influence of temperature-dependent 

equilibrium partitioning of the two heavy isotopic species δ
2
H and δ

18
O between atmospheric 

vapor and condensing precipitation (Craig, 1961). The GMWL was defined as (Craig, 1961):  

 

 δ
2
H = 8*δ

18
O+ 10 (‰)                                           (3.5) 

where the slope of 8 indicates the ratio of the atomic mass difference between the hydrogen and 

oxygen stable isotope species (e.g. ((2-1)/1))/((18-16)/16) = 1/0.125 = 8) that drives the mass 

dependent equilibrium fractionation. The intercept of 10 (deuterium excess) is a result of non-

equilibrium fractionation during evaporation (Kendall and McDonald, 1998).   

The isotopic composition of precipitation at a location is ultimately dependent on the 

source, trajectory and distillation history of the atmospheric moisture. For example, isotopes 

correlate with annual mean surface temperature according to the isotope-temperature relationship 

(δ
18
O = 0.62T − 15.25 (‰)), as defined by Dansgaard (1964), where cool temperatures result in 

isotopically depleted precipitation and warm temperatures with isotopically enriched 

precipitation.       

Variations in these variables for a given region and season (and even between 

precipitation events) determine the Local Meteoric Water Line (LMWL), which plots close to the 

GMWL (Edwards et al., 2003; Yi et al., 2008; Turner et al., 2010). Lakes define the Local 

Evaporation Line (LEL), with a slope of 4–6, which intersects the LMWL at the average annual 

isotopic composition of precipitation (δI) for that region (Kendall and McDonald, 1998; Edwards 

et al., 2002). The isotopic composition of lake water has been used to determine the evaporative 

loss of surface water bodies. Lake samples in the Apex River watershed were collected during a 

three-week period of low precipitation (7 mm) following ice-off conditions (Figure 3.1).  

Changes in the lake water balance were determined as the evaporation to inflow ratio 

(E/I) according to Craig and Gordon (1965) and Gibson et al. (2002): 
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(3.6) 

 

where δL is the measured isotopic composition of lake water, δI is the calculated lake-specific 

input water composition (the intercept between the LMWL and the LEL). The isotopic 

composition of evaporating moisture δE was estimated using the Craig and Gordon (1965) linear 

resistance model assuming zero resistance in the liquid phase. This model accounts for variations 

in equilibrium vapor pressures (equilibrium fractionation effects) and variations in molecular 

diffusivities (kinetic fractionation effects) while assuming negligible resistance to liquid-phase 

mixing (Craig and Gordon, 1965). It is defined as: 

 

 δE = ((1 + 10
-3
ε*) δL – hδA – ε)/(1 – h + 10

-3
εK)    (3.7) 

 

where ε* and εK are the equilibrium and kinetic fractionation effects respectively, expressed in 

per mil (‰)  as fractionation during transformation from the liquid to the vapor phase, ε is the 

total fractionation effect (ε = ε* + εK), and h is the atmospheric relative to the air-water interface.  

Hydrogen and oxygen-isotope equilibrium fractionation effects (ε*) are estimated from 

the empirical relations derived by Horita and Wesolowski (1994) respectively as follows: 

 

   ε* = 1158.8(T
3
/10

9
) – 1620.1(T

2
/10

6
) + 794.84(T/10

3
) – 161.04 + 2.9992(10

9
/T

3
)                 (3.8) 

 ε* = –7.685 + 6.7123(10
3
/T) – 1.6664(10

6
/T

2
) + 0.3504(10

9
/T

3
)        (3.9) 

where Eq 3.8 is for hydrogen and Eq 3.9 is for oxygen,  T is the interface temperature (in K).  The 

kinetic effects (εK) for hydrogen (Equation 3.8) and oxygen (Equation 3.9) are approximated as a 

function of relative humidity deficit (Gonfiantini, 1986; Araguás-Araguás et al., 2000): 

 

 εK = 12.5(1 – h) (3.10) 

 εK = 14.2(1 – h) (3.11) 

If there are no direct measurements of the isotopic composition of atmospheric moisture (δAS), the 

isotopic composition of atmospheric moisture is assumed to be in isotopic equilibrium with the 

composition of precipitation and the equilibrium isotopic fractionation for oxygen and hydrogen 

respectively (Gibson, 2002): 

 δAS= δP - ε* (3.12) 
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Simple error estimates for E/I were estimated following Wolfe et al., (2007): evaporation-flux-

weighted atmospheric moisture composition δAS (±1‰), basin specific input water composition δI 

(±1‰), relative humidity h (±2%), and temperature T (±2K).  

Deuterium excess (d-excess) is a derived stable water isotope component defined by 

Dansgaard (1964) measured in permil (‰): 

 

 d-excess=δ
2
H- 8*δ

18
O                                            (3.13) 

 

d-excess measures the deviation of sample isotopic composition from the Global Meteoric Water 

Line (GMWL, d-excess=10), and is dependent on the relative humidity, air temperature and sea 

surface temperature of the oceanic water source (Merlivat and Jouzel, 1979). Surface water 

bodies that are subject to evaporation during the open water season, are enriched in isotopic 

values and depleted in d-excess values compared to meteoric water. D-excess is therefore used to 

determine the extent to which a water sample was subject to evaporation (Turner et al., 2014). 

The analytical uncertainty for routine measurements associated with d-excess is calculated as the 

square root of the sum of the squared uncertainties of δ
2
H and δ

18
O (Froehlich et al., 2001). 

 

 

3.4.4 Water Source Partitioning  

 

The seasonal and year-to-year variability of water sources was assessed by defining the 

stable isotope composition of two major contributing sources to the Apex River: (a) event water 

(―new or snowmelt‖), determined as the mean isotopic composition of melted snow samples (n= 

48); and (b) pre-event water (―old or baseflow‖) defined as the isotopic composition of a river 

sample representative of baseflow conditions on August 23 (n=1). The mixing ratio between 

water sources in the river was determined using mass balance calculations as follows: 

 

          (3.14) 

                 (3.15) 

 
     [

     
     

] 
(3.16) 

          (3.17) 
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where Q is the discharge, C is the isotope composition and the subscripts r, e, o refer to  river 

flow, event (snow) and pre-event (baseflow) components respectively. Uncertainty (Wfo) for the 

two-component hydrograph separation was calculated using the method in Genereux (1998), as 

follows: 

 

    √*(
  

     
)   +

 
 *(

  

     
)   +

 
 *(

  

     
)   +

 
               (3.18) 

 

 
   [

     
     

] 
(3.19) 

 

 
   [

     
     

] 
(3.20) 

 

where the uncertainty (Wfo) of the hydrograph separation components (Co, Ce, Cr) was 

calculated as a product of the standard deviation and the asymptotic t value for α=0.05, and fo and 

fe are the pre-event and event mixing fractions. Since the river samples were collected at the 

same location (well mixed horizontally and vertically), this limits the spatial variability when 

calculating Wcr. In this case the laboratory precision of the measurement is a good estimate 

(Genereux, 1998). 

To investigate the spatial variability in water sources within the Apex River, we 

examined the two main subcatchments of the watershed individually: East and West (Figure 3.1). 

The proportion that each subcatchment contributed to the total discharge at the outlet was 

determined using the two-component mixing model. The approach substitutes event and pre-

event components with East and West subcatchment isotope values to obtain the mixing 

contribution: 

                (3.21) 

 
     [

     
     

] 
(3.22) 

where the proportion of West (fW) and East (fE) contribution to the Apex River outlet (fA) sum to 

1, weighted by the West (δW) and East (δE) δ
18

O
 
isotopic composition to the Apex River outlet 

(δA).  
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3.5 Results  

3.5.1 Long-term Climate (1946-2013) 

 

Mean annual surface air temperatures (MAAT) are highly variable in Iqaluit (Figure 3.3). 

All seasons showed an increase in surface air temperatures, but the timing of the onset of the 

warming trend varied for different seasons (Table 3.1). Breakpoint analysis reveals that the 

earliest observed change in temperature trends from cooling to warming was for mean summer 

temperatures (June, July, August- JJA) in the mid-1950s, followed by autumn (September, 

October, November- SON) and winter (December, January, February- DJF) in late 1970s and 

1980s, respectively (Figure 3.3, Table 3.1). The most recent change in air temperature trends 

were for the MAAT and spring temperatures (March, April, May-MAM), which exhibit 

increasing temperatures since 1994 (Table 3.1, Figure 3.3), but are not statistically significant 

(Appendix F). The largest change in trends was an increase for the fall since 1977, and winter 

season since 1987 (Figure 3.3). The lowest increase following the breakpoint occurred for the 

spring and summer season (Table 3.1). Statistical summaries of the regression lines prior to and 

after respective breakpoint for each season are provided in Appendix F.  

Long-term mean annual precipitation (1946-2013) in Iqaluit was 408 ± 89 mm (n=68), 

with the highest variability observed prior to the mid-1970s (Figure 3.3, Table 3.2). Mean annual 

precipitation during the 1980-2010 climate-normal periods was 404 mm, where snow accounted 

for 57% (Environment Canada, 2014) (Figure 3.6). The proportion of snow according to the last 

climate normal is consistent with available snow data prior to 1997 (Table 3.2). However, data 

gaps since 1997 and lack of precipitation type distinction, prevented long-term analysis of the 

potential changes in precipitation type and quantity, and their effects on regional hydrology 

(Figure 3.3, Appendix A).  
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Figure 3.3 Long-term climate record from Iqaluit (1946-2013): (a) Mean annual 

temperatures (MAAT); (b) March, April, May (MAM); (c) June, July, August (JJA); (d) 

September, October, November (SON); (e) December, January, February (DJF), where 

respective breakpoints and annual temperature change in are given for each season in 

Celsius; (f) Precipitation, where recent record (solid bars) provide information only about 

total precipitation. Details of the linear regression for the breakpoint analyses are given in 

Appendix F. 
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Table 3.1 Breakpoint analysis for mean annual air temperatures (MAAT) and seasonal air 

temperatures, DJF (December, January, February), MAM (March, April, May), JJA (June, 

July, August), SON (September, October, November). Uncertainty of breakpoint analysis is 

given as lower and upper bounds within 95% confidence interval or 2 standard deviations. 

The asymmetry of the breakpoint CI is most likely due to the relatively small sample size 

(n=68) for time series analysis, and/or the asymmetrical distribution of data points before 

and after the breakpoint. Note all breakpoints are statistically significant (p < 0.05). 

 

Breakpoint analysis 

 Temperature (°C) 95% CI  p-value 

  lower upper  

MAAT 1994 1992 2001  0.0001 

MAM 1994 1991 2008  0.001 

JJA 1955 1954 1961  0.04 

SON 1977 1962 1979  0.001 

DJF 1987 1976 1989  0.02 

 

 

Table 3.2 The mean and standard deviation (SD) of long-term total precipitation rain and 

snow in Iqaluit. Precipitation record does not provide data for snow and rain precipitation 

since 1996.  

  
Rain Snow Rain Snow Total precipitation 

  
(proportions) (mm) (mm) (mm) 

  
  

 
  

  

1946-1970 mean 0.45 0.58 180 241 410 

n=25 SD 0.12 0.13 55 94 111 

  
  

 
  

  

1971-1996  mean 0.48 0.57 198 235 410 

n=26 SD 0.09 0.10 58 52 70 

       

 1946-1996 mean 0.47 0.58 189 238 410 

n=51 SD 0.11 0.11 57 75 92 

       

 1946-2013 mean na na na na 408 

n=68 SD na na na na 89 
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3.5.2 Long-term Hydrology (1973-2013) 

 

Years with a complete discharge record (n=19) from station 10UH002 were analyzed for 

long-term trends and the main runoff components: snowmelt (Qs), rainfall runoff (Qr) and 

baseflow (Qb) proportion. Results show that long-term annual discharge for the Apex River is 

highly variable (340 ± 76 mm, n=19), with below average discharge (325 ± 87 mm, n=12) from 

1973 to 1994, and above average discharge from 2007-2013 (366 ± 48 mm, n=7) (Figure 3.4 and 

Table 3.3). Flow duration has increased from 1973 to 1994 (130 ± 23 days, n=12) to 2007 to 2013 

(170 ± 24 days, n=7) (Figure 3.4). 

 Snowmelt was the largest component of runoff for the long-term record (Figure 3.5 and 

Table 3.3). In the late 2000’s  (2007-2013) the fraction of rainfall runoff increased from 0.17 ± 

0.05 to 0.22 ± 0.05, while the baseflow fraction decreased from 0.29 ± 0.1 to 0.23 ± 0.06 over this 

same period (Figure 3.5, Table 3.3). However, the differences in the contributions of runoff 

components between different periods were not statistically significant. 

Correlation analysis was performed to investigate the relationship between runoff 

components and precipitation, MAAT, and mean seasonal temperatures. Rainfall runoff (Qr) and 

baseflow (Qb) were positively correlated (R
2
= 0.56, p<0.01) before 1994, but were not correlated 

in recent years. In contrast, precipitation totals and MAAT did not correlate with any long-term 

discharge runoff components or annual discharge. The lack of data on precipitation type (i.e. 

individual snow and rain amounts) since the mid-1990s prevented an analysis of the correlation 

between runoff components and rainfall or snowfall.  
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Figure 3.4 Long-term discharge for the Apex River, station 10UH002: (a) annual discharge 

(black diamonds) and baseflow (grey squares) conditions; (b) annual flow initiation (light 

grey diamonds) and cessation (dark grey diamonds) (all in Julian days). Note that only 

years with complete discharge record were used. Means and standard deviations are shown 

in dashed and dotted lines, respectively. 

 

Figure 3.5 Long-term runoff components for the Apex River (station 10UH002) where each 

year was analysed for proportion of snowmelt (Qs), rainfall (Qr) and baseflow runoff (Qb) 

contributing to annual discharge. Note that only years with complete record from beginning 

to end were used. The two years (1983 and 2013) are marked with an * for clarity. 
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Table 3.3 The mean and standard deviation (SD) of long-term discharge and discharge 

runoff components proportions for Apex River (station 10UH002), total precipitation (TP) 

and MAAT (mean annual average temperature) during a hydrologic year. Discharge data 

were analysed for the entire record, before and after 1994 MAAT temperature shift (Table 

1). The results from the two years of interest 1983 and 2013 are given as totals for Q and 

TP, and average for MAAT. 

 

  
Q  Qs Qr Qb TP MAAT 

Baseflow 

discharge  

  (mm) (proportions of Q)   (mm) (°C) (mm) 

Long-term     

(1973-2013) mean 340 0.54 0.19 0.27 403 -9.2 0.82 

n=19 SD 76 0.12 0.06 0.09 70 1.6 0.42 

  
    

  
  

  

1973-1994 mean 325 0.54 0.17 0.29 415 -10.1 0.92 

n=12 SD 87 0.14 0.05 0.1 67 1.2 0.44 

  
    

  
  

  

2007-2013  mean 366 0.56 0.23 0.23 380 -7.7 0.66 

n=7 SD 48 0.09 0.05 0.06 74 1.1 0.35 

         

1983 
 

224 0.84 0.08 0.08 418 -11.6 0.06 

2013 
 

438 0.71 0.16 0.27 336 -7.8 0.42 
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3.5.3 Climate Comparison between 1983 and 2013  

 

Compared to the most recent climate normal (1981-2010), 2013 had higher MAAT (-8.6 

vs. -9.3°C) and lower annual (319 vs. 403 mm), summer (74 vs. 154 mm) and autumn (92 vs. 116 

mm) precipitation (Figure 3.6).  In contrast, 1983 was cooler with MAAT of -11.7 °C and similar 

annual precipitation (396 vs. 403 mm), but with higher spring (104 vs. 90 mm) and summer (171 

vs. 154 mm) precipitation (Figure 3.6).  

Regional pressure pattern analyses between 2013 and 1983 at geopotential heights of 925 

and 500 mb indicate seasonal differences (Figure 3.7). During summer, the higher pressure 

system in 2013 likely explains the lower precipitation in summer of 2013 relative to 1983, but 

summer air temperatures were similar for the two years (Figure 3.7 a, b). The low pressure 

system northeast of Baffin Island in the autumn of 2013 also explains the cooler and wetter 

conditions observed in 2013 compared to 1983 (Figure 3.6 and 3.7). 

 

 

 

 

Figure 3.6 Comparison of monthly mean air temperature and total precipitation data for 

1983, 2013 and the 1981-2010 climate normal. Errors in climate normal air temperature 

data are given in 1σ.  
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Figure 3.7 Atmospheric surface composite anomaly analyses for area surrounding Baffin 

Island and Iqaluit (marked with a black circle) at 925 and 500 mb respectively during: (a)-

(c) summer (JJA) 2013/1983, (b)-(d) autumn (SON) 2013/1983.  Isobars indicate mean 

geopotential height in meters (m). Image provided by the NOAA-ESRL Physical Sciences 

Division, Boulder Colorado from their Web site at http://www.esrl.noaa.gov/psd/. 
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3.5.4 Hydrology Comparison between 1983 and 2013  

 

The Apex River is a snowmelt-dominated system with a flow season of three to four 

months of flowing season (Figure 3.4). Flow is usually initiated late spring/early summer, and 

signifies the beginning of the snowmelt period. The snowmelt period is characterized by a few 

weeks of high runoff. At this time the river readily responds to rain events demonstrated as peaks 

in discharge (Figure 3.8). Snow cover exhaustion and the end of recession period signify the start 

of the baseflow period (Figure 3.8).   

 
 

Figure 3.8 Daily hydrograph and hyetograph for 1983 (upper panel) and 2013 (lower 

panel). Discharge and total precipitation details for both years are provided in Table 2. 

Distinct hydrologic periods (snowmelt, recession and baseflow) are separated with dotted 

lines for both hyetographs.  

 

Annual discharge in 1983 (224 mm) was less than half the discharge in 2013 (438 mm), 

even though 2013 had similar precipitation from freeze up to thaw (Figure 3.8, Table 3.3). In 

particular, 1983 was a typical discharge year, whereas 2013 was the second highest annual 

discharge on record with a 10-year recurrence interval (Figure 3.9).  

The two years had similar flow initiation and peak discharge (Figure 3.8). In 2013 flow 

started on June 5 and reached its first nival peak of 16.8 mm on June 17, followed by a second 
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peak of the same magnitude on June 25 (Figure 3.8). The bimodal snowmelt runoff peak in 2013 

was likely a combination of cooler air temperatures and river ice buildup before the Apex gauge. 

The recession period in 2013 was interrupted by a large rainfall event on July 11
 
(17.5 mm) and 

intermittent rain events from July 15 to 22 (9.5 mm) (Figure 3.8). In 1983 flow started around the 

same time (June 7) and reached a 16.1 mm peak discharge on June 19, after which discharge 

declined rapidly (Figure 3.8). Two rain events of similar intensity in 1983, 16.2 mm on June 26 

and 16.4 mm on July 5, generated a limited discharge response on the hydrograph due to high 

ongoing snowmelt discharge. However, a large (36 mm) rainfall event July 9-12, 1983 increased 

discharge from 2.9 mm on July 9 to 5.2 mm on July 12.  

The baseflow period in 2013 from August 23 to September 26 was characterized with 

little to no rainfall and stable discharge (Figure 3.8). Baseflow discharge conditions in 2013 (0.42 

mm) were lower than the long-term mean (0.82 ± 0.42 mm) (Table 3.3). In contrast, following the 

recession period 1983 had unusually low baseflow conditions (0.06 mm).  Low precipitation 

period in August 2013 was followed by a few low-intensity and one large intensity (September 27 

to October 1) rainfall events, which resulted in the largest rainfall runoff event in 2013. 

Specifically, a 41 mm of precipitation recorded between September 27 and October 4 2013 and a 

9 mm between October 9 to 20 2013, resulted in a runoff volume of 71 mm, which yielded a 

runoff ratio of 1.4 (Figure 3.8). No such event was recorded in 1983 (Figure 3.8). 

 

 

Figure 3.9 Apex River discharge recurrence intervals for annual discharge (triangles, total 

annual discharge = 91.5 ln(recurrence interval in years)+250.5 R
2
=0.79) and for maximum 

recorded daily discharge (squares, maximum recorded daily discharge years= 

4.3ln(recurrence interval in years)+8.6, R
2
=0.69). 
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3.5.5  Seasonal Variability in Water Sources between 1983 and 2013  

 

The seasonal variability of water sources in 1983 and 2013 was analyzed using a graphical 

(See Section 3.4.2) and a two-component isotope hydrograph separation method. Both methods 

found that snowmelt was the dominant runoff component in 1983 and 2013, but the proportion of 

snowmelt and baseflow determined differed between the methods for each year, with the 

graphical method yielding higher snow and lower baseflow than the two-component hydrograph 

separation method (Table 3.3 and Figure 3.10). 

According to the graphical hydrograph separation, snowmelt runoff in 2013 was lower than 

in 1983 (0.71versus 0.84, respectively). However, snowmelt runoff in both years was higher than 

the long-term mean (0.54 ± 0.12) determined by the graphical method (Table 3.3). The rainfall 

and baseflow runoff components determined by the graphical method were similar to the long-

term record in 2013, but these components were higher than the mean in 1983 (Table 3.3).  

The isotope hydrograph separation analyses revealed no difference in the proportion of 

event (snowmelt) and pre-event (baseflow) water during the snowmelt and recession periods for 

the two years. In 2013, pre-event water, or baseflow contribution during the snowmelt period 

(June 14 to 29) varied between 36-54%, and rapidly increased during recession (70-80%) (Figure 

3.10). Similarly in 1983, pre-event water contributed to approximately 50% of the runoff during 

the snowmelt period and up to 80% during the recession period (Obradovic and Sklash, 1986). 

Uncertainty in the estimate of the pre-event contribution for the snowmelt and recession period in 

2013 was 25 ± 17 % (Table 3.4, Figure 3.10, Appendix F), whereas uncertainty during the same 

period in 1983 was 13%. Note, the mean δ
18

O composition of Apex River end-members 

(baseflow and snow) and other sampled waters in 2013 were enriched compared to 1983 

(Obradovic and Sklash, 1986) (Table 3.5). 

According to the graphical separation method during the 2013 baseflow period (August 

23 to September 26), 2013 had 2.6 times higher baseflow than 1983 (21 mm versus 8 mm). The 

two hydrographs continued to demonstrate contrasting responses to rainfall events during the fall. 

Stable water isotope composition of the river in 1983 shows that moderate fall rainfall events 

made no measureable contribution to runoff. This was not the case in 2013. In particular, a 50 

mm late September early October precipitation event led to the highest rainfall runoff of 71 mm 

in 2013, which was characterized by relatively δ
18

O- enriched waters compared to the rest of the 

season (Table 3.6). The only available river isotope data during this event were from the 
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Confluence site (Figure 3.1), which had comparable isotopic composition to the Apex outlet 

during August 2013 (Table 3.6, Appendix F). The δ
18

O isotope composition for the confluence 

following the rainfall event in late September /early October (-9.3 ± 3.2‰, n=6), was 

substantially higher than the average values at the confluence (or any other sites) earlier in 

August (Figure 3.8, Table 3.6).  

 

Table 3.4 Uncertainty for event and pre-event water in 2013, where Wc is the uncertainties 

of river (r), event (e) and pre-event (o) water as a product of the respective standard 

deviations and t-value from a Student’s t distribution at the 95 % confidence level, resulting 

with an average of 25 % uncertainty for 2013 hydrograph separation period, highest during 

the snowmelt period. Standard deviations for each sample are provided in Appendix G and 

Wcr for each. Results during the snowmelt period are fo=0.46, fe=0.54 ± 0.25 (95 % 

confidence). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Pre-event  Event River 

 

(o)  (e) (r) 

n 1 48 18 

    t (α=0.05) na 2.012 2.110 

    SD 0.03 3.35 Sample value 

    W 0.03 6.7 Sample value 

Uncertainty 

in f (%)    46 54 Sample value 
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Table 3.5 δ
18

O summary of the Apex River water sources: (a) end-members used for 

hydrograph separation; and (b) additional water sources in 1983 and 2013. The mean, 

standard deviation (SD) and sample size (n) are provided for each component. δ
18

O data 

from 1983 are from Obradovic and Sklash (1986). 

a) End-members δ18O (‰) 

 1983 2013 

 
 Mean SD n Mean SD n 

Baseflow (pre-event) -17.5 0.3 6 -15.6 0.03 1 

Snow (event) -23.1 0.6 5 -21.9 3.5 48 

  

b) Additional measured components δ18O (‰) 

 1983 2013 

 
 Mean SD n Mean SD n 

River -19.2 1.2 24 -17.1 1.0 18 

Tributaries -17.9 na 1 -16.6 0.6 31 

Ponds na na na -16.3 0.9 8 

Lakes na na na -16.1 0.3 10 

Rain -18.0 2.7 7 -18.9 4.3 3 

 

Table 3.6 Confluence samples during the summer (August 2013) compared to stable isotope 

values during the fall (September/October 2013) rainfall event until freeze up. 

date 

δ2H  

(‰) 

δ18O  

(‰) 

d-excess 

 (‰) 

01/08/2013 -127.7 -16.4 7.3 

02/08/2013 -127.3 -16.7 7.8 

03/08/2013 -126.2 -16.4 5.0 

05/08/2013 -125.0 -16.1 3.9 

06/08/2013 -123.9 -16.4 4.8 

15/08/2013 -122.7 -15.9 4.6 

23/08/2013 -121.4 -15.8 4.7 

30/09/2013 -102.7 -6.0 -54.4 

13/10/2013 -116.1 -10.2 -34.4 

15/10/2013 -107.5 -5.5 -63.9 

26/10/2013 -115.9 -11.6 -23.1 

29/10/2013 -112.1 -9.1 -38.9 

04/11/2013 -119.5 -13.6 -11.0 
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Figure 3.10 Hydrograph separation for 2013. Upper panel shows end member (event and 

pre-event) and river δ
18

O isotopic value. Lower panel shows Apex River discharge (black 

line), pre-event water (grey line and diamond points) and precipitation (grey bars) where 

bars indicate the uncertainty associated with the hydrograph separation analysis.  

 

3.5.6 Differences in Water Sources between the East and West Subcatchment in 2013  

 

Local precipitation samples, snow (n=48) and rain (n=3) collected in 2013 were used to 

define the Local Meteoric Water Line (LMWL) for that year: δ
2
H=8δ

18
O +11 (R

2
= 0.99, n= 51) 

(Figure 3.11). Linear regression of lakes isotopic composition was used to establish the Local 

Evaporation Line (LEL) for Iqaluit: δ
2
H=5δ

18
O - 42 (R

2
= 0.69, n=10), which reflect the local 

climatic conditions during mid-summer period (July 20-August 7). All lakes sampled during the 

3-week period in 2013 plot close to the LMWL, and have similar isotopic compositions to 

baseflow conditions (Table 3.5). The evaporation to inflow (E/I) ratios for the sampled lakes 

ranged from 0.07 to 0.15 with a mean of 0.11 ± 0.02 and show there is relatively limited and 

spatially consistent evaporation across the watershed (Table 3.7 and 3.8). The error associated 

with E/I in 2013 is typical of errors determined for E/I ratios in other studies in isotopically 

depleted basins (< -10‰ δ
18

O) (Gibson et al., 2002; Wolfe et al., 2007). 
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In order to investigate the spatial variability of runoff components, and the sensitivity of 

the catchments to changes in water balance components, we examined the variations in the stable 

isotope composition of the two main tributaries to the Apex River in 2013 (June 19 to August 7), 

The tributaries are unofficially named East and West (Figure 3.1). The West is the larger of the 

two tributary watersheds (36 km
2
) with low and wide valleys, and the East is substantially smaller 

(10 km
2
) with incised valleys and the watershed’s largest lake.  

Both subcatchments demonstrated progressive isotopic enrichment in 2013, but at 

different rates and varying d-excess (Figure 3.12). The surface waters in the West were more 

depleted δ
18

O waters relative to the surface waters in the East catchment (Figure 3.12a). The 

stable isotope mixing analysis (Equations 3.21 and 3.22) suggested that during mid-summer on 

average the West tributary contributed 84 % to the total discharge, and the East contributed 16 %. 

However, on July 26 the isotope values suggest that Apex River discharge received the same 

amount of runoff from both subcatchments (Figure 3.12). This anomaly occurred at the end of the 

recession period preceded by a few days of relatively warm (> 8 °C) air temperatures, and a two-

week period of low precipitation (10 mm).  

 

 

Figure 3.11 Atmospheric and surface water isotopic composition represented through Local 

Meteoric Water Line (LMWL) and Local Evaporation Line (LEL) respectively for the Apex 

River in relation to Global Meteoric Water Line (GMWL) as defined by Craig (1966). 

LMWL (dotted grey line) defined by 2013 snow and rain samples (grey circles), LEL 

(dashed grey line) defined by lake samples (open diamonds), δi is defined as the intersection 

between LMWL and LEL (black circle). 
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Figure 3.12 (a) Mid-summer isotopic composition of the Apex outlet (black), West (light 

grey) and East (dark grey) in comparison to LMWL, where circles represent contributing 

proportions of each subcatchment to the total discharge; (b) Weather and river discharge 

prior to and during the sampling period; c) West and East contribution to Apex discharge, 

where circles represent contributing proportions of each subcatchment (East and West) to 

the total Apex discharge and respective d-excess values. Note, the contribution from the 

East and West on the 26 July is not shown in panel (c), as it does not follow the mixing line 

in panel (a). 
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Table 3.7 Measured and modeled parameters used for calculating isotopic water balance, 

where: h is the relative humidity, α* is the equilibrium liquid–vapor isotopic fractionation, 

εk is kinetic and ε* equilibrium isotopic fractionation, δ refers to the isotopic composition of 

atmospheric moisture (AS), and the input water isotope composition (i).  

 

Measured 

T (°C) 4.9 
 

h (%) 79.2 
 

Modeled 

  δ2H (‰) δ18O(‰) 

α* 1.1 1.0 

εk 2.8 3.1 

ε* 90.7 10.3 

δAS  -222.4 -28.2 

δssl  -109.1 -13.3 

δi  -131.7 -17.9 

 

Table 3.8 δ
18

O and calculated evaporation to inflow ratio (E/I) for sampled lakes during 

2013 thaw season in the Apex River watershed. E/I uncertainty range calculated as simple 

error estimate as in Turner et al., (2010) by modifying the modeled parameters T, h, δAS, δi, 

from Table 4. 

                                       Lakes  

Name 

 

Date 

 

 

δ18O 

(‰) 

 d-excess 

(‰) 

E/I 

 

E/I 

uncertainty range 

L1 20/07/2013 -15.9 4.9 0.12 0.17 0.04 

L1 31/07/2013 -16.0 7.9 0.11 0.16 0.03 

L1 05/08/2013 -16.0 5.1 0.11 0.16 0.04 

L2 22/07/2013 -16.6 6.5 0.07 0.12 0.01 

L3 31/07/2013 -16.2 7.9 0.09 0.14 0.03 

L4 31/07/2013 -15.5 5.0 0.15 0.20 0.06 

L5 31/07/2013 -15.7 3.2 0.13 0.19 0.05 

L6 23/07/2013 -16.1 8.4 0.10 0.16 0.03 

L6 07/08/2013 -16.1 7.6 0.10 0.15 0.03 

L7 05/08/2013 -16.4 6.5 0.08 0.13 0.02 
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3.6 Discussion 

3.6.1 Long-term Hydroclimatic Change and Runoff Response  

 

Mean annual surface air temperatures in Iqaluit, southern Baffin Island, shifted from a 

cooling towards an increasing air temperature trend during the last decade of the 20
th
 century 

(Figure 3.3). Prior to 1994, MAATs in Iqaluit were decreasing, a finding that is consistent with 

regional observations (Allard et al., 1995; Smith et al., 2005). However, since 1994 there has 

been a shift to an increasing MAAT (Figure 3.3). The increase in surface air temperature in the 

eastern Canadian Arctic during this period has been attributed to delayed accumulation of 

reflective surfaces (snow and ice) and increased absorption of solar radiation (Overland and 

Wang, 2010; Callaghan et al., 2011a; Bintanja and Selten, 2014).  

Warmer autumn temperatures in Iqaluit since the late 1970s likely contributed to later 

river-ice freeze-up, which extended the Apex River flow season duration (Figure 3.4 and Table 

3.1). Similar relationships between warmer surface air temperatures and river ice have been 

observed in the Canadian subarctic and Eurasia (Prowse and Beltaos, 2002; Prowse et al., 2006). 

For example, the Mackenzie River in Canada showed a general trend toward later freeze-up (6.1 

days later per 100 years) between 1876 and 1978 as a result of autumn temperature increase 

(Magnuson et al., 2000).  

Warmer surface air temperatures in Iqaluit from 1993 to 2000 have resulted in an 

increase in permafrost temperatures of 0.40 °C at 5 m depth (Smith et al., 2005; LeBlanc et al., 

2012). Usually, warmer permafrost conditions in the Arctic are accompanied by thickening of the 

active layer, increased soil water storage capacity and a greater contribution of groundwater to 

river flow (Frey and McClelland, 2009; Lyon et al., 2009; Woo, 2012). However, unlike other 

studies (St. Jacques and Sauchyn, 2009; Keller et al., 2010), this study showed no significant 

increase in the long-term baseflow for the Apex River as a result of warmer permafrost conditions 

(Table 3.3).  

There were no significant long-term changes in annual precipitation in Iqaluit from 1946 

to 2013 (Figure 3.3 and Table 3.2). By contrast, a 2.3% increase in mean precipitation per decade 

was documented in areas of Canada north of 55°N during the second half of the twentieth century 

(Mekis and Hogg, 1999). Climate model projections for the Baffin Island region predict an 

increase in annual precipitation of approximately 20% for the twenty-first century, with higher 

increases in fall and winter and lower increases in spring and summer (McBean et al., 2005; 

Steiner et al., 2013). Changes in precipitation will likely affect river discharge volume and quality 
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of runoff (Lewis et al., 2012, Lafrenière and Lamoureux, 2013). A detailed precipitation record 

for Iqaluit is therefore essential for understanding the Apex River’s hydrologic response to 

changing climate.  

No significant trends in the long-term Apex River annual discharge from 1973 to 2013 

were observed (Figure 3.4). Snow was the dominant long-term runoff component based on the 

graphical hydrograph separation analysis. However, baseflow and rainfall still represented a 

substantial proportion of the river’s annual discharge (Figure 3.5, Table 3.3). The high snowmelt 

and rainfall contribution to the long-term Apex River discharge highlights the importance of 

detailed regional precipitation data, especially because changes in the timing and amount of 

precipitation and the antecedent moisture conditions have direct impact on river flow (Kane et al., 

2003; Lewis et al., 2012). For example, large rainfall events in late summer can increase flow 

volumes and can mobilize sediments and nutrients from the thawing active layer (McNamara et 

al., 1998; Shiklomanov et al., 2006; Adam and Lettenmaier, 2008; Dugan et al., 2009; Lewis et 

al., 2012), and high nutrient and sediment input to freshwater systems can have considerable 

impact on downstream marine and aquatic ecosystems (Lyons and Finlay, 2008; McKnight et al., 

2008).  

 

3.6.2 Water Sources in 1983 and 2013 

 

The Apex River has one of the longest discharge records in the eastern Canadian Arctic, 

dating back to 1973 (Environment and Climate Change Canada, 2014). The river’s water sources 

were analyzed for this study in 2013 and were also analyzed by Obradovic and Sklash (1986) in 

1983. In the period between these two studies, the area experienced first decreasing and then 

increasing MAAT (see Section 3.6.1). Specifically, the MAAT in 2013 was 3.1°C warmer than 

the 1983 MAAT (Figure 3.6). These two snapshots in time thus provide a unique opportunity to 

examine the hydrological differences in the area over a span of 30 years.  

Annual discharge of the Apex River in 2013 was almost twice the discharge in 1983 

(Figure 3.8). Available precipitation data from autumn freeze-up to beginning of thaw suggested 

that there were no significant differences in total winter precipitation between 1983 and 2013, and 

therefore higher discharge in 2013 could not be attributed to a difference in winter precipitation. 

In general, higher annual discharge in other studies has been attributed to wet antecedent 

conditions before freeze-up (Gibson et al., 2006; Boucher and Carey, 2010), however this was not 

the case for 1983 and 2013. Higher summer baseflow conditions, longer flow season and a large 
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autumn rainfall event in 2013 were responsible for the greater discharge than in 1983 (Figure 

3.8). 

Although spring runoff in both years began at approximately the same time, the 2013 

flow season was longer than that of 1983 (Figure 3.8). Warmer autumn conditions in 2013 than in 

1983 delayed river freeze-up and extended the flow season (Figure 3.6). Findings from this study 

were consistent with results from studies of near-coastal watersheds in subarctic Canada and 

Eurasia, where higher October temperatures delayed river freeze-up and increased freshwater 

temperatures, seasonal runoff, and evaporative losses (Magnuson et al., 2000; Prowse and 

Beltaos, 2002; Prowse et al., 2006).  

Long flow season and temperatures above 0 °C at the end of September led to the higher 

rainfall runoff response in 2013 (Figure 3.8), which accounted for 16% of the total annual flow. 

The high rainfall runoff response at that time suggests that subsurface water storage was already 

at capacity at the time of the event, and that the Apex River flow is highly sensitive to late-season 

rainfall events. Late-season precipitation and runoff response are important factors to consider in 

studying Arctic rivers because the rivers may deliver substantial suspended sediment to 

downstream lakes (Dugan et al., 2009; Favaro and Lamoureux, 2014), mobilize significant solute 

fluxes (Lafrenière and Lamoureux, 2013) and impact downstream ecosystems (McKnight et al., 

2008).   

Although rain was an important late-season runoff component, the largest hydrological 

event in the Apex River was attributed to snowmelt. The isotopic hydrograph separation for the 

Apex River in 2013 demonstrated that precipitation in the form of snow (referred to as event 

water) was an important driver of annual runoff (54 ± 25%), although the snowmelt period was 

relatively short (3–4 weeks) (Figure 3.10). Findings of snow contribution to water in the Apex 

River during the spring melt in 2013 were comparable to results for snow contribution in 1983 

(Obradovic and Sklash, 1986).  

Similarly, in both years the Apex River’s baseflow (referred to as pre-event water) 

contribution during the snowmelt period was relatively high (Figure 3.10). The high proportion of 

baseflow in 1983 at that time was attributed to displacement of water that had infiltrated into the 

active layer near the end of the previous thaw season (Obradovic and Sklash, 1986). The 2013 

hydrograph separation analysis showed that little has changed in the contributing proportions of 

event and pre-event water during the snowmelt period. We suggest that water sources in 1983 and 

2013 were delivered by similar soil/surface water mixing processes. The proportion of snowmelt 

during the spring melt in both 1983 and 2013 were lower than in other watersheds with 

continuous permafrost (Cooper et al., 1993; McNamara et al., 1997). Instead, they resembled 
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findings in studies of watersheds with discontinuous permafrost where baseflow supplied a 

substantial proportion of the water to flow during snowmelt (Gibson et al., 1993; Metcalfe and 

Buttle, 2001; Carey and Quinton, 2004).  

The uncertainty associated with the calculation of pre-event water contribution to the 

Apex River flow according to the isotope hydrograph separation was higher in 2013 (25 ± 17%) 

than it was in 1983 (13%) (Obradovic and Sklash, 1986). The difference in uncertainty between 

the two years is attributed to the large range in the isotope composition of event water and the 

limited number of representative samples of pre-event water (Tables 3.5 and 3.7). In addition to 

the errors associated with the definition of end members (Klaus and McDonnell, 2013), 

uncertainty is often attributed to the understanding of the delivery and displacement of pre-event 

water in the system (Genereux, 1998; Taylor et al., 2002; Hayashi et al., 2004; Laudon et al., 

2004; Lyon et al., 2009). For example, a study from a discontinuous permafrost watershed in 

subarctic Canada found that surface waters (interconnected lakes and channel fens) were an 

important pre-event water contributor to the river during the snowmelt period (Hayashi et al., 

2004). It is therefore possible that the isotopic similarity between lake water and pre-event water 

in 2013 (Table 3.5) and the inability of the two-component hydrograph separation method to 

distinguish between surface and subsurface water contribution, added to the pre-event 

uncertainty.  

When compared to the isotope hydrograph separation results, the graphical hydrograph 

separation method for 1983 and 2013 overestimated snowmelt and underestimated baseflow 

(Figures 3.5 and 3.10). We conclude that for the Apex River, the two-component hydrograph 

separation method better distinguishes snowmelt and baseflow contributions during the spring 

melt because it uses inherent components of the hydrologic cycle to distinguish between water 

sources. However, in the absence of long-term isotope data, the graphical method can provide a 

general understanding of the long-term changes in water sources. 

In particular, even though the Apex River had similar water sources during the spring 

snowmelt in 1983 and 2013, the sources were quite different during the respective autumn 

periods. The longer flow season and higher runoff response in 2013 demonstrate an increase in 

sensitivity of the Apex River to autumn precipitation events since 1983. The comparison of the 

hydrology of the Apex River during the two years showed that all seasons should be included in 

the hydrological analyses to get a better understanding of the seasonality and variability of water 

sources in response to changing climate. 
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3.6.3 Water Source Variability in 2013 

 

Precipitation input is an important source of water in Arctic watersheds. However, in 

periods of low precipitation, usually during the summer, surface water bodies become important 

sources of water (St. Amour et al., 2005; Turner et al., 2010). A limited number of lake water 

samples collected from the Apex River watershed in 2013 showed similar evaporation to inflow 

(E/I) rates (Figure 3.1 and Table 3.8). Results for lake water samples collected early in the 

summer of 2013 plot close to the GMWL, which suggests that the lakes were not substantially 

affected by evaporation (Figure 3.11). Instead, the Apex River lakes showed stable conditions 

during the three-week sampling period. The persistence of low evaporation-to-inflow ratios in 

other Arctic regions is characteristic of snowmelt-dominated lakes that have higher snow 

accumulation during the winter months and pronounced spring melt rates (Gibson and Edwards, 

2002; Wolfe et al., 2007; Turner et al., 2010). Furthermore, snowmelt-dominated lakes have 

decreasing evaporation rates with increasing latitude. For example, Canadian subarctic snowmelt-

dominated lakes have overall higher evaporative enrichment (E/I range from 0.20 to 0.46) 

(Turner et al., 2010), than snowmelt-dominated lakes in higher Arctic latitudes (E/I range from 

0.01 to 0.20) (Gibson and Edwards, 2002). The low E/I ratios for the Apex River watershed lakes 

during the summer 2013 were similar to those of higher-latitude lakes, and suggests that they are 

probably snowmelt-dominated. The dependence of Apex River watershed lakes on snow input 

suggests potential sensitivity of these lakes to regional climatic changes, where higher 

temperatures and reduced snow precipitation would directly impact their water balance. The 

degree of error associated with the evaporation-to-inflow uncertainty for the Apex River lakes 

was between 10 and 20%, which is comparable to the uncertainty associated with snowmelt-

dominated basins (δ
18

O < -10‰) (Gibson et al., 1993, 2002; Wolfe et al., 2007). 

To further understand the spatial variability of water sources during the summer of 2013, 

the Apex River was divided into two subcatchments for the purposes of this study into the East 

and the West (Figure 3.1). Stable isotope mixing analysis suggested that the discharge 

contribution from the West and East catchments (84% versus 16% respectively) roughly reflected 

their contributing area (36 versus 10 km
2
) (Figure 3.1). Early in the summer, both the East and 

West subcatchments delivered snow-dominated waters to the Apex River outlet. This was shown 

by the relatively depleted isotopic values and high d-excess (Figure 3.12). However, as the season 

progressed the East and West subcatchments displayed differences in contributing water sources, 

from snowmelt to baseflow dominated systems. These findings were consistent with results from 
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other Arctic watersheds, where snow depletion and enhanced water storage capability of the 

active layer during the thaw season promote a shift in water sources from a surface-water- to a 

subsurface-water-dominated system (Carey and Quinton, 2004; St. Amour et al., 2005; Blaen et 

al., 2014). 

For the most part, during the summer of 2013 the Apex River was dependent on 

precipitation and surface water bodies as sources of water. However, on July 26, 2013, water in 

the Apex River outlet was isotopically depleted compared to both the West and East 

subcatchments (Figure 3.12). In particular, the Apex River outlet did not follow the mixing line 

between the East and West as it did prior to this date (Figure 3.12). The absence of rain and the 

low evaporative rate of lakes two weeks before July 26, demonstrated that precipitation and lake 

input could not have been the sources of the isotopically depleted water at the Apex River outlet 

(Figure 3.12). The only probable isotopically depleted water source at that time was likely of 

subsurface origin. The isotopic composition of subsurface water depends on the initial isotopic 

composition of water (Jouzel and Souchez, 1982) and on the freezing rate (Burton et al., 1953).  

Studies in subarctic Canada and Eurasia established that near-surface ground ice, could be a 

source of water during the thaw season (Kokelj and Burn, 2003; Lawrence and Slater, 2005). For 

example, a watershed in the Eurasian discontinuous permafrost zone found that even though 

ground ice was not a significant contributor to river flow, its isotopic composition was depleted 

relative to the δ
18

O range of low river summer flow (Streletskiy et al., 2015). Although no direct 

measurements were made, the isotopically depleted water source contributing to the Apex River 

on July 26, 2013, was probably of subsurface origin, most likely either ground water or melting 

of near-surface ground ice.   

Increasing ground ice melt contributions as a subsurface water source in the Apex River 

will likely: (a) increase the baseflow contribution to runoff during warm dry summers; and/or (b) 

saturate the active layer and prime the system for a rapid response to summer and autumn rainfall 

events. Therefore, it is likely that the increased baseflow contribution in 2013 compared to 1983, 

and high rainfall runoff response in September 2013 could be partially attributed to higher mean 

annual and autumn temperatures, and increased ground ice melt in 2013 relative to 1983 (Figure 

3.8 and Table 3.3). Furthermore, where ground ice melting was recorded in subarctic and high 

Arctic watersheds it was documented to trigger land subsidence and disturbance (thermokarst), 

and increase downstream nutrient and sediment yield (Lamoureux and Lafrenière, 2009; Lewis et 

al., 2012; Kokelj et al., 2013; Louiseize at al., 2014). Therefore, a prolonged input of ground ice 

melting in the Apex River will not only impact seasonality of water sources and discharge 
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volume, but could also affect surface drainage patterns, and result in an increased downstream 

nutrient and sediment yield. 

3.7 Conclusions  

The aim of this study was to assess the role of recent climate changes on the long-term 

hydrology of the Apex River, a small watershed in the eastern Canadian Arctic and an important 

source of freshwater for the residents of Iqaluit, Nunavut. Particular emphasis was placed on the 

river’s hydrology in 1983 and in 2013, which occurred during cooling and warming periods, 

respectively. The two snapshots in time, thirty years apart, were used to assess the impact that 

climate change had on the seasonality of the river’s water sources.   

 Although the long-term mean annual temperatures in Iqaluit were decreasing prior to 

1994, and increased thereafter, long-term annual precipitation showed no significant trends. 

Similarly, no significant trends in the river’s long-term annual discharge were evident, although 

the river experienced a longer flow season, probably as a result of regionally warmer surface air 

temperatures over the past several decades. Stable isotope analyses for 1983 and 2013 confirmed 

that, although snow was the major source of water to the Apex River during the spring melt, 

baseflow was still an important contributor to seasonal flow. More importantly, the seasonal 

analyses of water sources in 1983 and in 2013 suggest that, at two points in time 30 years apart, a 

river can have similar relative proportions of water sources (snowmelt and baseflow) during the 

spring melt, but can differ substantially in its source composition during the autumn. The Apex 

River demonstrates a prominent runoff response to autumn rainfall events. The importance of the 

baseflow and rainfall runoff components is likely to increase in the future as the flow season 

extends later into the fall and the timing and type of precipitation change. Therefore, the 

availability of reliable precipitation and discharge data for the Apex River is essential at a time 

when freshwater, especially drinking water, is becoming a significant concern for the city of 

Iqaluit. Examination of water source variability within the watershed in 2013 confirmed the 

potential sensitivity of surface water bodies to local meteorological changes. Specifically, stable 

isotope water balance analyses suggested that Apex River watershed lakes are snowmelt-

dominated and, as such, have low evaporation rates. Warmer thaw season temperatures will 

probably increase the evaporation rates, and reduced snow and increased rain precipitation will 

alter the water balance.          

 This study provides insights into the sensitivity of water sources and the long-term 

hydrologic response to changing climate of a small eastern Canadian Arctic watershed. The 
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findings stress the importance of data availability for better hydrological assessment, and 

therefore management of this sensitive freshwater resource, and freshwater resources across 

Arctic Canada.  
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Chapter 4 

Conclusions and Future Work  

Long-term hydrological analyses of the response of small Arctic watersheds to changing 

climate is limited, especially in the eastern Canadian Arctic where local communities rely on 

seasonal surface water runoff for drinking water (year round) and other land uses. The purpose of 

this research was to address this issue by examining: (a) the long-term hydroclimatic change of 

the Apex River, a small watershed near Iqaluit in the eastern Canadian Arctic; (b) the seasonal 

differences in water sources between two snapshots in time 1983 and 2013; and (c) the water 

source variability and sensitivity to climatic changes in 2013. The main conclusions that can be 

drawn from this research are:  

 

1) Long-term mean annual surface air temperatures (1946-2013) for Iqaluit demonstrate 

that the region was cooling prior to 1994 and warming thereafter. Warming 

conditions in the eastern Canadian Arctic were delayed compared to the western and 

central Canadian Arctic where warming started decades earlier (Allard et al., 1995; 

Dereksen et al., 2012; Jeffries et al., 2013). No significant changes were observed for 

the long-term precipitation (1946-2013) and discharge (1973-2013) record. Gaps in 

discharge data and lack of differentiation between snow and rain since 1997 

prevented detailed analysis of the potential effects changing precipitation type had on 

the Apex River hydrology. Detailed precipitation records are the key to examining 

hydrologic response to changing climate, especially as changes in precipitation type 

and timing will directly affect the seasonality and quantity of river runoff 

components. 

 

2) Snow was the major runoff component in1983 and 2013, however during the spring 

melt baseflow was also an important contributor. The proportional representation of 

each of the water sources at this time was similar for both years. Therefore, processes 

governing water sources and their delivery in 2013 were similar to processes in 1983 

during the spring melt. However, water sources differed in late season between the 

two years. The high rainfall runoff response in 2013 indicates that the watershed is 

sensitive to late season precipitation. The seasonality in water sources between the 

two years stresses the importance of detailed precipitation and discharge records in 
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order to provide better understanding of the changing hydrology in response to a 

warming climate.  

 

 

3) Precipitation is the main source of water in the Apex River watershed. However, 

during periods of low precipitation, surface water bodies can become an important 

contributor to Apex River flow. Lakes within the Apex River watershed had low 

evaporation rates in the summer of 2013, and therefore they are likely snowmelt 

dominated. As climate changes, prolonged open water conditions and higher surface 

air temperatures are expected to promote evaporation, whereas changes in 

precipitation type will directly impact their water balance. This suggests surface 

water bodies in the Apex River watershed are sensitive to climatic changes. Lastly, 

beside precipitation and baseflow contribution, on July 26 there was evidence of a 

depleted isotopic water source contributing to the Apex River. Since snow cover was 

depleted at the time, there were no significant rainfall events and lakes had enriched 

isotopic composition compared to the Apex River outlet, we hypothesize that this 

source was likely ground ice melt.  

 

The results of this study contribute to our understanding of the long-term and seasonal 

hydrology of small Arctic watersheds in response to climatic change. It provides insights into the 

seasonality of water sources in the Apex River, as well as their sensitivity to late season rainfall 

events. In improving our understanding of the hydrologic response of the Apex River, we are 

better able to manage this freshwater resource. 

 

Future work should focus on prioritizing the acquisition and maintenance of reliable and 

detailed precipitation and discharge data. The Apex River should be recognized as a high priority 

site in terms of precipitation (amount and type) and hydrometric data acquisition as changes in 

precipitation type, amount and timing will inevitably affect discharge quality and quantity. 

Improved knowledge of water pathways in the system will provide information about the 

residence time of water. Finally, evaluating the timing and seasonality of surface (lakes and 

ponds) and subsurface (groundwater and ground ice) water contribution to river flow during dry 

summers is crucial, as it will allow the growing community of Iqaluit to understand and plan for 

times of freshwater constraint in a changing climate. 
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Appendix A 

List of climate station details near Iqaluit, Nunavut. Missing data per 

month is given as percentage for both surface air temperatures and total 

precipitation  
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Appendix B 

Monthly discharge means (mm) for the available Apex River record. 

Months with partial data are shaded. Months with no discharge data 

are given with dashed lines. Summary of annual hydrometric remarks 

from Environment and Climate Change Canada for specific years.  

 Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

1973 - - - - - 170 122 42 64 - - - 

1974 - - - - - 88 17 48 32 - - - 

1975 - - - - - 33 68 47 36 - - - 

1976 - - - - - 89 112 41 21 - - - 

1977 - - - - - - 74 28 19 - - - 

1978 - - - - - - 226 75 4 - - - 

1979 - - - - - - 102 52 63 - - - 

1980 - - - - - 34 41 16 25 - - - 

1981 - - - - - 42 41 15 46 - - - 

1982 - - - - - 99 49 26 30 1 - - 

1983 - - - - - 145 65 8 7 - - - 

1985 - - - - 32 138 67 45 62 5 - - 

1986 - - - - - 115 164 97 86 5 - - 

1987 - - - - - 203 114 67 50 - - - 

1988 - - - - - 106 130 60 39 12 - - 

1989 - - - - - 79 87 55 21 1 - - 

1990 - - - - - 120 94 97 56 5 - - 

1991 - - - - - 74 21 53 92 12 - - 

1992 - - - - - 0 163 28 20 9 - - 

1993 - - - - - 2 40 88 43 16 - - 

1994 - - - - 1 160 44 56 38 34 - - 

1995 - - - - 0 9 34 69 58 11 - - 

2006 - - - - 1 - - 3 70 73 1 - 

2007 - - - - - 152 100 100 23 2 - - 

2008 - - - - 18 138 46 30 48 7 - - 

2009 - - - - - 172 74 47 67 4 - - 

2010 - - - - 4 169 43 78 52 52 3 - 

2011 - - - - - 157 66 44 43 7 - - 

2012 - - - - - 169 33 46 91 26 - - 

2013 - - - - - 191 129 23 39 56 1 - 
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Year Remark 

2006 Discharge data are considered poor due to stable benchmarks, poor logger trace and use 

of override corrections.  

2007 Water level data considered fair-poor.  

2008 Peak is an estimate due to many orifice movements. Use with discretion.  

2009 2009 Water level data are poor to fair, discharges are poor to fair.  

2010 2010 Water level and discharge are poor to fair. Use May 1 to June 8 and November 4 to 

December 31 with caution.  

2011 (Discharge) Zero flow from January 1 to May 30th. Data from May 31 to June 17th and 

October 8th to December 31 are estimates and should be used with discretion. Discharge 

values are considered poor. (Water Level) Level records were disregarded for periods of 

January 1- May 26 and November 26 to December 31. 

2012 (Discharge) Measurements under backwater were not conducted in 2012. Data from May 

31 to June 3 and October 3rd to December 31 are estimates and should be used with 

discretion. (Water Level) Record from January 1 to May 11 and November 28 to 

December 31 was disregarded. 

2013 Water level data considered fair due to stable orifice. Discharge data considered poor due 

to poor measurement section and lack of high water measurement.  
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Appendix C 

Snowpit details in 2013. Locations and depths were selected to capture 

the isotopic variability in snow cover.  

 

 

Name Coordinates Sampling date 

Depth 

(cm) 

 

n 

Mean 

δ
18

 O 

(‰) 

Snowpit 1 63° 44.852'N 68° 28.312'W 29-Apr-13 88 5 -23.9 

Snowpit 2 63° 44.853'N 68° 28.314'W 14-May-13 80 6 -24.1 

Snowpit 3 63° 44.886'N 68
° 
 28.336'W  21-May-13 115 7 -20.7 

Snowpit 4 63° 45.770'N 68
°
 29.156'W  22-May-13 45 4 -19.5 

Snowpit 5  63° 45.885'N 68
° 
29.330'W 28-May-13 115 9 -21.6 

Snowpit 6  63° 44.853'N 68
°
 28.314'W 04-Jun-15 90 8 -21.6 
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Appendix D 

Rain sample details in 2013 and assembled rain catcher, with and 

without mesh. 

Event 

 

Sampling date 

 

Number of days 

between sampling 

Rain in mm 

between events 

Mean 

δ
18

O 

 (‰) 

Rain 1 2 July 2013 0  -17.22 

Rain 2 4 July 2013 2  -17.15 

Rain 3 12 July 2013 12 21.5 -22.84 

Rain 4 25 July 2013 13 10 -14.50 

Rain 5 19 August 2013 24 2 -15.39 

 

Rain samples were used if: 

1. They fall close to GMWL (not affected by evaporation) 

2. Timing of sample collection 

a. If >10days, sample is dismissed if 

i. Little precipitation (<10mm), otherwise sample kept 

 Note bold samples satisfied these criteria and were used to determine LMWL 
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Appendix E 

LGR stable isotope standards  

 

Standards used 

 

δ
2
H 

(‰) 

δ
18

O 

(‰) 

LGR5A -9.5 -2.80 

LGR4A -51.0 -7.69 

LGR3A -96.4 -13.10 

LGR2A -123.6 -16.14 

LGR1A -154.3 -19.50 

USGS46 -235.8 -29.80 
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Appendix F 

Summary statistics regarding temperature linear regression data before 

and after the breakpoint for each season shown in Figure 3.3. 

Statistically significant trends (p<0.05) are given in bold.  

 Linear regression of temperature data 

 Before the breakpoint After the breakpoint 

MAAT y= -0.06x-8.4, R
2
=0.19 

p= 0.002 

y= 0.06x-8.7,  R
2
=0.10 

p= 0.19 

MAM y= -0.07x-24.1, R
2
= 0.20  

p= 0.001 

y= 0.001x-12.4, R
2
=0.0004 

p = 0.99 

JJA y= 0.13x+5.9, R
2
=0.17 

p= 0.24 

y= 0.02x+5.6, R
2
=0.15  

p= 0.003 

SON y= 0.003x-5, R
2
= 0.003 

p= 0.92 

y= 0.13x-6.6, R
2
=0.38 

p= 0.0004 

DJF y= -0.02x-24.1, R
2
=0.004  

p = 0.69 

y= 0.27x-28.3, R
2
=0.45  

p = 0.0002 
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Appendix G 

Daily δ
18 

O (‰) uncertainty analysis for the Apex River discharge in 

2013  

Date 

δ 2H 

(‰) 

δ 18O 

(‰) 

Analytical  

SD  

Wcr 

(%) 

fo 

(%) 

fe 

(%) 

Wfo for δ18O 

(%) 

               

10-Jun-13 -145.7 -19.0 0.01 0.02 0.46 0.54 0.57 

18-Jun-13 -146.2 -19.7 0.05 0.12 0.36 0.64 0.67 

27-Jun-13 -138.7 -18.5 0.14 0.30 0.54 0.46 0.49 

05-Jul-13 -134.0 -17.8 0.02 0.05 0.66 0.34 0.36 

11-Jul-13 -132.4 -17.5 0.02 0.04 0.70 0.30 0.32 

17-Jul-13 -130.0 -17.2 0.03 0.07 0.74 0.26 0.27 

19-Jul-13 -126.9 -17.0 0.01 0.03 0.79 0.21 0.22 

22-Jul-13 -128.7 -16.9 0.11 0.23 0.79 0.21 0.22 

24-Jul-13 -128.1 -16.9 0.09 0.18 0.80 0.20 0.22 

25-Jul-13 -127.3 -16.8 0.06 0.12 0.80 0.20 0.21 

26-Jul-13 -129.4 -16.6 0.14 0.30 0.85 0.15 0.17 

27-Jul-13 -127.6 -16.8 0.05 0.10 0.81 0.19 0.20 

29-Jul-13 -126.2 -16.6 0.04 0.09 0.84 0.16 0.17 

30-Jul-13 -126.4 -16.6 0.07 0.14 0.85 0.15 0.16 

02-Aug-13 -124.7 -16.3 0.01 0.02 0.90 0.10 0.11 

03-Aug-13 -125.7 -16.3 0.12 0.26 0.89 0.11 0.13 

06-Aug-13 -124.5 -16.1 0.09 0.20 0.92 0.08 0.09 

23-Aug-13 -120.4 -15.6 0.03 0.07 1.00 0.00 0.01 

 

 

 


