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Lay Abstract:  

Increasing temperatures and changing precipitation patterns are global consequences of 

climate change, which are amplified in northern environments. This research looks at a 

long-term hydrologic dataset of the Wolf Creek Research Basin (WCRB), located near 

Whitehorse, Yukon. Three hydrologic variables were evaluated: air temperature, 

precipitation, and discharge. Each variable plays a critical role in a watershed’s response 

to climate change. From 1993 to 2019, there was a significant increase in winter 

precipitation across the basin. Mean annual temperature also increased at the two lower 

elevation sites at a rate comparable to the rest of Yukon. Mean annual discharge has also 

increased, most notably in fall and winter which is reflective of an increase in 

groundwater contributions to the stream. This research increases our understanding of the 

relationships and drivers behind hydrometric changes which allows for a stronger 

interpretation of the response of catchments to climate change.   
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Abstract:  

Increasing temperatures and changing precipitation patterns are global consequences of 

climate change, which are amplified in northern environments. Cold environments are 

particularly sensitive to warming due to the importance of sub-zero temperatures, which 

influence frozen ground status and precipitation type. The objective of this research is to 

evaluate the controls on the timing, rate, and volume of the major hydrological fluxes 

within the Wolf Creek Research Basin (WCRB), Yukon Territory and to identify any 

long-term changes. WCRB is a long-term hydrological observatory established in 1993 to 

evaluate cold region hydrological processes. Within WCRB, three long-term 

meteorological stations at different elevations with total precipitation measurements and 

several stream gauges allow a long-term (26 year) evaluation of water balance 

components. Increases in temperature and precipitation magnitude are consistent with 

climate models including CIMP6 models. There has also been a significant increase in the 

number of high intensity precipitation days (primarily in June, July, and August). Fall and 

winter discharge increased and there was an increase in mean annual baseflows. The 

proportion of discharge output during freshet (April 1st – July 1st) has not changed, but the 

timing of peak flow has shifted from late-May to mid-June. This research provides a 

unique opportunity to study long-term change while recognizing short-term natural 

variability in hydrologic data. Understanding the mechanisms within catchments will 

allow for a stronger interpretation of the response of catchments to changing climate 

regimes which can have diverse impacts on local ecosystems and prevailing geohazards 

in northern environments.  
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Chapter 1: Introduction 

1.1 Introduction 

Increasing temperatures and changing precipitation patterns are global consequences 

of climate change. These impacts are amplified in cold regions, with temperature 

increases in northern environments being twice that of the global average since 2002 

(AMAP, 2017; IPCC, 2018; Laudon et al, 2013; Lyon et al., 2018, Meredith et al., 2019). 

Freeze-thaw cycles and precipitation phase rely on sub-zero temperatures, making high-

latitude ecosystems particularly sensitive to warming (Tetzlaff et al., 2013). 

Consequently, increasing temperatures in northern environments have cascading effects 

that influence a range of hydrologic processes and have severe impacts on water quality, 

nutrient cycling, and aquatic ecosystems (AMAP, 2017; IPCC, 2018).  

In cold regions, warmer temperatures are accompanied by reduction in snow cover 

and an increased frequency of intense convective storms, causing a shift from snow- to 

rain-driven streamflow hydrographs (DeBeer et al., 2016; Musselman et al., 2017). The 

combination of warmer temperatures and relative increase in rain versus snow in northern 

regions are leading to permafrost degradation and loss of ground ice, as well as increases 

in evapotranspiration (DeBeer et al., 2016). These changes influence soil water pathways 

and stream flow regimes, which impact the timing of peak and low-flow, water 

temperature, and water chemistry (AMAP, 2017; Lafrenière & Lamoureux, 2019; Lyon et 

al., 2018).   
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Despite the increased sensitivity of high-latitude watersheds to environmental change, 

they are extremely understudied as they are less accessible than mid-latitude catchments 

(Laudon et al., 2017; O’Donnel 2018). There are limited long-term hydrologic monitoring 

sites established in northern regions, and 40% of the previously established sites stopped 

recording water balance data between 2000 and 2017 (Laudon et al., 2017). Long-term 

data sets are essential for understanding the hydrological implications of climate change 

as natural variability skews short-term trends within all watersheds (St. Jacques et al., 

2010). The continual measurement of long-term hydrologic data allows for the 

identification of trends and facilitates the evaluation of how catchments respond to 

changes in temperature and precipitation regimes. This in turn helps guide our 

understanding of process interaction and can aid in the prediction of future hydrological 

response to climate change.   

The Wolf Creek Research Basin (WCRB) is a northern research basin (61° N, 

135° W) established in 1992 and climate and water balance data collection began in 1993. 

The WCRB provides an important location for a long-term northern hydrologic study site 

due to its northern latitude, proximity to Whitehorse, Yukon, moderate size (179 km2), 

altitudinal gradient (660 to 2080 masl), and ecozone variety (forest, shrub taiga, and 

tundra). The 26-years of hydrological data collected at the WCRB provides a unique 

opportunity to assess the integrated watershed scale hydrologic processes and provide 

insight on water balance dynamics over the course of a few decades. The long-term water 

balance of WCRB advances current knowledge of key hydrologic drivers in subarctic 
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watersheds, while considering the interconnectedness of hydrologic processes and how 

these processes have changed over time.  

1.2 The Water Balance  

Water balances provide an overview of water movement within a defined area by 

quantifying hydrological inputs and outputs on a watershed scale for a specified time 

period (Dingman, 2015). They provide an integrated view of hydrological processes and 

offer a comparative framework to contrast different responses across watersheds. 

Neglecting groundwater fluxes into and out of a watershed, the water balance is defined 

as:  

(1) ∆𝑆 = 𝑃 − 𝐷 − 𝐸   

Where ∆S is change in storage, P is precipitation, D is total discharge, and E is 

evapotranspiration. Precipitation includes rain and snow (in snow-water equivalent, 

SWE) and other solid precipitation. The water balance can be defined volumetrically, 

although typically is area-normalized and reported in millimeters as this facilitates inter-

catchment comparisons. To close a water balance and conserve mass, it is generally 

assumed that storage within a watershed does not change (∆S = 0) over the period for 

which the water balance is being calculated (Kane et al., 2005), therefore:  

(2) 𝑃 = 𝐷 + 𝐸   

Precipitation and discharge are measured and, while evapotranspiration can be directly 

measured using various micrometeorological techniques, it is more common for 

evapotranspiration to be calculated as the difference between precipitation and discharge. 
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Water balances are commonly calculated on seasonal or annual basis, depending on data 

availability and research objective. Annual water balances are typically calculated over a 

water year which is defined based on the start of a water cycle in a given region. For the 

WCRB, a water year is defined as being from 1 October to 31 September of the following 

calendar year, as snow typically begins to accumulate in October.  

 Water balances of northern watersheds are common but not abundant, and there 

are very few northern study sites with long-term hydrologic data sets. For example, Kane 

et al. (2005) compared 39 northern watersheds (>50 °N) for which water balances have 

been calculated but only 10 of these sites had more than 15-years of data. A range of 

monitored northern study sites are essential for understanding northern hydrology, as their 

long-term water balances quantify the variability and impact of each water balance 

component, and how these have changed with time. 

1.2.1 Precipitation  

In northern regions, total annual precipitation is often snow dominant, decreases 

with increasing latitude, and has significant variation inter-annually and among sites 

(Kane et al., 2005). Precipitation is a primary driver of catchment hydrology as it includes 

all inputs into a catchment, and influences the surface energy balance by the strong 

influence of snow on surface albedo (Woo, 2012; Yang & Kane, 2021). Precipitation 

regimes are altered by storm track trajectories, moisture recycling, and temperature 

controls on capacity of saturated air and precipitation phase (Bintanja & Andry, 2017).  
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Climate trends and future projections show an increase in northern precipitation, 

with the Arctic getting up to 50% wetter over this century, primarily as a feedback of 

climate warming (Barrow et al., 2004; Bintanja & Andry, 2017; DeBeer et al., 2016). 

Precipitation is influenced by global climate oscillations which have a control on wet and 

dry years, but intensified local surface evaporation due to warming and is associated with 

an increase in late-season and high-intensity rainfall, annually (Arp et al., 2020; Hisdal et 

al., 2003; Wan et al., 2015; Yang & Kane, 2021). Late-summer and early-fall rainfall 

increases late-season flows, generating unparalleled late-season floods, with some floods 

exceeding those generated by snowmelt in previously snow-dominated catchments (Arp 

et al., 2020).  Increases in rainfall also generates substantial soil water recharge thereby 

increasing annual baseflow (Wittenberg, 1999).   

The increase in rainfall is not expected to be paralleled in snowfall, therefore the 

ratio of liquid to solid precipitation is expected to increase with time (Bintanja & Andry, 

2017). The intensification of rainfall has already caused shifts from snow-dominated to 

rain-dominated or hybrid catchments in some sub-arctic regions, and climate models 

predict that rain-dominance will become the norm for the majority of Arctic catchments 

by the end of the 21st century (Bintanja & Andry, 2017; Cunderlik & Ouarda, 2009).  

1.2.2 Snow 

Though a shift to rain-dominant catchments is projected, many arctic and sub-

arctic catchments currently remain snow-dominated, exhibiting nival regimes, with some 
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having mixed flow regimes (Arp et al., 2020; Cunderlik & Ouarda, 2009). The majority 

of annual precipitation accumulates as snow from late-fall to early-spring and is stored on 

the surface until freshet, the period during which snow melts (Woo, 2012). Snow 

accumulation depends on total snowfall, but snow distribution is also influenced by wind, 

local topography, and vegetation. The distribution of snow controls the amount of snow 

subject to sublimation and influences the timing of melt, with up to a third of total annual 

snowfall being returned to the atmosphere due to the sublimation of blowing snow 

(Pomeroy and Gray, 1995; Rasouli et al., 2014). Wind redistributes snow from exposed 

areas to sheltered areas, such as leeward slopes, gullies, and in vegetation, with elevation, 

aspect, and vegetation cover accounting for 80-90% of variability in snow accumulation 

on the catchment scale (Jost et al., 2007; Pomeroy et al., 2006). For example, in the 

WCRB upwards of 50% of snow at the highest elevation sites, and 25% at mid-elevation 

sites, is redistributed by wind and 20 to 30% more snow accumulates on north than south-

facing slopes (Pomeroy et al., 1999; Woo & Carey, 1999). 

Vegetation also influences snow redistribution by trapping snow. Shrubs trap 

snow relative to their height and density, with tall shrubs retaining more snow than short 

shrubs; however, all shrubs capture more snow than areas dominated by moss and lichen 

causing snow to be blown from tundra to shrubby and forested areas (Pomeroy et al., 

2006; Woo, 2012). In a WCRB sub-catchment with lichen, moss, short shrubs, and tall 

shrubs, the greatest SWE before snowmelt is found within tall shrubs (McCartney et al., 

2006). Furthermore, vegetation shades snow and reduces sublimation. A reduction of 
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sublimation means more snow accumulates rather than being lost to the atmosphere, and 

shading delays snowmelt (Sturm et al., 2000). 

The importance of vegetation controls on snow accumulation increases with 

shrubification in northern regions (Sturm et al., 2000). Shrubification is characterized by 

treelines migrating northward, tall shrubs encroaching on areas previously dominated by 

short shrubs, and short shrubs covering tundra previously dominated by moss and lichen 

(Leipe & Carey, 2021; Myers-Smith & Hik, 2017; Sturm et al., 2005). Shrubification is 

estimated to increase snow accumulation by sheltering and capturing snow, thereby 

reducing sublimation (Sturm et al., 2000). An increase in accumulated snow is expected 

to generate greater runoff during freshet; however, increased shading and snow captured 

at higher elevations may delay peak flows despite increasing temperatures (Jost et al., 

2007; Pomeroy et al., 2006; Sturm et al., 2000). 

1.2.3 Measuring Precipitation 

Precipitation is notoriously difficult to measure, especially in northern regions, 

where snow and trace precipitation makes up significant portions of the water budget. 

Precipitation gauges underestimate snow and rain as: 1) they require a minimum amount 

of precipitation to be able to record a precipitation value and therefore do not reliably 

record small precipitation events, and 2) precipitation gauges are installed to catch 

vertical rainfall; however, wind influences the direction of precipitation limiting the 

accurate capture.  
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Trace precipitation (< 0.2 mm of rain, or < 0.2 cm of snow) is common in the 

arctic and represents a significant portion of total annual precipitation, but is often not 

measured by traditional rain gauges (Mekis, 2005; Milewska et al., 2019; Woo, 2012). In 

the Canadian Arctic, trace precipitation accounts for up to 20% of total annual 

precipitation yet is unaccounted for unless corrections to precipitation data are made 

(Mekis, 2005). In subarctic regions, trace precipitation is less important but has been 

shown to represent 4 to 6% of total precipitation in southwestern Yukon and therefore 

must be considered when measuring precipitation (Mekis, 2005). Other challenges in 

measuring precipitation, such as undercatch and evaporation (before measurement), 

further contribute to the underestimation and limit our ability to accurately estimate 

precipitation.   

Snow is commonly measured by heated precipitation gauges, snow radar, snow 

pillows, and manual snow surveys. Prior to wind shields being installed on heated 

precipitation gauge, snow measured by gauges underestimated snow accumulation by up 

to four-fold due to undercatch (Liljedahl et al., 2017; Stuefer et al., 2020). The installation 

of wind shields approximately halved the underestimation by reducing the influence of 

wind close to the gauge, but the measurement remains imperfect (Liljedahl et al., 2017). 

Snow and rain measurements by gauges are mathematically corrected based on gauge 

shape and windspeed (Milewska et al., 2019; Pan et al., 2016). Snow surveys are 

advantageous as they consider the high spatial heterogeneity of snow accumulation, 

however the intensive field work requirements and lack of automated measurements 
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limits sampling frequency and duration with high-quality measurements generally being 

restricted by project duration (Pomeroy et al., 1999; Sturm & Stuefer, 2013).  

Accurate precipitation measurement is challenging, but vital to be able to present 

a complete water balance. An underestimation of precipitation impacts the relative 

amount of input, output as runoff or evaporation, notably when evaporation is calculated 

a residual value. Long-term, the error associated with the underestimation of precipitation 

accumulates in the storage term (Liljedahl et al., 2017). 

1.2.4 Evapotranspiration 

Evapotranspiration (ET), the combination of direct evaporation and transpiration, 

influences the amount of water available for runoff and recharge by recycling water back 

into the atmosphere. ET can be measured using micrometeorological techniques, but 

direct measurements are sparse in northern regions due to the high cost of eddy-

covariance equipped meteorological towers. Point measurements are useful notably when 

considering small relatively homogeneous areas, but they are unable to represent the 

heterogeneity across catchments (Bring et al., 2016). Large scale inter-catchment studies 

have moved towards remote sensing techniques to evaluate ET on regional scales (Zhang 

et al., 2010), but at the catchment scale, ET is commonly calculated in water balance 

studies as a residual (Amiro, 2009).  As a residual, ET values are dependent on the 

accuracy of precipitation and runoff measurements and their relative representativeness 

across a catchment. Representative ET values are essential for closing water balances, 
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defining water availability, and differentiating between dry and wet catchments based on 

the ET to precipitation ratio (Tetzlaff et al., 2013; Thornewaite, 1948). 

In general, ET decreases with latitude as less solar energy is available in high 

latitudes, but it is highly variable inter-annually and between sites (Kane et al., 2005). ET 

peaks during summer when solar radiation is greatest (Wang et al., 2013). Due to the 

seasonality of ET, the proportion of precipitation recycled back to the atmosphere varies. 

For example, Rovansek et al. (1996) found that ET exceeded precipitation after freshet in 

a wetland dominated watershed in Alaska, whereas ET does not exceed precipitation prior 

to freshet. This is echoed by a more recent study in high-elevation catchments in 

Switzerland which highlights that rainfall is disproportionately evaporated as compared to 

snow in high-elevation and northern catchments (Allen et al., 2019).  

Temperature, water availability, and vegetation are the primary controls on ET, 

with some northern regions moving towards drier conditions despite an increase in 

precipitation (Hinzman et al, 2005). As the majority of ET occurs from canopy 

transpiration and evaporation of intercepted precipitation, an increase in leaf area index 

(LAI) is expected to increase total ET despite decreasing direct soil evaporation due to 

shading (Beringer et al., 2005; Kozii et al., 2020). This increase ET is greatest during the 

growing season (Beringer et al., 2005). Nicholls and Carey (accepted) further highlight 

the importance of vegetation in controlling ET across a Canadian subalpine watershed as 

ET rates are highest, and most seasonally stable, in the most vegetated sub-catchments. 

Shrub expansion and an increase in woody vegetation has a positive feedback with ET, 
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with changes in vegetation type and abundance expected to increase ET by up to 13% in 

the next 50 years (Pearson et al., 2013).  

Direct evaporation also contributes to total ET and is dependent on the abundance 

of surface water. Any changes in lake or wetland size within a catchment will influence 

total ET by altering water availability (Hinzman et al., 2005). On a smaller scale, seasonal 

surface ponding also increases ET. Ponding, and therefore ET, does not occur 

homogeneously across catchments but depends on the ability for water to accumulate on 

the surface, and therefore not infiltrate into the soil. Catchments areas with low 

infiltration capacity, such as bedrock, clay, and ice-rich layers have greater surface 

ponding than areas with high infiltration capacities, such as silt or sand substrate (Carey 

& Woo, 1999). Ponding is most significant during freshet and influences evaporation; 

however, transpiration becomes more important during the growing season as soil-

moisture decreases and shading increases (Carey & Woo, 1999). Due to the numerous 

controls on ET at the catchment scale, ET is highly variable spatially and temporally 

highlighting the importance of considering ET heterogeneity in water balance analyses.  

1.2.5 Discharge   

Stream discharge provides an effective tool to evaluate the response of watersheds 

to changing temperatures and precipitation patterns, as it defines catchment output and 

integrates hydrological variability across the watershed (Burn, 1994; Burn & Hag Elnur, 

2002; Zhang et al., 2001). Total discharge consists of direct runoff and baseflow, where 
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baseflow is commonly thought of as the old-water or groundwater contribution to 

streamflow, and direct runoff taken as the proportion of new- or event-water contributing 

to streamflow via surface and near-surface pathways (Dingman, 2015). Historically, there 

was an emphasis on overland flow being a dominant form of runoff in cold regions 

(Freeze, 1974), but over the past several decades runoff in cold regions has identified 

several complex subsurface pathways including overland, matrix and preferential flow 

paths (e.g. Quinton and Marsh, 1999; Carey and Woo, 2000). The relative contribution of 

runoff mechanisms is variable spatially and temporally throughout catchments and 

depend on controls such as soil type, permafrost distribution, slope, and aspect (Carey & 

Woo, 2000; Carey & Woo, 2001; Yang & Kane, 2021). 

In northern environments, the majority of discharge occurs during the freshet 

period as watersheds follow a nival (or snowmelt dominated) flow regime (Woo, 2012). 

The timing and rate of snowmelt influences surface discharge and groundwater regimes, 

with slower snowmelt being associated with less direct runoff than a short snowmelt 

period because the melt is less likely to exceed the infiltration rate (Musselman et al., 

2017). As overland flow transports water faster than matrix or pipe flow, an increase in 

overland flow causes an increase in the amount of water reaching streams within a shorter 

period generating flashy hydrographs (Dingman, 2015). Areas with continuous 

permafrost have been shown to have more overland flow due to the decreased soil 

infiltration capacity; however, infiltration from snowmelt does generate pipe and matrix 
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flow displacing water stored in the subsurface as the active layer thaws (Carey & Woo, 

1999; Dingman, 2015).  

Baseflow is maintained by the groundwater input to streams, where the 

groundwater is recharged by precipitation infiltrating into the ground and percolating 

through soil (Woo, 2012). The infiltration and percolation rates are primarily controlled 

by soil type, saturation, and temperature, with ground below 0°C being less permeable 

than thawed soil, assuming the same initial conditions (Rasouli et al., 2014). Groundwater 

recharge is essential for maintaining baseflow and occurs most rapidly in areas with high 

vertical connectivity and is therefore related to permafrost distribution in northern 

catchments (Walvoord et al., 2012).  

1.2.5.1 Trends in Discharge  

Discharge can be described in terms of magnitude and event timing, with mean 

annual or monthly discharge and day of year (DOY) peak flow or spring onset being 

common descriptors (Burn & Elnur, 2002; Cayan et al., 2001; Stewart et al, 2004). There 

are few recorded changes in annual streamflow in northern streams, but there are 

significant changes in seasonal discharge. Northern streams show increases in winter and 

spring discharge, variable trends in summer, and little to no trends in fall discharge 

(Hisdal et al., 2010).  

In Scandinavian catchments, there have been significant changes in the magnitude 

of discharge in the 40-years prior to 2002 (Hisdal et al., 2010). The same trends are 
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echoed by Matti et al. (2017) across 59 basins, also in Scandinavia, from 1961 to 2010. 

Maximum daily discharge increased in winter, spring, and fall, but decreased in summer 

(Hisdal et al., 2010; Matti et al., 2017). The increase in fall discharge is associated with a 

shift from snow- to rain- dominated hydrographs, in which a shift to earlier and smaller 

peak flow events are a result of increasing temperatures and earlier snowmelt (Matti et al., 

2017; Vormoor et al., 2015). In north America and northern Europe, earlier snowmelts 

have been shown to shift freshet to earlier in the year (Burn & Elnur, 2002; Jones et al., 

2015; Wasko et al., 2020), and an earlier spring onset is thought to explain trends in 

earlier ends to ice conditions (Burn & Elnur, 2002).  

Detecting streamflow trends is challenging, notably in winter as flows are low so 

small deviations from the mean may be considered significant and values may be skewed 

due to ice jamming (Hisdal et al., 2010; Matti et al., 2017). However, increases in winter 

runoff over the past several decades are associated with increasing winter temperatures 

and late-season precipitation; trends that increase subsurface connectivity and are 

predicted to continue (Meredith et al., 2019; St. Jacques & Sauchyn, 2009; Walvoord et 

al., 2011).  

1.3 Subsurface flow and connectivity  

Subsurface flows and connectivity are influenced by frozen ground regimes in 

northern environments. Ground that has remained below 0°C for two or more consecutive 

years, is defined as permafrost and can be discontinuous (<90%) or continuous (>90%; 
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van Everdingen, 1998). Discontinuous permafrost is further classified as being extensive, 

widespread, or sporadic, where sporadic permafrost only occurs in isolated patches 

(Harris et al., 1988). Permafrost is overlain by a transition zone and an active layer (Woo, 

2012). The active layer is perennial, freezing and thawing each year, whereas the 

transition layer is an ice-rich layer that thaws during warm years, but remains frozen 

during cooler summers (Shur, Hinkel, & Nelson, 2005). Permafrost and seasonally frozen 

ground inhibit infiltration and percolation capacities as permafrost creates a quasi-

impermeable surface to subsurface flow (Carey & Quinton, 2005). Permafrost limits flow 

in the subsurface to the active and transition layers (supra-permafrost) and subsurface 

runoff connectivity increases with ground thaw. Supra-permafrost aquifers are linked to 

deeper waters through the presence of taliks (Woo, 2012).   

Moving northward, there is a general transition from sporadic to continuous 

permafrost. In more southernly regions, deeper subsurface pathways are connected to the 

stream continuously maintaining streamflow throughout the year (Woo, 2012). As 

permafrost becomes more widespread, complete freezeback of the active layer may result 

in the cessation of streamflow during winter, and in areas where taliks are present, 

groundwater is at times able to maintain flows. The link between groundwater 

connectivity to the stream network has received considerable attention in permafrost 

environments, as climate warming and permafrost thaw is often used to explain changes 

in winter flows observed across the Canadian territories and in northern Eurasia over the 
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past several decades (Smith et al., 2007; St Jacques & Sauchyn, 2009; Walvoord & 

Striegl, 2007).  

Increased baseflow is prominent in permafrost regions, as permafrost degradation 

thins continuous permafrost and decreases the lateral extent of discontinuous permafrost 

(Kane et al., 1991; St. Jacques & Sauchyn, 2009). Discontinuous permafrost, such as that 

found in the WCRB, is more susceptible to degradation as it is warmer and thinner than 

continuous permafrost (Kurylk et al., 2015). Permafrost thaw, and the resulting 

thickening of the active layer, has been associated with multidecadal increase in baseflow 

due to the greater suprapermafrost water storage and deeper flow pathways (Lyon et al., 

2009; St. Jacques and Sauchyn, 2009). A decrease in lateral extent of discontinuous 

permafrost also increases vertical connectivity between sub- and suprapermafrost 

groundwater (Walvoord et al., 2012). The combination of greater suprapermafrost 

storage, deeper flow pathways, and increased vertical connectivity have been shown to all 

contribute toward the increase in baseflow in northern regions (Lyon et al., 2009; St. 

Jacques and Sauchyn, 2009; Walvoord et al., 2012).  

1.4 External Controls on Hydrologic Trends      

1.4.1 Teleconnections   

Teleconnections are periodic global climate oscillations driven by sea level 

pressure (SLP) and sea surface temperature (SST) differentials over different parts of 

Pacific, Atlantic, and Arctic oceans (Bjerknes, 1969; Hurrell, 1995; Latif & Barnett, 
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1994). The differences in air pressure and temperature driven by ocean-atmosphere 

interactions influence regional weather causing wet, dry, cool, and warm years making 

the phase of relevant teleconnections important to consider when analyzing 

meteorological trends (Bjerknes, 1969; Dingman, 2015). Major teleconnections include: 

El Nino and the Southern oscillation (ENSO), Pacific Decadal oscillation (PDO), North 

Atlantic oscillation (NAO), Pacific North American oscillation (PNA), and the Arctic 

oscillation (AO). ENSO and NAO have been shown to significantly influence climate in 

northern Europe (Ahmed et al., 2021). The Yukon is commonly grouped with British 

Columbia (BC) and Alaska when studying the influence of teleconnections across 

northwestern North America, where ENSO, PDO, and AO predominantly influence 

climate (Ahmed et al., 2021; Fleming & Whitfield, 2010; McNeil, 2015). 

ENSO is widely accepted as being the dominant global-scale teleconnection. It is 

driven by difference in SLP and SST between the eastern and western Pacific. The warm 

or positive phase is associated with high SST in the eastern Pacific which translates to 

warmer winter and spring temperatures with less precipitation in Canada and Alaska, and 

the opposite is true of cold or negative phase (Ahmed et al., 2021; Shabbar & Khandekar, 

1995). PDO periods have similar effects as ENSO on northern regions (Ahmed et al., 

2021). The AO is associated with the NAO, and is known to have a lesser effect on global 

climate than ENSO or PDO (Ambaum et al., 2001). AO phase depends on the strength of 

the polar vortex, with the positive phase representing strong polar vortex and the negative 

phase describing a weaker polar vortex (McNeil, 2015). A strong polar vortex retains the 
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cold air mass around the pole, resulting in colder temperatures across Arctic regions, 

whereas a weaker vortex leads to the dispersion of the cold air mass, allowing for warmer 

temperatures in northern regions (McNeil, 2015).  

The duration of positive and negative phases of global oscillation varies by 

teleconnection. ENSO oscillates between El Nino (warm) and La Nina (cool) events over 

a 3- to 5-year period. The PDO period is less well defined than the ENSO period and 

typically fluctuates between 20 and 30 years (Whitfield et al., 2010). The periodicity of 

AO has not been defined (Bridgman & Oliver, 2004). The affects of ENSO and PDO are 

strongest during constructive phases whereas, though ENSO remains a primary control, 

the influence of a warm or cool phase has been shown to be weak during destructive 

pairings (Gershunov & Barnett, 1998; Whitfield et al., 2010).  

Contrasting hydrological processes with teleconnections is typically considered on 

at least a regional scale (>10 000km2), as these are large-scale processes that may not be 

accurately expressed within small catchments (Kane et al., 2005). However, local-scale 

watershed studies such as at the Malcolm Knapp Research Forest in southwestern BC and 

at a range of watersheds (15 to 220 km2) in southeastern Alaska, have shown significant 

relationships between catchment hydrology and ENSO and/or PDO, notably during 

constructive cycles (Kiffney et al., 2002; Neal et al., 2002). Therefore, it remains 

important to identify relevant teleconnections when discussing meteorological and 

hydrological trends, in order to differentiate between trends due to teleconnection phases, 

and changes as a response to climate change (Bierknes, 1969).  
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1.4.2 Variation in temperature trends at elevation 

 Previous work in large mountainous regions suggest that climate change is 

occurring faster at higher elevations (Giorgi et al., 1997; Mountain Research Initiative 

EDW Working Group, 2015; Wang et al., 2014). However, the impact of climate change 

has been shown to have a decreasing or no elevation-dependency in smaller mountain 

ranges of up to 2000 m (Aigang et al., 2010; Pepin & Lundquist, 2008). There is a lack of 

research around small mountainous regions in northern environments, and the relative 

effect of climate change on high elevations in northern regions is therefore unclear. 

The positive elevation-dependency of climate change is associated with the 

relationship of warming and snow-albedo feedbacks. The difference in temperature 

changes at elevation has been found to be strongest in the winter, when the snow-albedo 

feedback occurs (Beniston, 1997; Rangwala & Miller, 2012). As snow melts at high 

elevations due to increases in winter and spring temperatures, the albedo decreases due to 

the reduced snow cover, causing increased warming (i.e., the earlier the snowmelt the 

more the warming). However, snow accumulation does not always increase with 

elevation in mountainous areas in northern regions, other studies therefore emphasize the 

importance of the zero-degree isotherm, and suggest that the greatest warming occurs 

around this isotherm due to its increased sensitivity to temperature relative to areas with 

mean temperatures significantly above or below freezing (Mountain Research Initiative 

EDW Working Group, 2015). 
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1.5 Research Objectives 

The objective of this thesis is threefold: (1) provide a long-term dataset of mean 

daily temperature, windspeed, precipitation, and discharge in a subarctic watershed, (2) 

examine water balance fluxes and seasonal to annual trends in climate and key 

hydrometric variables between 1993 and 2019, and (3) assess controls on inter-annual 

variability and catchment response. This work aims to understand the mechanisms that 

drive streamflow in a subarctic watershed and provide insight into how future changes in 

climate may influence streamflow response in the region. 

Chapter 2: Site Description and Methods   

2.1    The Wolf Creek Research Basin – climate, location, and sub-catchments 

The Wolf Creek Research Basin (WCRB; 60°31’N, 135°31’W) is located near 

Whitehorse, Yukon Territory and was established in 1992 on the traditional territory of 

the Kwanlin Dün First Nation, Ta’an Kwach’an Council, and Carcross/Tagish First 

Nation. It is a sub-watershed within the Yukon River watershed (Smith, Meikle, & Roots, 

2004) and it has a subarctic continental climate. It is part of Canada’s Boreal Cordillera 

ecozone (Smith, Meikle, & Roots, 2004) with the dominant vegetation being white 

spruce, aspen, willow, birch, and lichen at different elevations. Temperature decreases 

and precipitation increases with elevation across the basin, with sporadic permafrost (0-

50%) at low elevation and discontinuous permafrost (50-90%) at high elevation 

(Lewkowicz and Endie, 2004; Ramage et al., 2020).   
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The WCRB has an area of ~179 km2 (Rasouli et al., 2014) and is subdivided into 

3 ecosections (Smith et al., 2004), each with a representative weather station from which 

long-term meteorological data is derived. These ecosections are boreal forest (22%), 

shrub tundra and taiga (58%), and alpine tundra (20%), and change over an altitudinal 

gradient from 660 m to 1000 m, 1000 m to 1500 m, and 1500 m to 2080 m above sea 

level (masl; Rasouli et al., 2019; figure 1a). Each of these ecosections contains a study 

site: Alpine (Alp), Buckbrush (BBS), and Forest (WCF), where weather stations are 

installed. The Alpine, Buckbrush, and Forest stations are located at 1615 masl, 1250 masl 

and 750 masl, respectively. At the highest elevation, Alpine is windblown with the 

dominant vegetation being moss and lichen (Figure 1.1). Buckbrush has dense willow 

(Salix spp.) and dwarf birch (Betula nana) shrubs, ranging from 0.5 m to 2 m in height 

(figure 1c) and white spruce (Picea glauca), up to 20 m tall, surrounds the Forest station 

with some scattered aspen (Populus spp.) throughout (Figure 1.1).
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Figure 1.1: (a) The WCRB divided by ecosection (top), and a visualization of each 

ecosection: (b) Alpine (bottom left), (c) Buckbrush (bottom middle), and (d) Forest 

(bottom right) (Map credits: S. Leipe) 

2.2    Instrumentation and data corrections  

All data from 1993 to 2014 was obtained from the hydrometrical data published 

by Rasouli et al. (2019). Most instruments used to collect the 1993 to 2014 data remained 

consistent for the collection of 2015 to 2019 data with instruments listed in Tables 2.1 and 

2.2 below. The windspeed and temperature data published by Rasouli et al. (2019) was 

(b) 

 

 

(c) (d) 

 

(a) 
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100% complete for each study site and no adjustments were required.  The precipitation 

data was complete; however, a conversion error was identified over select time periods at 

the Alpine site: 2012-05-15 to 2012-09-28, 2013-05-01 to 2013-10-11, and 2014-05-09 to 

2014-09-30. This has been corrected (multiplied by 10) in the revised data set. The 

streamflow data is available from 1993-04-29 to 2014-09-11. The portion of data used 

was from 1993-10-01 to 2014-09-11, and was 92.7% complete. The missing values were 

filled with streamflow data recorded, but not included in the initial publication. After 

filling in the data, it was 95.4% complete. The remainder of the data was completed using 

linear interpolation. 
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Table 2.1: Instruments used in 1993-2014 dataset. Table modified from Tables 2 and 3 

published by Rasouli et al., 2019.   

Variable  Site  Sensor  Height [m] Mean  Record Period 

Precipitation 

[mm] 

Alpine  

 

 

Buckbrush  

 

 

 

 

Forest 

Texas TE525 TBRG 

Geonor T200B 

 

Texas TE525 TBRG 

Standpipe 

OTT Pluvio version 200 

Geonor T200B 

 

Texas TE525 TBRG 

Geonor T200B 

1.87 

 

 

4.76  

 

 

 

 

21.34 

1.75 

384 

 

 

403 

 

 

 

 

278 

1993-2014 daily  

 

 

1993-2014 daily  

 

 

 

 

1993-2014 daily  

 

Air 

Temperature 

[°C] 

Alpine  

 

 

Buckbrush 

 

 

Forest 

Vaisala HMP35CF 

HM45C212 (post-2005)  

 

Vaisala HMP35CF 

HMP45-212 (post-2005) 

 

Vaisala HMP35CF  

HMP45-212 (post-2007)   

2.05 

2.05 

 

2.6 

2.6 

 

21.34 

21.34 

-3.5  

 

 

-1.9 

 

 

-1.4 

1993-2014 hourly 

 

 

1993-2014 hourly 

 

 

1993-2014 hourly  

 

Wind speed  

[m s-1] 

Alpine  

 

 

Buckbrush  

 

 

Forest  

NRG 40 cup anemometer  

NRG 200P 

 

NRG 40 cup anemometer  

RM Young 5103  

 

NRG 40 cup anemometer  

RM Young 5103 

2.75 

2.75 

 

4.6 

4.98 

 

19.82 

20 

3.6 

 

 

1.8 

 

 

1.4 

 

1993-2014 hourly 

 

 

1993-2014 hourly 

 

 

1993-2014 hourly 

 

Streamflow 

[m3 s-1]  

Alaska 

Highway 

Various Instrumentation — 0.78 1993-2014 hourly  
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Table 2.2: instruments used to collect 2014-2019 climate and hydrometric data at 3 long-

term climate and hydrometric stations in WCRB.   

Variable  Site  Sensor  Height 

[m] 

Mean  Completeness 

[%] 

Record Period 

Precipitation 

[mm] 

Alpine  

 

 

Buckbrush   

 

 

Forest 

Geonor T200B 

 

 

OTT Pluvio version 

200 

 

Geonor T200B 

1.75 

 

 

1.75 

 

 

1.75 

409 

 

 

403 

 

 

274 

93.6 

 

 

85.5 

 

 

90.9 

2015-2019 

every 30min 

 

2015-2019 

every 30min 

 

2015-2019 

every 30min 

 

Air 

Temperature 

[°C] 

Alpine  

 

 

Buckbrush 

 

 

Forest 

Vaisala HM45C212 

 

 

Vaisala HMP45-212  

 

 

Vaisala HMP45-212   

2.05 

 

 

2.60 

 

 

3.00 

-3.2 

 

 

-1.7 

 

 

-1.28 

99.9 

 

 

99.4 

 

 

91.1 

2015-2019 

every 30min 

 

2015-2019 

every 30min 

 

2015-2019 

every 30min 

 

Wind speed  

[m s-1] 

Alpine  

 

 

Buckbrush  

 

 

Forest  

RM Young 5103   

 

 

RM Young 5103  

 

 

RM Young 5103 

3.00 

 

 

5.00 

 

 

20.0  

 99.9 

 

 

91.9 

 

 

92.8 

 

2015-2019 

every 30min  

 

2015-2019 

every 30min 

 

2015-2019 

every 30min 

 

Streamflow 

[m3 s-1]  

Alaska 

Highway 

Various 

Instrumentation  

— 

 

 

0.81 96.2%* 2015-2019 

Snow Depth  

[cm] 

Alpine 

 

Buckbrush  

 

Forest  

Sonic Range Sensor   

 

Snow Pillow 

 

Sonic Range Sensor  

1.67 

 

0 

 

1.67 

— 

 

— 

 

— 

 

 1993-2014 

*Percent completeness of 1993 to 2019 streamflow data once 1993 to 2014 data was also 

filled.  
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2.2.1 Wind measurements  

 Wind speed from 2015 to 2019 was collected by an R.M. Young 5103 at Forest, 

Buckbrush, and Alpine (Table 2.2). The 2015 to 2019 Alpine, Buckbrush, and Forest 

windspeed data was 99.9%, 91.9%, and 92.8% complete, respectively. Linear 

interpolation was used to complete the one missing value from the Alpine windspeed 

dataset. Linear regressions between Alpine, Buckbrush and Forest derived from the 2015-

2019 windspeed data were then used to complete the missing windspeed data at 

Buckbrush and Forest. The equations used for this correction are:  

(1) 𝑊𝑠
𝐵𝐵𝑆 = 0.423* 𝑊𝑠

𝐴𝑙𝑝
 + 0.508, R2 = 0.51   

(2) 𝑊𝑠
𝑊𝐶𝐹  = 0.136* 𝑊𝑠

𝐴𝑙𝑝
 + 0.711, R2 = 0.30  

Where 𝑊𝑠
𝐴𝑙𝑝

, 𝑊𝑠
𝐵𝐵𝑆, 𝑊𝑠

𝑊𝐶𝐹  are windspeeds [m s-1] at Alpine, Buckbrush, and Forest, 

respectively.  

2.2.2 Temperature measurements   

 Temperature from 2015 to 2019 was collected with a Vaisala HM45C212 

thermometers at Alpine, and Vaisala HMP45-212 thermometers at Buckbrush and Forest 

(Table 2.2). The 2015 to 2019 Alpine, Buckbrush, and Forest temperature data was 

99.9%, 99.4%, and 91.1% complete, respectively. The air temperature recorded by the 

Whitehorse Auto tower downloaded from the Government of Canada meteorological 

database was 100% complete from 2015 to 2019. A linear regression between Alpine and 

Whitehorse Auto was used to complete the temperature data at Alpine. Linear 
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regressions, based on the 2015 to 2019 data, between Alpine, Buckbrush, and Forest were 

then used to complete the temperature data at Buckbrush, and Forest.   

(3) 𝑇𝐴𝑙𝑝 = 0.706*𝑇𝑊ℎ𝑖𝑡𝑒  + 3.04, R2 = 0.88 

(4) 𝑇𝐵𝐵𝑆 = 1.030*𝑇𝐴𝑙𝑝 + 1.55, R2 = 0.98 

(5) 𝑇𝑊𝐶𝐹  = 1.220*𝑇𝐴𝑙𝑝 + 2.41, R2 = 0.87 

Where  𝑇𝐴𝑙𝑝, 𝑇𝐵𝐵𝑆, 𝑇𝑊𝐶𝐹 , and 𝑇𝑊ℎ𝑖𝑡𝑒  are the air temperatures at Alpine, Buckbrush, 

Forest, and the Whitehorse Auto tower, respectively.  

All mean temperature values were calculated using the gap filled data, and the 

temperature across the WCRB was calculated by taking the area weighted average across 

the three ecosections.  

2.2.3   Precipitation measurements  

The 2015 to 2019 rainfall and snow were recorded with the Geonor T200B gauge 

at the Alpine site, OTT Pluvio version 200 gauge at the Buckbrush site, and the Geonor 

T200B gauge at the Forest site (Table 2.2). Each precipitation gauge had multiple load 

cells (up to three), and the average value from the cells was used as the total precipitation 

value for each site. A daily average air temperature of 0˚C was used as a threshold 

temperature for precipitation phase, with precipitation recorded above a daily average 

temperature of 0˚C defined as rain, and below 0˚C was snow. The effectiveness of snow 

capture by a precipitation gauge is highly wind dependent and equations have been 

derived to correct for wind effects based on the shape of the snow gauge (Pan et al., 
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2016). The correction equations (equations 6 and 7) derived by Pan et al. (2016) based on 

Smith (2007) were used to correct precipitation below 0˚C for both the Geonor T200B 

gauge and OTT Pluvio version 200 gauge for wind:  

(6) Pcorr = Pobs/CE 

(7) CE = 1.18e −0.18*Ws  

where Pcorr is the corrected rainfall, Pobs is the measured rainfall, CE is the wind influence 

depending on wind speed, Ws.  

 The Alpine, Buckbrush, and Forest 2015 to 2019 precipitation datasets were 

93.6%, 85.5%, 90.9% complete, respectively. Once precipitation was corrected for 

temperature and wind, missing data at each site was filled using a linear regression, 

derived based on the 2015 to 2019 precipitation data, with the site to which it was most 

strongly correlated. The Alpine missing data was filled in using a linear regression 

between the daily precipitation at Alpine and the daily precipitation at the Whitehorse 

auto tower between 2015 to 2019. The completed Alpine data was then used to complete 

the Buckbrush and Forest precipitation datasets.  

(8) 𝑃𝐴𝑙𝑝 = 0.519 + 0.733*𝑃𝑊ℎ𝑖𝑡𝑒 , R2 = 0.29  

(9) 𝑃𝑊𝐶𝐹  = 0.239 + 0.376*𝑃𝐴𝑙𝑝, R2 = 0.36 

(10) 𝑃𝐵𝐵𝑆  = 0.397 + 0.656*𝑃𝐴𝑙𝑝, R2 = 0.43 

Where 𝑃𝐴𝑙𝑝, 𝑃𝐵𝐵𝑆, and 𝑃𝑊𝐶𝐹  are precipitation (mm), where snow recorded at the snow 

water equivalence, at Alpine, Buckbrush, and Forest, respectively.  
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The cumulative annual precipitation at each site is calculated using the gap filled 

data, and the precipitation across the WCRB was calculated by taking the weighted 

average across the three ecosections. 

2.2.4 Outflow measurements 

 Daily mean discharge was measured at the outlet of the WCRB. Stage was 

recorded every 15 minutes using various pressure tranducers that have changed since 

1993, and discharge was calculated based on the relationship between stage and point 

discharge measurements. Point discharge measurements were taken at the outlet 

intermittently using both stage-area methods and dilution gauging. The dataset containing 

2015 to 2019 streamflow data is the same dataset that was used to complete the 1993 to 

2014 data. After combining all continuous streamflow data, the 1993 to 2019 streamflow 

data was 96.2% complete and the remainder of the data was linearly interpolated. 

However, years with more than 10 consecutive days of missing streamflow data during 

freshet were removed due to the inability to accurately interpolate data. All cumulative 

discharge at the WCRB outlet is calculated using the gap filled data, excluding 2009, 

2010, and 2011.  
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Table 2.3: Summary of the completeness of available streamflow data at the WCRB 

outlet. These are based on water years (1 October to 30 September). Years not shown in 

table were 100% complete.  

Year Completeness 

(%) 

Dates Missing Days 

Missing   

Dataset  

1994 96.4 11 May – 24 May 

15 June 

21 June – 22 June 

13 Linearly interpolated  

1997 97.0 29 April – 8 May 11 Linearly interpolated  

2009 78.4 21 March – 4 May  

23 May – 25 June  

79 Removed from dataset  

2010 47.4 13 October – 26 April 192 Removed from dataset 

2011 84.4 26 October – 9 

December  

21 April – 2 May  

57 Removed from dataset  

2017 96.2 8 October – 21 October  14 Linearly interpolated  
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2.3    Analysis Methods  

 All analysis was completed in R-studio based on daily average values. For all 

statistical analysis, trends with a p-value < 0.1 were considered significant. In the WCRB, 

a water year was defined as 1 October to 31 September, and this is the period over which 

all mean and cumulative annual values are calculated. The seasonal values presented 

define spring as March, April, and May, summer as June, July, and August, fall as 

September, October, and November, and winter as December, January, and February.   

2.3.1 Water Balance components  

The data included in the overall water balance was evaluated for completeness. 

Precipitation was calculated as the weighted mean of the study sites and was only 

included if the datasets were able to be filled based on a linear regression between sites 

such that no more than 10 consecutive days of the data was missing during freshet. The 

precipitation for the 2015 water year was removed as the data was only 63.3% complete.  

Discharge at the WCRB outlet was only included if more than 85% of the data was 

recorded; 2009, 2010, and 2011 are therefore not included (Table 2.3).  

2.3.2 Time series analysis   

Ordinary least squares (OLS) regressions were used for all time-series analysis 

concerning the timing of events. The timing of peak flows, spring onset, and snowmelt, as 

well as the percentage of total annual discharge during freshet and annual runoff ratio 

were regressed by year to evaluate changes over time. The runoff ratio was defined as:  
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(11) 𝑅 =  
𝑄

𝑃
 

Where R is the runoff ratio, Q is total annual discharge, and P is total annual 

precipitation.   

The modified Mann-Kendall test using trend free pre-whitening (Hussain & 

Mahmud, 2019) was used for time-series analysis of the total annual flow and 

temperature, as well as mean annual temperature. Both precipitation and flow are non-

parametrically distributed and showed some autocorrelation. The same test was applied to 

the temperature data for direct comparison between major trend data over time. An 

application developed by Weigang Tang, McMaster University was used to apply the 

modified Mann-Kendall test using trend free pre-whitening (Yue & Wang, 2002).  

2.3.3 Defining streamflow parameters   

Spring onset, the start date of freshet flows, is defined by the day of minimum 

cumulative departure from the mean flow (Cayan et al., 2001), where the mean flow is the 

average discharge for the water year (Q̅), and the cumulative departure is (𝑄𝑑𝑒𝑝𝑎𝑟𝑡𝑢𝑟𝑒):   

(11) 𝑄𝑑𝑒𝑝𝑎𝑟𝑡𝑢𝑟𝑒 = (∑ 𝑄) − Q̅ 𝑡  

The day of minimum cumulative departure is the day where 𝑄𝑑𝑒𝑝𝑎𝑟𝑡𝑢𝑟𝑒  is the most 

negative.   

 The last day of snowmelt was determined for Forest, Buckbrush, and Alpine. It 

was defined as the first day of year that the snow radar at Forest and Alpine, and the snow 

pillow at Buckbrush, read 0 cm.   
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The peak flow dates were selected based on maximum flows that occurred 

between March and July of the respective years. All annual peak flows fall within these 

dates with the exception of 2016. The annual peak flow for 2016 occurred on September 

13th, and was caused by the intentional breakage of a large beaver dam upstream. As a 

result, this DOY of peak flow is not reflective of the regular hydrological regime, and the 

date of peak flow caused by the streams hydrological response to climate factors occurs 

during freshet, on the June 16th, 2016.   

Baseflow was also calculated and represents the groundwater contribution to the 

stream.  The Lyne-Hollick baseflow filter from the “Hydrostats” R-package was used to 

determine baseflow. The Lyne and Hollick (1979) approach applies a digital filter for 

baseflow separation, by differentiating between quick response and original stream flow. 

As winter flows are purely groundwater driven in the WCRB, baseflow was compared to 

mean annual winter flows.  

Days with high intensity flow and precipitation were also identified, and are 

considered to be any day above the 98th percentile of their respective datasets. Therefore, 

a high intensity flow day was defined as any day with cumulative discharge greater than 

or equal to 1.6 mm, and a high intensity precipitation day was defined as any day with a 

cumulative precipitation greater than or equal to 9.6 mm.  
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Chapter 3: Results   

3.1 Long-term Meteorological Data   

3.1.1 Temperature  

The mean annual temperature (± standard deviation) across the watershed from 

1993-2019 was -1.9°C (± 1.1°C), and declines with elevation (Table 3.1). The mean 

annual temperature was -1.3°C (± 1.1°C) at the Forest station, followed by -1.7°C 

(± 1.0°C) and -3.2°C (± 1.0°C) at Buckbrush and Alpine, respectively. The mean seasonal 

temperature at each site indicated colder temperatures at the Forest site in the winter due 

to persistent inversions. Due to these inversions, the coldest day at Forest had a mean 

daily temperature of -46.5°C on 2 January 1997, whereas Buckbrush and Alpine were -

 29.2°C and -26.6°C, respectively, on the same day. Alpine and Buckbrush reached the 

maximum recorded daily temperature of 21.1°C and 21.3°C, respectively on 29 July 

2009. The temperature at Forest on the same day was 22.1°C. The average mean annual 

and seasonal daily temperatures are presented in Table 3.1, with mean annual 

temperatures presented in Figure 3.1. The mean annual temperature was greater than 0°C 

at Forest in 2015, 2016, and 2019, and at Buckbrush in 2016 and 2019.  
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Figure 3.1: Mean annual air temperature 

at Alpine (top), Buckbrush (middle), and 

Forest (bottom) study sites in the WCRB 

from 1993 to 2019. 
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Table 3.1: Mean annual, seasonal, and extreme daily temperatures at each study site 

across the WCRB from 1993-2019. Spring, Summer, Fall, and Winter are defined as 

March to May, June to August, September to November, December to February, 

respectively. 

 Forest Buckbrush Alpine WCRB 

(Weighted 

Mean) 

Mean Annual 

Temperature  

-1.3°C  

(± 1.1°C) 

-1.7°C  

(± 1.0°C) 

-3.2°C  

(± 1.0°C) 

-1.9°C  

(± 1.1°C) 

Mean Spring 

Temperature 

-0.3°C 

(± 1.7°C) 

-2.4°C 

± 1.7°C 

-4.4°C 

± 1.7°C 

-2.3°C 

(± 1.7°C) 

Mean Summer 

Temperature 

12.4°C 

(± 1.0°C) 

9.6°C 

(± 1.1°C) 

7.9°C 

(± 1.2°C) 

9.9°C 

(± 1.1°C) 

Mean Fall 

Temperature  

-1.8°C 

(± 2.4°C) 

-2.5°C 

(± 2.2°C) 

-3.9°C 

(± 2.2°C) 

-2.6°C 

(± 2.2°C) 

Mean Winter 

Temperature  

-15.3°C 

(± 2.6°C) 

-11.6°C 

(± 2.0°C) 

-12.2°C 

(± 2.0°C) 

-12.5°C 

(± 2.1°C) 

Minimum  

Mean Daily 

Temperature  

 

-46.5°C 

 

-34.0°C 

 

-36.1°C 

 

-35.5°C 

Date Minimum 

Mean Daily 

Temperature  

 

2 January 1997 

 

12 January 1996 

 

12 January 1996  

 

31 January 2008 

Maximum  

Mean Daily 

Temperature  

 

23.0°C 

 

21.3°C 

 

21.1°C 

 

21.4°C 

Date Maximum 

Mean Daily 

Temperature  

 

19 June 2004 

 

29 July 2009 

 

29 July 2009 

 

29 July 2009 
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Overall, the warmest year was 2016 with a mean annual temperature of 0.26°C, 

and the coldest year was 1996 at -3.89°C. There was some variation of warmest and 

coldest years among sites, but this variation was insignificant and warm years at high 

elevation typically represented warm years at lower elevation (Figure 3.2). All seasons 

and sites were significantly correlated, but deviations increased with altitude difference 

(i.e., warm, and cold years are most consistent between Alpine and Buckbrush and more 

variable between Alpine and Forest). Additionally, the relative spring and summer 

temperatures were most highly correlated whereas there was more variation in fall and 

winter. The greatest inconsistency occurred during winter between Alpine and Forest 

(slope = 0.87); though these relative temperatures remained highly correlated. Winter 

temperatures were most variable among these sites due to winter temperature inversions 

present at Forest causing cooler years at lower altitudes that were not representative of 

temperature at the higher elevation sites.  
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Figure 3.2: Ranking of temperatures between warm and cold seasons by site (Alpine, 

Buckbrush, Forest); where 1 = coldest year and 26 = warmest year.  
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3.1.2 Precipitation  

Annual precipitation over 26 years at Forest was 261 mm (± 65 mm), 389 mm (± 

95 mm) at Buckbrush, and 394 mm (± 96 mm) at Alpine. The relative amount of 

precipitation falling as snow within each ecosection increased with elevation, with 38% 

snow at Forest, to 45% at Buckbrush, and 54% at Alpine. The greatest snowfall occurred 

in 2009 at 264 cm, making up 59% of total precipitation, whereas the least amount of 

snow fell in 2001 at 115 cm consisting of only 30% of total precipitation. On average 

45% (± 7%) of mean annual precipitation was snow. Across the basin and scaled by 

ecosection area, 1998 was the lowest precipitation year with 214 mm (56% snow), and 

2000 had the most precipitation with 525 mm (35% snow). The majority (8 out of 10) of 

years with high precipitation (more than 225 mm rain per year; top 10 of 25 years) 

received less than the average (45%) relative precipitation as snow, whereas only 3 of the 

remaining 15 years (less than 225 mm of rain per year), received less than the average 

relative precipitation as snow.  
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Figure 3.3: Cumulative annual precipitation 

at Alpine (top), Buckbrush (middle), and 

Forest (bottom) study sites within the 

WCRB from 1993 to 2019. 
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Table 3.2: Mean annual and seasonal precipitation at each study site across the WCRB 

from 1993-2019. Spring, Summer, Fall, and Winter are defined as March to May, June to 

August, September to November, December to February, respectively 

 Forest Buckbrush Alpine WCRB 

(Weighted 

Mean) 

Annual 

Mean Annual 

Precipitation  

261 mm 

(± 65 mm) 

389 mm 

(± 95 mm) 

394 mm 

(± 96 mm)  

362 mm 

(± 86 mm) 

Mean Annual 

Snowfall  

100 mm  

(± 31 mm)  

173 mm 

(± 46 mm) 

211 mm 

(± 57 mm)   

162 mm 

(± 44 mm)  

Spring  

Mean Spring 

Precipitation 

37 mm 

(± 13 mm) 

56 mm 

(± 16 mm) 

60 mm 

(± 21 mm) 

53 mm 

(± 15 mm)  

Mean Spring 

Snowfall 

17 mm 

(± 11 mm) 

35 mm  

(± 14 mm) 

49.3 mm 

(± 21 mm) 

33 mm  

(± 13 mm)  

Summer  

Mean Summer 

Precipitation 

113 mm 

(± 30 mm) 

158 mm 

(± 49 mm) 

147 mm 

(± 45 mm)  

146 mm 

(± 43 mm) 

Mean Summer 

Snowfall 

NA NA  3 mm 

(± 4 mm) 

NA  

Fall 

Mean Fall 

Precipitation  

69 mm 

(± 27 mm) 

107 mm 

(± 35 mm)  

114 mm 

(± 42 mm) 

100 mm 

(± 34 mm) 

Mean Fall 

Snowfall 

33 mm 

(± 17 mm)  

67 mm 

(± 25 mm) 

83 mm 

(± 32 mm) 

62 mm 

(± 24 mm) 

Winter 

Mean Winter 

Precipitation  

49 mm 

(± 17 mm)  

76 mm  

(±22 mm)  

80 mm 

(± 27 mm) 

71 mm  

(± 21 mm) 

Mean Winter  

Snowfall 

49 mm 

(± 17 mm)   

75 mm 

(± 21 mm) 

80 mm 

(± 27 mm) 

70 mm 

(±21 mm) 
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As per the temperature data, there was some consistency in the relative magnitude 

of precipitation among sites. Years with high precipitation at Alpine typically also had 

high precipitation at Buckbrush and Forest (Figure 3.4). The correlation of precipitation 

rankings suggests that large precipitation days occurred at the watershed scale; however, 

there were a few notable outliers. For example, in 2013 Forest ranked 24th of 25, receiving 

the 2nd most recorded rainfall (228 mm), whereas Alpine site ranked 9th of 25, receiving 

the 16th most rainfall (165 mm). This difference was driven by a handful of high intensity 

rainfall days that were concentrated on the Forest site. This includes a high intensity 

precipitation from 20 July to 21 July 2013 which contributed 43 mm of rainfall to Forest, 

but only 8 mm to Alpine. Other large events limited to Forest occurred on 1 June 2013 

(16 mm), 16 September 2013 (11 mm), and 29 September 2013 (11 mm). However, 

despite the difference in ranking some large rainfall events were limited to Alpine on 22 

July 2013 (18 mm), 2 June 2013 (13 mm), 17 September 2013 (11 mm). Note the three 

largest daily rainfall events at Alpine (listed) all occurred the day after high intensity 

rainfall limited to Forest. Despite some outliers, high rainfall years are consistent between 

sites, as are high snowfall years (Figure 3.4). However, there was no correlation between 

high rainfall and high snowfall years (Figure 3.5).    

 

 



M.Sc. Thesis – F.M. Chapman; McMaster University – School of Earth, Environment, & Society  

 

43 

 

 

 

Figure 3.4: Comparison of ranking of rainfall magnitude across sites (Alpine, Buckbrush, and Forest), where 1 = least rainfall 

and 25 = most rainfall (top row), and snowfall magnitude where 1 = least snowfall and 25 = most snowfall (bottom row).
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Figure 3.5:  Comparison between 

ranking of rainfall and snowfall 

magnitudes for Alpine (top), 

Buckbrush (middle), Forest 

(bottom); where 1 = least 

precipitation and 25 = most 

precipitation.  
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The cumulative monthly precipitation from October to April was dominated by 

snow (> 70%). The relative abundance of snowfall in May was 21.9% and was 14.1% in 

September. Snowfall from June to September was negligible (< 2%) and did not 

contribute to precipitation storage over winter. The greatest difference in precipitation 

type among elevations occurred during the shoulder months: April to May, and 

September to October (Figure 3.5). For example, in April, the Alpine station received 

97.3% of the precipitation as snow, whereas the precipitation at Forest received 51.1% 

snow (Figure 3.6).  

Across the basin, there have been almost twice as many days with no precipitation 

as days with precipitation. Of the days with precipitation, the majority of events at each 

site were low intensity and contributed less than 2.5 mm per day (Figure 3.7). These 

findings are consistent across all ecosections, however there was a slightly higher 

frequency of high intensity precipitation (> 9.6 mm per day) at the higher elevation sites 

(Buckbrush and Alpine) as compared to Forest. The largest recorded precipitation days 

were 55.8 mm at Alpine on 18 November 1994, 44.5 mm at Buckbrush on 1 July 2010, 

and 38.8 mm at Forest on 4 July 2014. 
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Figure 3.6: Mean monthly cumulative precipitation at Alpine, Buckbrush, and Forest. The 

fill shows the mean percentage of monthly precipitation as snowfall is shown. The 

percentages of snow distribution by season are presented in Table A.1 (Appendix A). 
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Figure 3.7: Frequency of 

daily precipitation binned by 

2.5 mm within Alpine 

(top), Buckbrush (middle), 

and Forest (bottom) 

ecosections in the WCRB. 

The associated tables are 

grouped by 10 mm to 

demonstrate the frequency of 

large precipitation days 

otherwise not visible on the 

figure.   
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3.1.3 Discharge  

The mean annual discharge at the WCRB outlet was 131.6 mm (± 41.1 mm) 

(Figure 3.8), with seasonal discharge of 14.1 mm (± 4.5 mm) in winter (December to 

February), 28.1 mm (± 8.3 mm) in spring (March to May), 57.3 mm (±27.8 mm) in 

summer (June to August), and 29.8 mm (±14.5 mm) in fall (September to November). 

Overall, the greatest seasonal discharge occurred during summer (Figure 3.9).  

 

Figure 3.8: Cumulative annual discharge from 1993 to 2019 at the WCRB outlet.  
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Figure 3.9: Continuous daily discharge (black lines) at the WCRB outlet. Point  

measurements (blue dots) are used to confirm accuracy of continuous flow measurements. 

Discharge data is plotted from 1 January to 31 December. The 2009, 2010, and 2011 

water year (1 October to 30 September) data have more than 10 consecutive days of 

missing data during freshet (Table 2.1), including during freshet; the continuous data for 

these years was removed. 

The freshet period was denoted by the annual onset of spring flows (section 2.3.3). 

On average, spring onset occurred around early May (DOY 127 ± 10 days) and was 

driven by snowmelt; however, the number of days between the end of snowmelt as 

measured at each site and spring onset was highly variable. Spring onset occurred 9 days 

(± 13 days) before the end of spring melt at Forest, 12 days (± 18 days) at Buckbrush, and 

8 days (± 14 days) at Alpine (Figure 3.10). 
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The annual peak flow usually occurred during the freshet period between mid-

May and mid-June (DOY 152, ± 22 days).  On average, peak flow occurred 12 days (± 22 

days) after the end of snowmelt at Forest, 16 days (± 39 days) at Buckbrush, and 12 days 

(± 25 days) at Alpine (Figure 3.11). There is no relation between the end of snowmelt as 

measured at the individual sites and the date of peak flow.  
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Figure 3.10: The day of year of spring 

onset as compared to the last day of 

snowmelt at Forest (left), Buckbrush 

(middle), and Alpine (right) based on 

single point measurements. Some 

snow is still present within each 

ecosection after each date.   
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Figure 3.11: The day of year of peak 

flow as compared to the last day of 

snowmelt at Alpine (top), Buckbrush 

(middle), Forest (bottom). 
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3.1.3.1 Beaver Dam Event   

Peak flows occur during freshet, with one exception:  13 September 2016, with a 

total daily discharge of 2.1 mm (Figure 3.9). This peak flow occurred after three weeks 

(34 to 36 WOY) of rainfall totalling 80.0 mm. During this period, there were two high 

intensity precipitation events, 26 August 2016 (20.3 mm) and 9 September 2016 

(25.0mm). Despite the high intensity rain events, the high intensity flow event was not a 

result of the rainfall. On 12 September 2016, a large beaver dam was removed from the 

Coal Lake outlet generating high flows throughout the WCRB. Based on the timing and 

duration of the high intensity flow event with respect to the high intensity rain events and 

beaver dam breakage, it was concluded that the precipitation did not generate the high 

intensity flow. However, the high intensity precipitation events did cause small and short-

lived peaks in discharge and likely contributed to the higher flow levels post-peak 

discharge (Figure 3.12). The increased discharge after the peak was likely maintained due 

to the significant precipitation throughout the basin prior to the breakage, as well as by 

any lag of lake discharge post-dam breakage. The time it takes for the flow to return to 

mean seasonal flow is unknown due to incomplete discharge data for fall 2016. 
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Figure 3.12: Hydrograph of daily discharge rates and cumulative weekly precipitation 

from 1 April 2016 to 31 September 2016: a late-season high intensity flow event year. 

The red star represents peak discharge primarily generated by beaver dam breakage 

upstream.  
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3.2 Water Balance  

The 26-year water balance reflects the variation in cumulative annual precipitation 

and discharge at the WCRB outlet from 1993 to 2019. Evapotranspiration (calculated as a 

residual) was the greatest flux from the watershed, comprising 65.0% (± 8.5%) of total 

output, while discharge made up 35.0% (± 8.5%). The ET values calculated as a residual 

are greater than the measured values published by Nicholls and Carey (2021) by 13% 

from 2017 to 2019 when averaged across the basin. The mean annual ET over 26 years 

was 239 mm (± 52 mm). ET was lowest in 1998 (145 mm), and greatest in 2000 (364 

mm). ET cannot be calculated by site as runoff ratio is only considered at the outlet. Rain 

represented 55.5% (± 7.2%) of annual precipitation, and snow made up 44.5% (± 7.2%) 

across the WCRB, but varied by ecosection and elevation (Figure 3.13). 

.
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Figure 3.13: Water balance components of WCRB from 1993 to 2019. Missing columns are due to incomplete dataset
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Chapter 4: Hydrometric Trend Analysis  

4.1 Temporal Trends 

4.1.1 Climate Parameters  

The climate variables analyzed for temporal change were air temperature and 

precipitation. On a seasonal basis, there was a slight increase in fall air temperature within 

each ecosection at a rate ranging from 0.054°C per year Alpine to 0.081°C per year at 

Forest; this increase in air temperature remained significant when considering the 

weighted mean across the basin with an increase of 0.06°C per year (Table 4.1). Winter 

temperatures also increased significantly at Buckbrush (0.07°C per year) and averaged 

across the basin (0.08°C per year). There were significant increases in air temperature in 

January (one degree Celsius every 4.3 years) and May (one degree Celsius every 9.2 

years) on the catchment scale (Table 4.1). Significant annual increases in air temperature 

were observed at Buckbrush, Forest, and averaged across the catchment, but not at the 

highest elevation (Alpine).  
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Table 4.1: Mann-Kendall test using trend free pre-whitening to detect statistically 

significant changes in mean annual, seasonal, and monthly air temperatures by site and 

across the catchment. The Sen slope describes the slope of the change, and the p-value 

describes the significance of the change. Trends highlighted in dark green were 

significant to the p < 0.05, whereas trends highlighted in light green were significant to 

the p < 0.10.   

Month  Alpine: 
Sen  

Alpine: p BBS: 
Sen 

BBS: p  WCF: 
Sen 

WCF: p WC: 
Sen 

WC: p 

Jan 0.15 0.13 0.23 0.02 0.34 0.004 0.23 0.02 

Feb 0.02 0.69 0.02 0.87 -0.006 0.53 0.03 0.76 

March  0.03 0.87 0.03 0.56 0.02 0.87 0.03 0.66 

April -0.03 0.83 -0.01 0.80 -0.02 0.87 -0.02 0.91 

May  0.12 0.04 0.12 0.03 0.11 0.03 0.11 0.04 

June  -0.01 0.62 -0.01 0.83 -0.01 0.87 -0.01 0.73 

July  0.01 0.41 -0.003 0.50 -0.001 0.66 0.005 0.41 

Aug  0.01 0.44 0.03 0.23 0.04 0.18 0.02 0.27 

Sept  0.05 0.32 0.06 0.13 0.03 0.66 0.05 0.32 

Oct 0.04 0.20 0.04 0.27 0.03 0.34 0.03 0.27 

Nov  0.04 0.53 0.03 0.44 0.08 0.27 0.03 0.41 

Dec  0.02 0.44 0.02 0.50 0.002 0.62 0.01 0.44 

Winter 0.06 0.16 0.07 0.10 0.09 0.11 0.08 0.09 

Spring 0.02 0.41 0.03 0.22 0.02 0.41 0.03 0.34 

Summer 0.01 0.47 0.02 0.32 0.008 0.41 0.01 0.34 

Fall 0.05 0.03 0.05 0.08 0.08 0.03 0.06 0.03 

Annual 0.04 0.13 0.05 0.05 0.05 0.06 0.04 0.08 

 

There were fewer significant changes in precipitation compared to air 

temperature; however, there was a significant increase in annual precipitation of 2.2 mm 

per year at Alpine, and sporadic increases in precipitation by season and ecosection. 

Notably, January precipitation increased significantly at both higher elevation sites 

(Alpine and Buckbrush) by 0.7 mm and 0.4 mm per year, respectively. This translates to a 

significant increase in January precipitation across the basin at a rate of 0.4 mm per year. 
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Alpine also had an increase in fall and annual precipitation (1.2 mm per year), whereas 

Forest had an increase in summer precipitation (1.9 mm per year), yet these trends were 

specific to these ecosections and were not significant on the catchment scale (Table 4.2). 

The variation in precipitation and air temperature between years is represented in Figures 

3.3 and 3.9.  

Table 4.2: Mann-Kendall test using trend free pre-whitening to detect statistically 

significant changes in cumulative annual and monthly precipitation by site and across the 

catchment. Trends highlighted in dark green were significant to the p < 0.05, whereas 

trends highlighted in light green were significant to the p < 0.10.   

Month  Alpine: 
Sen  

Alpine: p BBS: 
Sen 

BBS: p  WCF: 
Sen 

WCF: p WC: 
Sen 

WC: p 

Jan 0.70 0.004 0.36 0.03 -0.01 0.71 0.36 0.05 

Feb 0.16 0.47 0.07 0.64 0.06 0.60 0.02 0.64 

March  -0.10 0.90 -0.14 0.67 -0.07 0.86 -0.11 0.75 

April 0.42 0.09 0.25 0.19 0.14 0.39 0.25 0.17 

May  -0.28 0.29 -0.001 0.90 0.20 0.64 -0.03 0.82 

June  0.57 0.33 0.69 0.19 1.06 0.006 0.84 0.11 

July  -0.14 0.36 -0.21 0.47 0.25 0.60 -0.05 0.54 

Aug  0.58 0.60 1.03 0.29 0.78 0.26 0.80 0.31 

Sept  0.43 0.31 0.25 0.54 0.05 0.67 0.21 0.41 

Oct 0.51 0.36 -0.02 0.86 -0.13 0.64 -0.05 0.98 

Nov  0.44 0.16 0.31 0.57 0.23 0.54 0.28 0.50 

Dec  0.20 0.39 -0.12 0.86 -0.06 0.90 -0.10 0.60 

Winter 1.31 0.11 0.99 0.11 0.60 0.60 0.95 0.2 

Spring 0.27 0.50 0.24 0.90 0.28 0.75 0.10 0.82 

Summer 0.78 0.64 1.75 0.24 1.89 0.07 1.62 0.22 

Fall 1.24 0.50 -0.005 0.60 0.40 0.98 0.25 0.90 

Annual 2.24 0.50 2.05 0.47 2.51 0.13 2.12 0.29 
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Precipitation was divided into rain and snow. The change in relative abundance of 

snow and the absolute snowfall was assessed using OLS regression. Based on the 

regression, neither the percent of annual precipitation as snow across the WCRB, nor the 

annual snowfall significantly changed between 1993 and 2019 (Figure 4.1).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1: The distribution of (a) percent of total annual precipitation as snow and        

(b) absolute snowfall over time.  

 

(a) 

(b) 
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High intensity precipitation days (> 9.6 mm per day; 98th percentile) occurred 

between May and October, with most days occurring between June and September 

(Figure 4.2). Although a greater number of high intensity precipitation days occurred in 

June compared to September, there was not a significant difference and high intensity 

rainfall events did not favour early or late-season (Figure 4.3). The frequency of 

precipitation events within the 98th percentile (> 9.6 mm per day) increased significantly 

from 1993 to 2019 (Figure 4.3). 

 
Figure 4.2: The frequency of high intensity precipitation days (>9.6 mm per day; 98th 

percentile) from 1993 to 2019. 
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Figure 4.3: Monthly distribution of high intensity precipitation days (>9.6mm per day; 

98th percentile)  

 

Snow accumulation occurred at each site from October to April. In September, 

31% of precipitation at Alpine was snowfall and snow accumulation continued at Alpine 

and Buckbrush in May with 49% and 18% snowfall, respectively (Figure 3.3). The mean 

timing of melt was DOY 135 (± 12 days) at Forest, DOY 139 (± 13 days) at Buckbrush, 

and DOY 134 (± 14 days) at Alpine. There was no shift in the last day of snowmelt at any 

site across the basin (Figure 4.4). 
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Figure 4.4: Last day of 

snowmelt at (a) Alpine 

snow radar (top), (b) 

Buckbrush snow pillow 

(middle), and (c) Forest 

snow radar (bottom).  
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4.1.3 Discharge magnitude and timing trends  

  Discharge magnitude and timing metrics have changed significantly with time. 

There were trends in the timing of peak flow, spring onset, and the percentage of total 

annual flow during freshet. The magnitude of annual streamflow increased significantly 

by 2.59 mm per year on average. This value is slightly greater than the mean increase in 

precipitation of 2.12 mm per year. The increase in flows was reflected on a monthly scale, 

with significant increases in discharge from August through March (Table 4.3). These 

monthly flow increases were reflected in the seasonal data with significant increases 

during fall and winter but there was no significant increase in discharge in spring or 

summer despite a significant increase in August flow (Table 4.3).  
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Table 4.3: Modified Mann-Kendall test using trend free pre-whitening to detect 

statistically significant changes in mean annual and mean monthly flows at the WCRB 

outlet. Trends highlighted in dark green were significant to the p < 0.05, whereas trends 

highlighted in light green were significant to the p < 0.10.   

Month  Sen Slope MK P-Value 

January 0.11 0.02 

February  0.13 0.01 

March  0.08 0.08 

April 0.05 0.43 

May  0.30 0.65 

June  0.12 0.96 

July  0.40 0.18 

August  0.41 0.04 

September  0.36 0.02 

October  0.38 0.003 

November  0.28 0.001 

December  0.11 0.04 

Winter 0.40 0.03 

Spring 0.42 0.37 

Summer 1.04 0.26 

Fall 0.87 0.08 

Annual 2.59 0.10 

 

High intensity flow days (> 1.6 mm per day; 98th percentile) occurred between 

April and July, with the majority of events occurring between May and July. There was 

not a significant difference between the number of number of high intensity flow days in 

May and June (p = 0.054), but there was a significant difference between the number of 

high intensity flow days in June and July (p = 5.5E-11) and May and July (p = 9.3E-7) 

(Figure 4.5). High intensity flow days primarily occurred during freshet. The single high 

intensity flow days that occurred in September was associated with the Beaver Dam 
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breakage described in section 3.1.3.1. There was no significant increase in the frequency 

of high intensity flow days (>1.6 mm per day) from 1993 to 2019 (Figure 4.6).   

 
Figure 4.5: Monthly distribution of high intensity precipitation days (>1.6 mm per day; 

98th percentile)  
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Figure 4.6: The frequency of high intensity flow days (1.6 mm per day; 98th percentile) 

Based on OLS regression, there was a significant (p-value = 0.1) delay in the timing of 

peak flow, but no significant shift in the DOY of spring onset (Figure 4.6). Peak flow was 

delayed by 25 days between 1993 and 2019 (Figure 4.7). In the WCRB, most discharge 

occurred during spring and early summer, with an average of 40.2% (± 7.7%) of flow 

output during freshet (April to June). A greater proportion of discharge occurred during 

freshet (April to June) in high flow years relative to low flow years, which typically had 

lower freshet flows. Overall, there was not a significant change in the percent of 

cumulative annual flows that occurred during freshet (Figure 4.8). Interestingly, freshet 

discharge is significantly correlated (p = 0.035) with antecedent fall rainfall, but not with 

the total snowfall (measured in SWE) (Figure 4.9).  
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Figure 4.7: Day of year of (a) peak flow during freshet (March-July) at the WCRB outlet 

delayed by 1 day per year, and (b) onset of freshet flows which has a smaller and 

insignificant delay (0.4 days).   

 

(a) 

(b) 
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Figure 4.8: Percentage of total annual discharge output during freshet for each year, 

where the start of freshet was defined by the total flow that occurred in April, May, and 

June. 
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Figure 4.9: Cumulative discharge during freshet (April, May, and June) compared to 

snowfall in snow water equivalence (SWE) (top), and (b) cumulative late-season (August, 

September, and October) of the previous year (bottom). 
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4.14 Baseflow  

The mean calculated daily baseflow (Lyne-Hollick method) was 0.19 mm 

(± 0.06 mm). This was correlated with winter flow point measurements (Figure 4.10) 

which had a mean value of 0.18 mm (± 0.06 mm). This correlation affirms that the Lyne-

Hollick method is an appropriate method for calculating annual baseflow in the WCRB. 

Mean daily baseflow significantly increased from 1993 to 2019 (Figure 4.11) and was 

correlated with antecedent fall precipitation (Figure 4.12). 

 

Figure 4.10: Comparison of mean daily point flow measurements over winter and the 

calculated (Lyne-Hollick method) mean daily baseflow used for further analysis. 
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Figure 4.11: Change in calculated mean annual baseflow (Lyne-Hollick method) from 

1993 to 2019.  

 

 
Figure 4.12: mean annual baseflow compared to antecedent late-season (August to 

October) rainfall.  
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4.1.5 Runoff Ratios  

In the WCRB, the average annual runoff ratio was 34% (± 8%) and did not 

increase significantly between 1993 and 2019 (Figure 4.13). There were periods of above 

average runoff ratio from 2007 to 2008 and 2012 to 2014 with peak runoff ratio at 52% in 

2012, and the lowest runoff ratio of 41% in 2008. Prior to 2007, the last time runoff ratio 

exceeded 50% was in 2001. The minimum runoff ratio was 24% in 2003. Runoff ratio 

was significantly correlated with baseflow (Figure 4.14) and with antecedent late-season 

(August, September, and October) rainfall (Figure 4.15). 

 
Figure 4.13: Annual runoff ratio based on total annual precipitation and discharge at the 

WCRB outlet.  
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Figure 4.14: Relationship between mean annual runoff ratio and mean annual baseflow 

 

 
Figure 4.15: Relationship between mean annual runoff ratio and antecedent late-season 

(August, September, and October) rainfall, where the antecedent late-season rainfall was 

used as a proxy for antecedent soil moisture content before freeze. 
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4.2 Teleconnections  

Three temporal parameters: temperature, precipitation, and flow were compared to 

five global pressure oscillations: Arctic oscillation (AO), El Nino southern oscillation 

(ENSO), North Atlantic oscillation (NAO), Pacific decadal oscillation (PDO), and Pacific 

North American pattern (PNA). Precipitation, flow, and temperature were each most 

closely correlated to PDO and ENSO (Figure 4.16), though previous work in western 

Canada also suggests a strong correlation with PNA which is influenced by both the PDO 

and ENSO cycles (Bonsal & Shabbar, 2011). There was no correlation between 

precipitation and flow with PNA, but WCRB temperature and PNA index have a Pearson 

correlation of 0.31 (Figure 4.16).  

Precipitation and flow were both positively correlated with ENSO (rENSO-precip = 

0.29 and rENSO-flow = 0.39), and negatively correlated with PDO (rPDO-precip = -0.36 and 

rPDO-flow = -0.49), whereas temperature was negatively correlated with ENSO (rENSO-temp = 

-0.55) and positively correlated with PDO (rPDO-temp = 0.33; Figure 4.16). The strongest 

hydrometric correlations to ENSO and PDO occurred in fall through winter (i.e., rENSO-

precip-Fall = -0.54) with little correlation during summer (rENSO-precip-Summer = -0.05; Figure 

4.17). Some parameters, most notably flow, were more highly correlated with the 

respective oscillation value from the previous year. 
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Figure 4.16: Correlation between stream and meteorological variables. All data was based 

on the annual values for their respective water years. The correlation values presented are 

the Pearson correlation coefficient (R).  

  

Figure 4.17: Seasonal and 1-year lagged seasonal correlation of precipitation, flow, 

temperature with (a) PDO and (b) ENSO. The correlation values presented are the 

Pearson correlation coefficient (R).  

(a) 

(b) 



M.Sc. Thesis – F.M. Chapman; McMaster University – School of Earth, Environment, & 

Society  

76 

 

 A negative ENSO phase resulted in a mean temperature of -1.4°C, mean 

precipitation of 354 mm, and mean discharge of 116 mm, whereas a positive ENSO phase 

resulted in a mean temperature of -2.4°C, mean precipitation of 392 mm, and a mean 

discharge of 149 mm.  

 

 
Figure 4.18: Visual representation ENSO phase influence (binned by 1 intervals) on 

temperature, precipitation, and discharge in the WCRB from 1993 to 2019.  
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Chapter 5: Discussion 

The 26-year hydrometeorological dataset at the WCRB provided an opportunity to 

study long-term changes in the western Canadian subarctic. The dataset also furthered our 

understanding of large-scale interactions and assessed controls on inter-annual variability 

and catchment response. This analysis provided insight into how future changes in 

climate may further influence streamflow response in the region. 

5.1 Comparing regional data to local meteorological trends  

5.1.1 Temperature  

Widespread projected increases in temperature in northern regions (AMAP, 2017; 

IPCC, 2018), were reflected annually at the watershed scale (Table 4.1). Increase in 

annual temperatures were aligned with climate models such as the Coupled Model 

Intercomparison Project Phase 6 (CMIP6). The CMIP6 modelled an increase of 5°C, or 

0.06°C per year, in the northern hemisphere between 2016 and 2100 under the strongest 

emission scenario (Semmler et al., 2020). This is comparable with the annual increase in 

temperature of 0.04°C across the WCRB from 1993 to 2019 despite spatial variation 

within the basin. The annual temperature at Buckbrush and Forest increased at rates 

similar to both Box et al. (2019) and the Government of Yukon (2020) who reported 

temperature increases of 0.06℃ per year across the arctic, and 0.04°C per year across 

Yukon, respectively. By site, the greatest significant increases in temperature occurred in 

the fall at Forest (0.08℃ per year), and in winter at Buckbrush (0.07℃ per year). This is 

also consistent with temperature increases reported in Yukon and other northern 
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environments who report the greatest increases in temperatures during the cold season 

(October to May) (Box et al., 2019; Government of Yukon, 2020). The results from the 

WCRB resemble global and territorial changes despite being observed at a much smaller 

scale.  

5.1.2 Precipitation 

 Changes in precipitation are more pronounced but not significant in the WCRB 

than elsewhere in Yukon, where territorial increases in annual precipitation of 6% have 

been reported over the last 50 years (Government of Yukon, 2020). The CMIP6 modelled 

an increase in precipitation of more than 40% over the Arctic is simulated over the 21st 

century (Semmler et al., 2020). In the WCRB, precipitation increased at 2.12 mm per year 

should this trend continue to 2100 total annual precipitation would be approximately 572 

mm, an increase of 59% relative to the start of the century.   

Like temperature, the cold season has experienced the most consistent changes in 

precipitation with an increase of 0.4 mm per year across the basin in January (p = 0.05) 

(Table 4.2). This differs from reported territorial precipitation patterns, where changes in 

summer precipitation is typically more severe than changes in winter precipitation 

(Government of Yukon, 2020; Hisdal et al., 2006). The lowest elevation in WCRB is the 

only site which experienced a significant increase in summer precipitation at 1.9 mm per 

year, or 6% (p = 0.07) from 1993 to 2019. Though changes in the total annual and 

seasonal magnitude of precipitation are variable across ecosections, the frequency of high 
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intensity precipitation days has increased (Figure 4.2). The increase in high intensity 

precipitation days is evident across northern regions (Arp et al., 2020; Kane et al., 2003; 

Kane et al., 2008). High intensity precipitation days (>9.6 mm per day) occurred 

primarily as rainfall from June through September recharging groundwater and 

contributing to some event flow.  
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5.2 Temporal changes in streamflow  

5.2.1 Observed long-term changes in freshet flows  

5.2.1.1 Magnitude  

The greatest flow within a brief period in the WCRB occurs during freshet due to 

snowmelt which is consistent across northern streams with nival flow regimes (Woo, 

2012). Despite an increase in winter precipitation across the WCRB from 1993 to 2019 

(Table 4.2) freshet flows (April, May, and June) did not increase (Table 4.3) and the 

percent of annual discharge output during freshet declined but was not statistically 

significant (p = 0.14) during the same period. While freshet discharge is dominated by 

snowmelt, the flow can be separated into baseflow and event-flow. An increase in 

calculated baseflow (section 4.1.5) and no shift in total freshet flows (Table 4.3) may 

suggest a decrease in event-flow during freshet. This is supported by the strong relation 

between freshet discharge and antecedent late-season rain (Figure 4.9) which also 

influences annual baseflow (Figure 4.12).  

5.2.2.2 Timing  

Despite widespread advancing of spring onset and peak flow across Nordic 

environments (Burn, 1994; Burn & Elnur, 2002; Jones et al., 2015; Zhang et al., 2014, 

Semmens & Ramage, 2013), there was no significant shift in spring onset and a notable 

delay in peak flow at the WCRB. Spring onset in the WCRB is delayed by 0.4 days per 

year but is not statistically significant (p = 0.13), whereas average spring onset across 

Canada was 0.3 days earlier per year (Jones et al., 2015). Similarly, peak flow during 
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freshet occurred on average 1 day later each year in the WCRB, or almost 4 weeks later 

since spring 1994 (p = 0.10). The delay in peak flow is contrary to other nival streams in 

west-central Canada (0.03 to 0.8 days per year earlier) (Burn, 1994). 

The delay in peak flows in the WCRB may be resultant from: (1) increased snow 

accumulation, (2) delayed timing of snowmelt, (3) a slower melt rate, and/or (4) longer 

transport pathways.  

(1) An increase in snow accumulation would delay snowmelt as more energy 

would be required to warm the pack before the initiation of melt. There was an increase in 

January precipitation at Alpine and Buckbrush (Table 4.2), but no significant increase 

over winter. Therefore, increased snow accumulation may contribute to the delay but is 

likely not the sole cause.  

(2) The timing of melt has been associated with the timing of freshet flows in 

west-central Canada and in the Yukon River basin, with earlier melt generating an earlier 

onset (Burn & Elnur, 2002; Semmens & Ramage, 2013). In the WCRB the last day of 

snowmelt was determined by point measurements at Forest, Buckbrush, or Alpine and has 

not changed (Figure 4.7). Though this date does not consider changes in snow distribution 

or timing of melt across the catchment as a whole, a shift in the timing of melt is not 

thought to be causing the delay in peak flow onset in the WCRB. 

(3) Snow distribution has changed in the WCRB due to shrubification occurring at 

~5.6% per year (Leipe and Carey, 2021) in the taiga ecosection. Resultant from 
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shrubification, snow previously blown to lower elevation in the WCRB can be captured 

and stored at higher elevations (Essery & Pomeroy, 2004; Rasouli et al., 2020). Since 

temperature decreases with elevation in the WCRB (Figure 3.1), and higher elevation 

sites accumulate snow earlier to later in the year (Figure 3.3) the melt rate across the 

basin is expected to decrease, potentially contributing to the delay in spring onset and 

peak flows.  

(4). Snow captured at higher elevation due to shrubification increases the travel 

distance for snowmelt to the stream (Anderson et al., 2010; Essery & Pomeroy, 2004). 

This could have occurred in WCRB as observed shrubification could retain snow at 

higher elevation. Snowmelt pathways can also be lengthened because of permafrost thaw 

and increased active layer depth (Lyon et al., 2009). In the WCRB, as the active layer 

thickens subsurface drainage becomes slower as flow pathways are deeper and go through 

less permeable soils rather than more conductive surface organic matter (Carey et al., 

2013; Carey & Quinton, 2005). It is uncertain, however, if permafrost thaw has occurred 

over the study period.  

5.2.2 Changes in baseflow  

Catchment wetness is a control on connectivity throughout northern basins, with 

increases in subsurface storage and connectivity allowing more water to reach the stream 

year-round by activating subsurface flow pathways (Ala-aho et al., 2018; Connon et al., 

2014). Increased subsurface storage and connectivity has been associated with increased 
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baseflows in western Siberia and the Northwest territories (Ala-aho et al., 2018; Connon 

et al., 2014; St. Jacques & Sauchyn, 2009). It is therefore hypothesized that subsurface 

storage and connectivity is likely a control on baseflow in the Yukon River Basin 

(Walvoord et al., 2007) and also in the WCRB (Figure 4.12).  

Across the WCRB, the mean snow to precipitation ratio was 0.45 (± 0.07) (section 

3.1.2). Based on boreal headwater catchment research in Finland, the WCRB snow to 

precipitation ratio is above the threshold (0.35) wherein summer baseflow is more 

sensitive to snow conditions than temperature and rainfall (Merio et al., 2019). However, 

the snow to precipitation ratio at Forest (0.38) fluctuates around the threshold suggesting 

that, though changes in snow may be theoretically dominant across the basin, the Forest 

contribution to baseflow may be more sensitive to rain than snow depending on the year.   

5.2.3 Changes in runoff ratio  

 In the WCRB, there was a strong correlation between runoff ratios and baseflow, 

and consistent with the baseflow and antecedent late-season rainfall (Figure 4.16) runoff 

ratios and antecedent late-season rainfall were also correlated (Figure 4.12). This suggests 

that the underlying controls on baseflow may be related to those driving runoff ratios.  

 Thaw depth is expected to increase and permafrost distribution is expected to 

decrease with time as a result of permafrost degradation (DeBeer et al., 2016). Previous 

work in the WCRB has shown that hillslopes underlain by permafrost have higher runoff 

ratios than those not underlain by permafrost (Carey and Woo, 1999, 2001). This suggests 
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that a decrease in permafrost distribution, and an increase in thaw depth on a larger scale 

may result in a decrease in runoff ratio.   

5.2.4 Influence of precipitation on streamflow   

In the WCRB, summer and early-fall high intensity rainfall generated observable 

increases in discharge, but the resultant increased flows did not generate flood conditions 

at the outlet. For example, the flow conditions generated by two days of heavy rainfall in 

summer 2004 (19.9 mm in two days) increased pre-event flows from 0.4 mm per day to 

0.6 mm per day. These flow conditions (0.6 mm per day) are approximately 3 times less 

than those generated by snowmelt the same year which peaked at 1.7 mm on 8 May 2004. 

Flood conditions in the WCRB are therefore not currently generated by high-intensity 

rainfall. Increased discharge in the late-summer and fall however, has been shown to 

enhance riverbank erosion as bank materials are looser than during freshet flows (Arp et 

al., 2020). Further increase in summer and fall discharge is expected as more high 

intensity precipitation is expected in northern regions (DeBeer et al., 2016).   
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5.3 External forces on water balance response  

5.3.1 Elevation-dependent warming  

 Contrary to larger scale studies, the WCRB showed decreased sensitivity to 

warming as elevation increases (Giorgi et al., 1997; Williamson et al., 2020). Forest and 

Buckbrush experienced greater temperature changes over monthly, seasonal, and annual 

scales than Alpine (Table 4.1).  On the continental scale, snow-albedo feedback and water 

vapor feedback are two mechanism used to explain increased sensitivity with elevation 

(Williamson et al., 2020). These mechanisms are not applicable to the WCRB due to the 

small scale and elevation range (750 to 1615 masl), however, the 0°C isotherm has been 

identified as a climate-sensitive zone at both continental and regional scales (Giorgi et al., 

1996). In mid-elevation mountain studies commonly used to understand elevation-

dependency the 0°C isotherm is approached with elevation (Pepin & Seidel, 2005; Wang 

et al., 2014) whereas located at high-latitude the mean annual temperature is below 0°C 

across the WCRB, and is closest to the 0°C isotherm at the lowest elevation. Though the 

increased sensitivity at lower elevation contradicts the theory of rapid upslope warming, it 

supports the theory that maximum warming in northern catchments occurs around the 

0°C isotherm.  

 Increased vegetation may also contribute to reducing the rate of warming at higher 

elevation in the WCRB. Increases in vegetation extent and density decreases the albedo, 

increases surface roughness, and increases net radiation (Bounoua et al., 2010). However, 

increased ET from more plant cover may result in a net cooling because of increased 
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evaporation (Betts et al., 1997). Currently, in the WCRB this mechanism likely has a 

greater influence at the mid- elevation as vegetation change is more pronounced at 

Buckbrush than Alpine, but vegetation cover is expected to expand over time as 

temperature and precipitation increase (Piao et al., 2006). This negative feedback 

therefore may strengthen with changes in plant cover.  

5.3.2 Influence of teleconnections on catchment hydrology  

The WCRB dataset is spatially and temporally smaller than is generally used for 

teleconnection correlation studies. The WCRB is also located inland where correlation 

with teleconnections is typically less intense than coastal regions (McNeil, 2015), but 

precipitation, discharge, and temperature each had some correlation with PDO and ENSO 

cycles. Both PDO and ENSO are calculated based on climate anomalies with which there 

is significant autocorrelation, but current year precipitation and temperature correlations 

are most strongly correlated with current PDO or ENSO of the same year, whereas flow 

correlations are equal to or more strongly correlated with the previous season PDO and 

ENSO phase. The lagged correlation between discharge and teleconnection may be a 

result of stream discharge being driven by stored water which has been shown to be 

dependent on the previous year’s precipitation (Figure 4.12).  

 

5.3.2.1 Pacific Decadal Oscillation 

 

The negative correlation between precipitation, flow, and PDO phase in the 

WCRB (Figure 4.14) is consistent with other studies across Alaska, Yukon, and 
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northwestern British Columbia (Fleming and Whitfield, 2010; Neal et al., 2002). 

However, previous work in these regions has shown that the relative intensity and 

positions (north or south of normal) of the Siberian and Alaskan storm tracks defined by 

PDO phase and position of the Aleutian low had the greatest association with 

precipitation than just the PDO phase (Rodionov et al., 2007). A positive PDO phase was 

associated with a southward shift of storm tracks causing increased precipitation around 

southern coastal Alaska but not inland (Rohrer et al., 2019; Simpson et al., 2002) and a 

negative PDO phase is associated with a northward shift in storm tracks increasing 

precipitation in and around the WCRB (Rohrer et al., 2019). The position of storm tracks 

is the physical mechanism that explains why the WCRB has a negative correlation 

between PDO phase and precipitation and flow. The correlation between PDO and 

WCRB hydrometrics is strongest in winter. The weak correlation in summer is likely 

explained by the weak Aleutian low during that season, as the strength of a PDO cycle 

and the movement and intensity of storm tracks are associated with the position and 

strength of the Aleutian low (Rodionov et al., 2007). 

Snow accumulation on Mt. Logan, Yukon was greatest when the Aleutian low 

was shifted east relative to its normal center as more moist warm air is brought into 

western Canada (Rupper et al., 2004). Northern North America precipitation is highly 

dependent on the Alaskan and Siberian storm tracks (Rodionov et al., 2007). The Alaskan 

storm track carries moisture from the western Pacific to the Gulf of Alaska, whereas the 

Siberian storm track moves moisture northward from western Pacific to Siberia (Overland 
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& Pease, 1981). A strong Aleutian low generates frequent storms along the Alaskan storm 

track transporting moisture towards southern Alaska and Yukon causing more 

precipitation around the WCRB (Rodionov et al., 2007). Weak or divided Aleutian low, 

notably when located east of mean position, leads to either storms that are concentrated in 

the Gulf of Alaska or few and weak storms that do not deliver significant precipitation to 

the Yukon (Rodionov et al., 2007).    

5.3.2.2 El Niño Southern Oscillation  

Precipitation and flow in the WCRB are primarily positively correlated with 

ENSO phase, while temperature is negatively correlated, and the correlations are 

strongest from fall to spring (Figure 4.15). Most of the seasonal trends have Pearson 

correlations coefficients of 0.25 to 0.5 which is consistent across northwestern North 

America though relations are typically stronger in British Columbia than interior Yukon 

(Fleming & Whitfield, 2010; McNeil, 2015; Shabbar & Khandekar, 1996).  However, 

similar to PDO these correlations are weakest during summer with summer precipitation 

having the opposite correlation with ENSO phase than other seasons. ENSO is based on 

equatorial Pacific Sea Surface Temperature (SST). The increased precipitation seen in the 

WCRB during El Niño (positive) is consistent with warmer equatorial Pacific 

temperatures as trade winds weaken and more moisture is transported to northwestern 

North America (Fleming & Whitfield, 2010). Conversely, La Niña (negative) is 

associated with less precipitation and increased temperature around the WCRB as 

westerlies strengthen with cooler equatorial Pacific temperatures.    
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5.4 Future research   

 This research provides a holistic overview of the WCRB water balance over a 26-

year period, based on which interactions within the basin are discussed using a wide-

angled understanding of the major processes. Future research would complement this 

work by focusing on interactions centered around specific processes. (1) Baseflow and 

antecedent soil moisture were at the forefront of this project findings, yet late-season 

precipitation was used as a proxy for soil moisture and no direct values were presented. 

The increase in baseflow is thought to be a result of increased soil moisture with increases 

in fall precipitation being consistent across all sites. A direct analysis of soil moisture data 

across the WCRB would solidify these findings. (2) In addition, since no significant 

change in freshet discharge has been identified, it would be interesting to differentiate 

between the proportions of old- and new-water using isotope geochemistry and evaluate 

the impact of rain-on-snow events on freshet flows (Dou et al., 2021). Based on my 

research, proportionally more of freshet flows may consist of old-water and there will 

have been a decrease in new-water contribution to freshet flows over time. Spring rain-

on-flow events may also contribute to controlling the amount of new-water that reaches 

the outlet.  
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Chapter 6: Conclusion 

This 26-year hydrologic dataset of the WCRB provided an opportunity to identify 

change and large-scale hydrometric relationships within the research basin. It aided in 

filling a knowledge gap resultant from a lack of long-term hydrological data in northern 

regions (Laudon et al., 2016). The aim of this study was to identify trends in temperature, 

precipitation, and discharge, determine some of the underlining mechanisms that could 

contribute to driving these changes, and note the inter-annual and spatial variability of 

change across the basin. The key findings from this study are:  

(1) Annual temperature is increasing within the basin at a rate (0.05°C per year) 

comparable to the rest of the Yukon and the global arctic. Changes in 

precipitation are also trending upward but are currently only significant in 

winter (0.96 mm per year across the WCRB) and in the summer (1.89 mm per 

year at Forest).  

(2) The timing of peak flow during freshet has shifted to later in the year at the 

WCRB. This is contrary to many other study sites that follow a nival regime. 

This is not expected to be related to a delay in melt as there was no significant 

change in the last day of melt (based on point measurements). It may be 

related to melt rate, snow distribution across the catchment, or pathway length.  

(3) A significant increase in baseflow was related to late-season rainfall (used as a 

proxy for soil moisture before freeze). It was also significantly related to high 
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runoff ratios, where runoff ratios are also related to the number of high 

intensity discharge days, which typically occur during freshet. 

These findings highlight that catchment response to climate change are variable spatially 

and temporally. The trends discussed were significant, but there are many increasing 

trends that are not significant. The increasing trends that are currently insignificant are 

aligned with climate change predictions. It will be important to continue to monitor the 

WCRB and revisit these trends to see if the increases become significant, stabilize, or 

change over time.      

 

 

  



M.Sc. Thesis – F.M. Chapman; McMaster University – School of Earth, Environment, & 

Society  

92 

 

Appendix A  

 

Table A.1: Mean percentage of monthly precipitation at Alpine, Buckbrush, and Forest as 

snow from 1993 to 2019.  

Month  Month Number Alpine Snow 

(%) 

Buckbrush 

Snow (%) 

Forest Snow 

(%) 

January 1 99.9 99.0 99.7 

February 2 100 99.7 99.8 

March 3 100 99.1 97.8 

April 4 97.3 79.1 51.2 

May 5 47.8 18.1 3.9 

June 6 0.8 0 0 

July 7 0 0 1.0 

August 8 1.3 0.9 0 

September 9 30.3 11.0 4.1 

October 10 92.2 75.7 52.0 

November 11 100 98.4 97.5 

December 12 99.7 99.3 99.8 
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