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ABSTRACT 

In southern Canada, the winter snowpack plays an important role in the annual hydrological 

regime for most watersheds. Annually, snowmelt is often the largest single contributor to 

streamflow, and is distinctly different (temporally and chemically) from other streamflow sources, 

such as rainfall and groundwater. The distribution of snowcover, both within a given year and 

between years, is highly variable, as is its chemical character (eg, stable water isotopes). In central 

Ontario, three consecutive years of snowpack analysis show the strong link between weather 

conditions and snowpack isotopic evolution. Furthermore, meltwater from the snowpack is 

isotopically different than in situ snowpack measurements. 
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INTRODUCTION 

In southern Canada, the winter snowpack plays an important role in the annual hydrological 

regime for most watersheds. Snowmelt is often the largest single contributor to streamflow, and is 

distinctly different (temporally and chemically) from other streamflow sources, such as rainfall and 

groundwater. Stable water isotopes are a useful tool for identifying streamflow sources and 

proportional contributions through analyses such as hydrograph separation and end-member mixing 

analysis. With modern technology, i.e., cavity ring-down spectroscopy, the determination of stable 

water isotope concentrations is relatively quick and inexpensive, and are rapidly becoming a key 

tool in basic hydrologic studies.  

Assigning an isotopic signature to the snowmelt contributions to streamflow is an important step 

in understanding the role that snowmelt plays in spring flows. The determination of this signature 

may be derived from bulk snow cores obtained during the winter (eg, St. Amour et al., 2005; 

Bottomley et al., 1986) or, better yet, as meltwater exiting the snowpack (eg, Shanley et al., 2002; 

Penna et al., 2016). In a worse-case scenario, the isotopic signature of bulk winter precipitation may 

be used. However, during the winter and snowmelt periods, the isotopic composition of the 

snowpack evolves, and the signature of the falling precipitation or the snowpack itself is not 

necessarily the same as the meltwater released from the pack which may ultimately become 

streamflow (Taylor et al., 2001). 
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STUDY SITE AND METHODS 

The Lake Nipissing region of central Ontario (Fig. 1), Canada, is dominated by Precambrian 

Canadian Shield topography; hilly terrain with a high density of lakes, mixed deciduous-coniferous 

forests, a few relatively isolated urban areas, and a modest amount of agricultural development. 

Landcover ranges from open and windblown agricultural fields to dense conifer forest canopy.  

Mountain et al. (2015) have more completely described the landscape and climate of the Wasi 

watershed region of this study. 

 

Figure 1.  Location of snow sampling (red dots) and river monitoring (green dots) in the Lake 

Nipissing region, central Ontario. (River and lake base data provided by Ontario Ministry of 

Natural Resources and Forestry, 2016.) 

 

Snow courses (Fig. 1) were established at sites selected based on their varying forest cover. The 

Tilden site was in relatively thick forest cover adjacent to a lake. The Glen Afton site was in a forest 

clearing adjacent to a logging road, surrounded by tall coniferous forest. The Wasi site was located 

in an agricultural field with low grass cover. The Nipissing site was in an abandoned agricultural 

field with long grass and shrub cover. Snow courses at each site were 100 m in length and samples 

were taken every 10 m. At the Nipissing site, two snowmelt lysimeters were installed (2016), and 

snowpits were used for stratigraphic analysis (2014 and 2015 only).  

During the 2014 through 2016 winters, snow courses were sampled as close as possible to the 1st 

and 15th of each month from January through April, provided snow was available to be sampled. An 

additional year of sampling (2013) is available for the Nipissing site. Snow cores were taken with a 

Meteorological Service of Canada (MSC) corer (cross-sectional area = 156.2 cm2). Depth at each 

coring site was taken separately at 5 locations within a 1 m radius of the coring site. At each snow 

course, two bulk cores were randomly chosen to keep, and were double-bagged and returned to the 

laboratory for isotopic analysis. Stratigraphic analysis of the snowpack was performed in snow pits 

at the Nipissing site. Snow density was measured at 10 cm intervals starting from the ground surface, 

and all samples were kept, double-bagged, and returned to the laboratory for isotopic analysis. Snow 

structure, temperature, and the presence of ice lenses were noted as well for each snow pit. 
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Streamflow 18O was collected using standard techniques (Mountain et al., 2015) as part of an 

ongoing streamflow monitoring program by the Integrative Watershed Research Centre, Nipissing 

University. The three sites used here – Sturgeon River, Chippewa Creek, and Wasi River – coincide 

with snow sampling sites at Glen Afton, Nipissing, and Wasi, respectively (Fig. 1). Streamflow 18O 

was monitored at least one per month, and more frequently during ice-off and spring freshet, 

beginning in January 2013. 

All snow samples were melted at 4°C to minimize fractionation. Hydrogen and oxygen isotopes 

of all samples (snow, snowmelt, river) were measured with a Picarro L2120-i cavity ring-down 

spectrometer in the Integrative Watershed Research Centre, Nipissing University. Results are 

reported in per mil (‰) units relative to VSMOW2, following a two-point calibration based on 

Isomass certified waters in addition to an internal laboratory standard. 

 

RESULTS 

The 2014 through 2016 winters varied considerably with respect to air temperature and snowpack 

depth. Average winter (JFM) air temperature recorded at North Bay, Ontario, was -12.0 °C, -13.1 

°C, and -7.6 °C for 2014, 2015, 2016, respectively. Similarly, melting degree days (> 0°C) for the 

three winters were 4.6, 5.2, and 37.2, respectively. Mid-winter melting in 2016 resulted in an early 

March loss of the snowpack, followed by a new snowpack in late-March/early-April. Overall, 

snowpacks were thickest and snow water equivalence (SWE) was greatest in 2014, thinnest/least in 

2015, and most variable in 2016 (Fig. 2). 

Between landcover types, the open agricultural site at Wasi experienced the thinnest snowpack 

and least SWE, while the more protected sites at Tilden, Glen Afton, and Nipissing experienced 

thicker snowpacks and greater SWE (Fig. 2). The extra cover provided by the thick tree cover at 

Tilden resulted in this site consistently (2014 and 2015) experiencing the longest period of 

snowcover, remaining measurable through mid-April. Glen Afton and Nipissing were not 

measurable by mid-April, and Wasi was not measurable by the end of March. 

The isotopic composition of the snowpack mirrored the variability of the weather conditions (Fig. 

2). At the Nipissing site, the average 18O was -20.8‰, -20.8‰, and -16.5‰ for 2014, 2015, and 

2016, respectively.  The other three sites showed limited difference in 18O based on landcover, 

although the Wasi site appears to have been isotopically heavier and more variable than Tilden or 

Glen Afton. Over the course of the winter, 18O follows a similar pattern at all sites: early January 

is relatively isotopically heavy, followed by more isotopically light mid-winter, and a return to 

relatively isotopically heavy during the melt season. 

In 2014 and 2015 winters, snow pits at the Nipissing site were used to determine the vertical 

variability of 18O and the overall evolution of the snowpack (Fig. 3). At the base (0-10 cm) of the 

snowpack, 18O remained relatively consistent (2014: -19.2‰,  = 1.4; 2015: -20.2,  = 1.8). The 

temperature of this layer remained fairly consistent as well (between 0 and -5 °C) through the winter, 

and depth hoar was observed to form progressively through the season in the lower 5-7 cm.  By 

contrast, the surface of the snowpack was the most variable, responding directly to the inputs of 

fresh snow (2014: -21.8‰,  = 3.8; 2015: -22.4‰,  = 3.4). 

In 2014, a prominent ice lens formed at 34 cm above the base of the snowpack (Fig. 3). This was 

formed by a rain-on-snow event on January 11. The ice lens was approximately 1.5 cm thick and 

was continuous through the snowpack. The precipitation event yielded 36 mm of rain over 2 days 

with a bulk 18O = -14.4‰.  The ice lens persisted through to mid-March until the snowpack became 

isothermal, at which time it began to slump lower in the snowpack. A second, smaller ice lens 

formed after a February 20 rain event at 54 cm from the snowpack base.  In 2015, no ice lenses were 

observed, likely due to the lack of rain during that winter. 

In late-January 2014, snowfall during very cold conditions yielded isotopically light snowfall to 

the snowpack surface. The precipitation had a 18O signature of -27.7‰ while the surface of the 

snowpack had a 18O signature of -28.1‰. This pulse of isotopically light snow dominated the 

surface layer of the snowpack for approximately three weeks, until a warm period (> 0 °C) with rain 
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occurred on February 20. This rainfall had a 18O signature of -12.1‰. In 2015, an extended period 

of cold weather (February 10-27, average daily air temperature = -19.4 °C), accompanied by trace 

amounts of isotopically light precipitation (average 18O = -24.5‰), resulted in a thin, persistent 

isotopically light surface layer that was sustained until snowmelt was initiated in late March. 

 

Figure 2.  Snow depth (top), snow water equivalence (middle), and 18O (bottom) for snow 

courses at the 4 sites. Wasi, Glen Afton, and Tilden show in the left and centre columns for 2014 

and 2015, respectively. Nipissing site for 2013-16 shown in the right column. 

 

 

Snowpack melt began around March 20 in both 2014 and 2015 and is marked by a substantial 

enrichment of 18O in the snowpack.  In both years, rainfall occurred during the snowmelt period.  

Meltwater captured by snowmelt lysimeters in 2016 showed a progressive enrichment of 18O 

through the melt season (Fig. 4), although it is not possible here to separate the influence of the 

rainfall from the snowmelt here. During March 2016, approximately 134 mm of rainfall fell, with 

an average 18O of -12.1‰. 

 

DISCUSSION 

The cold winters of 2014 and 2015 contrast against the relatively mild winter of 2016. In 2014 

and 2015, weak polar vortex circulation drove persistent cold air incursions into southern Canada 

and the eastern United States, breaking many temperature records (Yuhas, 2015). By contrast, the 

2016 winter was influenced by a strong El Niño event, bringing relatively mild air temperatures to 

the region (Climate Prediction Centre, 2016). Snowpack conditions varied accordingly. At the 

Nipissing site, snowpack was thickest in 2014, thinnest in 2015, and least consistent in 2016 due to 

the mid-March melt period followed by a renewed late-March snowpack. The isotope signature of 

the snowpack in each year also reflected the atmospheric conditions; the 2014 and 2015 snowpacks 

were substantially more depleted of 18O than in the warmer 2016 winter by approximately 4-5‰. 

This is consistent with a greater isotopic fractionation factor at colder temperatures (Criss, 1999). 
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A more detailed look at the snowpack through snowpit profiles shows the variability of the pack 

within a single snow season and between seasons. The bulk core 18O corresponds well with the 

SWE-weighted average 18O of the profile, but the distribution of isotopic signatures in the profile 

may play an important role during the melt season. For example, isotopically light snow deposited 

on the top of the snowpack, left unburied, and subsequently exposed to variations in air temperature 

is more likely to be altered than if that layer was buried. The importance of rain-on-snow events 

during the melt season are also expected to be important, although these events were not examined 

in sufficient detail here. 

 

Figure 3.  Snowpit 18O profile series for 2014 and 2015 (Nipissing). 

 

 

Ice lenses in the snowpack also appear to play an important role in how water isotopes are 

distributed throughout the pack. In 2014, the thick, persistent ice lenses acted as a barrier in the 

snowpack, restricting vertical movement of vapour and redistribution of water isotopes (Taylor et 

al., 2001), resulting in a more pronounced “layering” of the isotopes signatures. Ice lenses were not 

observed in 2015, and the snowpack, albeit considerably thinner, was more well-mixed with respect 

to 18O. 

The interaction between snowmelt and rain-on-snow events makes interpreting the snowmelt 

lysimeter derived 18O signatures difficult. Lysimeter design and construction in 2014 and 2015 

were faulty, resulting in excessive sample loss and freezing. Improved design and sampling in 2016 

yielded good results, but unfortunately are not matched with detailed snowpit sampling. In 2016 the 

progressive enrichment of 18O through the snowmelt period, as reported previously (Taylor et al., 

2001; Unnikrishna et al., 2002), was observed. However, due to the coincident relatively 

isotopically heavy rainfall during the melt, we are unable to quantify 18O enrichment from purely 

snowmelt fractionation processes. 
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Figure 4. Top panel: Melting degree-days and total precipitation for January – April 2016. 

Middle panel: Snowmelt depth recorded by two snowmelt lysimeters at the Nipissing site. Bottom 

panel: Snowmelt 18O for two Nipissing snowmelt lysimeters. 

 

Ultimately the meltwater will make its way into the streamflow system. In central Ontario, the 

spring freshet driven by snowmelt typically marks the highest flows of the year. At all streamflow 

monitoring sites used in this study, a substantial isotopic lightening of the streamflow signature is 

observed to occur coincident with the snowmelt period. In addition, we observe that the magnitude 

of the 18O spring freshet peak corresponds with the seasonal air temperature signal observed in the 

snow samples. Amongst the 3 rivers used here, the average spring freshet 18O for 2014, 2015, and 

2016 were -13.7‰, -13.8‰, and -12.7‰, respectively (Table 1). Although we recognize the 

importance of snowmelt sampling (as opposed to bulk core sampling) for use in hydrograph 

separation studies, we also suggest that broader scale seasonal controls (e.g., winter weather) of 

18O play an important role in the associated processes. This observation also suggests that 

meltwater inputs to streamflow are relatively quick in this region (possibly shallow subsurface flow 

above frozen ground (Shanley et al., 2002)) and contribute to streamflow, at least in part, as “new 

water”. 
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Table 1.  Summary statistics of air temperature (recorded at North Bay, ON), bulk snow 

core 18O (recorded at the Nipissing site), and minimum streamflow 18O (recorded at 

Sturgeon Falls, Chippewa Creek, and Wasi River monitoring stations), over a three-year 

sampling period. 

 

  Mean JFM air 

temperature (°C) 

Mean bulk snow core 

18O (‰) 

Mean minimum 

streamflow 18O (‰) 

 

 2014 -12.0 -20.8 -13.7  

 2015 -13.1 -20.8 -13.8  

 2016 -7.6 -16.5 -12.7  

 

CONCLUSIONS 

Seasonal and interannual variations of snowpack depth and oxygen isotope distribution are shown 

to be controlled by winter weather conditions and landcover type. High-resolution sampling of the 

snowpack profile shows the distribution of 18O in the snowpack, as well as the role that ice lenses 

play in controlling that distribution; the presence of ice lenses results is a strongly layered snowpack, 

while a snowpack without an ice lens appears more mixed with respect to 18O. Meltwater from the 

snowpack has an isotopic signature distinct from that of the snowpack, although the exact difference 

is complicated by the input of more 18O enriched precipitation during the melt season. During the 

spring freshet, streamflow responds to the interseasonal variability of 18O in the snowpack, 

suggesting that in this region, snowmelt contributes as relatively new water to the river network. 
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