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Abstract

Under conditions of a changing climate, winters are predicted to be warmer and wetter in the northern 

hemisphere. Yet, the impacts of increasing midwinter snowmelt and rain-on-snow (ROS) events on 

groundwater recharge are poorly understood, particularly in seasonally frozen shallow bedrock. To 

characterize the mechanisms and antecedent conditions inhibiting or enabling winter recharge in 

seasonally-frozen bedrock, a field investigation was conducted in eastern Ontario, Canada over the winter 

of 2019–2020. Since rock outcrops are known areas of recharge in nonwinter months, a low-lying granitic 

outcrop and adjacent soils were heavily instrumented. Both hydrogeologic and cryospheric conditions of 

the surface, unsaturated and saturated zones were monitored at a high temporal resolution (10–15-minute 

intervals). Climate data collected during the study indicated that winter conditions were warmer and wetter 

than long-term (30 year) averages, which allows for parallels to be drawn between observations from this 

winter and what could be expected for future winter conditions under climate change. Hydraulic head and 

temperature measurements in two bedrock wells indicated rapid midwinter recharge occurred in response 

to most ROS and snowmelt events despite the presence of basal ice and shallow frozen ground. Volumetric 

water content and temperature measurements in two soil profiles revealed that the soil-bedrock interface 

was the primary mechanism permitting infiltration to bypass the frozen surface layer. A major midwinter 

ROS event generated ponding on surface which subsequently froze, ultimately reducing effective recharge 

from the event and inhibiting future snowmelt recharge. Estimates of net recharge per ROS and/or snowmelt 

event indicated that moderate events were more effective at recharging the bedrock aquifer than higher 

intensity events and events in winter were more effective than in fall. Implications of these findings suggest 

that rock outcrops provide a window for rapid localized recharge during midwinter warming or ROS, where 

basal ice or frozen soil would otherwise inhibit vertical infiltration. Study results provide field-based 

evidence for both enhanced and impeded winter recharge in seasonally frozen bedrock aquifers due to 

warming winters under climate change.

Keywords: Bedrock recharge; Frozen soils; Snowmelt; Rain-on-snow; Soil-rock interface; Climate Change
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1 Introduction

For many regions in the northern hemisphere, winter precipitation and snowmelt are the dominant recharge 

sources (Abbott et al., 2000; Barnett et al., 2005; Earman et al., 2006; Jasechko et al., 2017, 2014; Raidla 

et al., 2016). Despite this, there remains a lack of understanding regarding recharge processes in cold 

regions, both under existing and future climate conditions (Green et al., 2011; Ireson et al., 2013; Kløve et 

al., 2014). Additionally, when investigating hydrological processes in seasonally frozen environments, the 

emphasis often remains on the surface and unsaturated zones, neglecting the saturated zone (Lundberg et 

al., 2016). Thus, to aid in predicting future groundwater resources in seasonally frozen settings, there is a 

need for field-based investigations of recharge that link cryospheric and hydrogeologic processes.

Lundberg et al. (2016) not only identified a need to incorporate frozen processes in groundwater studies in 

general, but also noted little has been done to understand infiltration in frozen rock. This is despite bedrock 

aquifers in seasonally frozen environments providing, in some areas, nearly all municipal drinking water 

(Golder Associates Ltd., 2003; Nunes et al., 2017; Singer et al., 2003) and sustaining low-flows for 

ecologically sensitive habitats (Levison et al., 2014). Unlike unconsolidated aquifers, the low storativity of 

bedrock aquifers and high sensitivity to surface conditions can limit the capacity to buffer climatic changes 

(Cai and Ofterdinger, 2016; Hugman et al., 2012; Rathay et al., 2018; Wright and Novakowski, 2019). This 

leaves shallow bedrock aquifers particularly susceptible to impacts from climate change, especially in areas 

where winter precipitation is a dominant source of recharge.

Under climate change, winters are anticipated to be warmer and wetter for many areas in the northern 

hemisphere (Minville et al., 2008; Räisänen and Eklund, 2012). The frequency of midwinter warming 

events and freeze-thaw cycles is also projected to increase (Aygün et al., 2019; Henry, 2008; Kreyling, 

2010; Vikhamar-Schuler et al., 2016) and can be accompanied by rain-on-snow (ROS). ROS events occur 

more frequently in higher latitudes of North America and Europe (Cohen et al., 2015) and are likely to 
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increase in the future for most regions in Canada during winter months (Il Jeong and Sushama, 2018). 

Uncertainty, however, remains regarding the net influence of ROS on winter recharge. ROS can nearly 

double the storage capacity of a snowpack (Singh et al., 1997). Thicker snowpacks also have longer 

residence times for incoming rainfall (Rücker et al., 2019). These processes would reduce ROS from 

contributing to midwinter recharge as more water is held in the snowpack, leading to larger volumes of 

water released during spring freshets. Increased runoff during ROS and spring freshets can ultimately 

reduce shallow groundwater recharge (Cummings and Eibert, 2018). Despite these processes occurring, 

peaks in bedrock infiltration have been observed during ROS events (Kormos et al., 2015) and winter rain 

can be a key driver of regional recharge in bedrock aquifers (Wright and Novakowski, 2020). Additional 

investigations may help reveal the processes inhibiting or enabling midwinter recharge to bedrock during 

ROS and snowmelt events.

Increases in both midwinter warming and ROS events have additional implications for the permeability of 

soils and possibly bedrock. Higher antecedent soil saturation can significantly reduce the hydraulic 

conductivity of frozen soils (Ireson et al., 2013; Lundberg et al., 2016) even with cracks (Mohammed et al., 

2018; Pittman et al., 2020; Thunholm et al., 1989). Thus, the introduction of snowmelt or rain during 

midwinter has the potential to substantially reduce infiltration rates. Midwinter warming events can also 

introduce thin, but low permeability ice layers at the base of the snowpack, which can inhibit or delay 

infiltration (Ireson et al., 2013; Phillips et al., 2016; Woo and Heron, 1981). Alternatively, insulation from 

thick snowpacks (>30 cm) can prevent underlying soils from freezing altogether, allowing for infiltration 

to occur during midwinter melts (Sutinen et al., 2008). 

Somewhat analogous to fractured rock is soil with macropores such as cracks. Research in the area of 

macropore flow in frozen soils has demonstrated the potential for both relatively rapid infiltration past the 

frost zone, or  refreezing of meltwater in macropores, thereby limiting infiltration (e.g., Granger et al., 1984; 
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Mohammed et al., 2019, 2018; Pittman et al., 2020). Investigation is still required to determine the 

transferability of the processes governing macropore flow in frozen soils to those in frozen rock. 

Some investigation of infiltration in frozen rock has been done in mountainous environments, but often the 

emphasis is on geotechnical applications and recharge is not/cannot be monitored, such as Phillips et al. 

(2016). Kormos et al. (2015) identified peaks in bedrock infiltration during ROS in a mountainous 

catchment but also did not monitor bedrock recharge directly and the role of frozen processes were not 

examined. Spence and Woo (2002) and Thorne et al. (1998) are among the few hydrological studies that 

investigated infiltration and recharge processes in frozen rock. Field observations identified that bedrock 

infiltration and recharge still take place despite soil-filled fractures remaining near zero in early spring. This 

was attributed to the snowpack insulating the ground near rock outcrops and insufficient ice buildup in the 

fractures to inhibit snowmelt infiltration. The winter conditions in these studies, however, were absent of 

winter rain or midwinter melting, leaving uncertainties for frozen rock recharge under these conditions. 

These studies, among others (e.g., Gleeson et al., 2009; Miles and Novakowski, 2016; Peters et al., 1995; 

Sohrt et al., 2014; Spence and Woo, 2003; Zhao et al., 2020, 2018) have highlighted the importance of 

bedrock ridges or outcrops as areas of local infiltration and recharge, primarily due to thin soils and lateral 

preferential flow along the soil-bedrock interface. The influence of bedrock outcrops on winter recharge 

still requires investigation and limited studies exist that link the snowpack, bedrock outcrop, and adjacent 

frozen soils to the responses of the underlying bedrock aquifer.

From this review, there are several winter hydrological processes that could impact groundwater recharge 

in bedrock aquifers. To the best of the authors knowledge, the processes governing groundwater recharge 

in seasonally frozen bedrock near outcrops, specifically during intermittent winter warming and rain-on-

snow events, have yet to be investigated. The specific study objectives pertaining to seasonally frozen 

bedrock aquifers include: 1) conceptualizing the mechanisms for winter recharge; and 2) identifying the 
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antecedent conditions that permit or inhibit winter recharge. In eastern Ontario, Canada a bedrock outcrop 

and adjacent soils have been instrumented to monitor atmospheric and hydrogeologic conditions at high 

temporal resolution (10–15-minute intervals) over the 2019-2020 winter. The unseasonably warm and wet 

conditions during the study period provide an analogue to the predicted winter conditions under climate 

change in many cold regions globally. Field measurements from this study can help reveal current and 

future groundwater responses in bedrock should these trends continue.

2 Site description

The study site is located in the Tay River watershed, approximately 10 km south-west of Perth, Ontario 

(Figure 1). The Tay River watershed is approximately 850 km2, consisting of 50% mixed forest cover, 20% 

agricultural land, and 5% bedrock outcrop, with the remaining area covered by wetland and water bodies 

(Ontario Ministry of Natural Resources and Forestry, 2016). Topography in this area is low-lying with 

minimal local relief. This investigation takes place at the outcrop scale, which is approximately 10 m by 20 

m. The outcrop investigated is situated in an agricultural field, harvested for hay once a year. 

Figure 1

2.1 Hydrogeology and climate

The study site is underlain by Precambrian felsic plutonic rock, specifically syenite migmatite, (Dugas, 

1952; Wilson, 1930). The last glaciation resulted in the removal of weathered bedrock and overburden, 

leaving a thin till veneer (up to 8 m) and areas of exposed bedrock (Kettles, 1992).  Local overburden has 

a bulk hydraulic conductivity between 4.8×10-7 m/s and 5.8×10−6 m/s (Gleeson et al., 2009; Miles and 

Novakowski, 2016). Regional transmissivity of the Precambrian bedrock has a geometric mean of 4.8×10−5 

m2/s (Singer et al., 2003). Fracture flow is dominated by inclined fractures striking northeast (Gleeson, 

2009) and horizontal sheeting fractures generated from glacial unloading. 
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The climate in this region is generally characterized as humid continental with four distinct seasons 

(Baldwin et al., 2000; Köppen, 2011). The nearest long-term weather station is in Drummond Centre, 

Ontario located approximately 15 km north of the site (Environment and Climate Change Canada, 2019). 

Average annual rainfall and snowfall is 702.2 mm and 174.0 cm, respectively. Precipitation is uniformly 

distributed throughout the year with snow cover present between mid-November and mid-April. The region 

receives the second highest frequency of freezing rain events in eastern Canada, which is predicted to 

increase late this century for December to February (Cheng et al., 2011). Historical climate trends indicate 

increases in annual precipitation and temperature (Wazneh et al., 2017). Mean winter precipitation and 

temperature are also predicted to increase by the end of this century (McDermid et al., 2015).

2.2 Outcrop hydrogeological characterization

The bedrock outcrop and surrounding soil used for this study have previously undergone considerable 

hydrogeological investigation (Gleeson et al., 2009; Miles and Novakowski, 2016; Praamsma, 2016; 

Trimper, 2010). Two wells were drilled into the bedrock outcrop using 152 mm rotary percussion methods 

(Figure 2). The wells were drilled to 30 m (TW3) and 15 m (TW20) below ground surface (bgs). 

Transmissivity with depth profiles were generated for each well by conducting constant head injection tests 

continuously along the length of the borehole at a 2 m spacing (Figure A1, Supplementary Data). From 

these results and downhole camera surveys, TW3 was constructed as a multi-level well with shallow 

(TW3S) and deep (TW3D) intervals. The deep interval was constructed with 51 mm schedule 40 slotted 

PVC and backfilled with sand. Approximately 9 m of bentonite clay hydraulically separates the two 

intervals. Well TW20 was left open without screen or backfill. 

Figure 2
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Fracture mapping of the outcrop conducted by Trimper (2010) identified several open surface fractures 

(Figure 2). Both dye tracer (Praamsma, 2016) and infiltration experiments (Miles, 2013) have confirmed 

strong surface connections for TW3 and TW20. Hydraulic head in both wells can increase many meters 

within hours of rainfall and major snowmelt events (Gleeson et al., 2009; Miles and Novakowski, 2016). 

The specific yield for TW3S, TW3D and TW20 is estimated to be 5.4×10−4, 9.6×10−4, and 1.9×10−4, 

respectively using the methods described in Miles and Novakowski (2016) and Milloy (2007). From 

hydraulic head and stable isotope measurements in TW3S, recharge to the underlying bedrock is estimated 

to be 1% of rainfall in the fall (Milloy, 2007) and 2% of snowmelt during the spring freshet (Gleeson et al., 

2009). Recharge estimates in winter compared to other seasons may provide an indication of frozen 

hydrological processes at play. 

3 Methods

3.1 Outcrop instrumentation

The outcrop was instrumented with an array of 19 subsurface sensors (Figure 2; Table 1; Figure A2) with 

data collection starting on November 5 or December 16, 2019. Data was continuously collected until April 

1, 2020 at 15-minute intervals except for pressure transducers at 10-minute intervals. Three Campbell 

Scientific model 109 thermistors (±0.1℃) were installed in the bedrock. The 7.63 mm diameter probe was 

inserted into a 9.5 mm diameter hole drilled into the rock. A graphite conductive adhesive was used to seal 

the space between the sensor and rock. 

Pressure transducers with thermistors (±3 mm, ±0.05℃) were installed at the midpoint of each interval of 

TW3 (Table 1). In TW20, two transducers were positioned near high transmissivity fractures (5.6 and 9.6 

mbgs) with the third transducer positioned near the bottom of the well (13.6 mbgs) where no fractures were 

visible. 
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Two soil profiles measured temperature and volumetric water content (VWC) of the overburden, where the 

deepest measurement was at the soil-bedrock interface. The first soil profiler (SP1 in Figure 2) is a Campbell 

Scientific SoilVUETM10 that measures temperature (±0.15℃) and volumetric water content (±1.5%) at six 

depths (Table 1) using time-domain reflectometry. The top sensor in the profile was left above ground to 

measure snowpack temperature and indicate surface ponding. Since the thermistor in the snowpack was 

black, reliable snowpack temperatures could only be measured when the sensor was fully buried (>10 cm 

of snow). The second soil profile (SP2 in Figure 2) consists of five METER Group 5TM volumetric water 

content (±3%) and temperature sensors (±1℃) installed at depths shown in Table 1. Both profilers measure 

soil dielectric permittivity that is converted to VWC using Topp et al. (1980) for normal mineral soil, which 

has been demonstrated to be applicable to unfrozen and frozen media (Patterson and Smith, 1981). A 

detailed diagram of the unsaturated zone sensors and installation photos can be found in Supplementary 

Data (Figure A3). 
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Table 1 Measurement depths for outcrop sensors.

Measurement Location Depth (mbgs)
Exposed rock 0
Beneath soil 0.15

Rock 
Temperature 

Beneath soil 0.28

SP1 (snow) -0.05
0

0.1
0.2
0.3

Soil moisture 
content and 
temperature 

(SoilVUETM10)

SP1

0.4

0.05
0.22
0.45
0.6

Soil moisture 
content and 
temperature 

(5TM)

SP2

0.73

TW3S 7.5
TW3D 25.5

5.6
9.6

Hydraulic head 
and groundwater 

temperature 
TW20

13.6

The weather station consists of the following Campbell Scientific sensors: a HygroVUE™5 temperature 

(±0.3°C) and relative humidity (±3%) sensor with solar radiation shield; a SR50A sonic ranging sensor (±1 

cm) for measuring snow depth; and a CMP3 pyranometer that monitors solar radiation (expected accuracy 

for daily sums: ±10%). Onset wind speed (±1.1 m/s) and wind direction (±5o) sensors with a HOBO weather 

station datalogger were also mounted to the station. 

Mounted to a pole adjacent to the station is a HOBO tipping bucket rain gauge (±1.0%) fitted with a 

Campbell Scientific CS705 snowfall adapter allowing for rain and snow measurement (McCaughey and 

Farnes, 1996). The snowfall adapter was filled with an antifreeze mixture of 1:1 propylene glycol and 

ethanol with a 1 cm layer of light mineral oil to prevent precipitation evaporation. As snow lands in the 

catch tube (210 mm diameter) it melts into the antifreeze, raising the level in the catch reservoir. An 
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overflow tube allows the mixture to flow to the tipping bucket below. Snow and rain measurements were 

separated using a dew point threshold of 0℃ in combination with observations from Drummond Centre 

climate station. 

3.2 Recharge estimation

The water table fluctuation (WTF) method (Healy, 2010) was used to estimate recharge to TW3S for each 

potential recharge event identified in Figure 3 (Table 3). Relative water table fluctuations in the other two 

wells are consistent with TW3S, therefore the analysis is considered representative of the local aquifer. The 

potential recharge examples selected represent a range of antecedent conditions and sources of recharge 

(i.e. rainfall, snowmelt and/or ROS) for comparison. Events were identified based on suitable atmospheric 

conditions including rainfall and increased air temperature with a declining snowpack, and classified by 

measured antecedent basal ice, snow depth and ground temperature (Table 3). An event was also classified 

as “major” if rainfall or snowmelt was of high intensity and duration. The difference in effective recharge 

between these events can indicate the influence of frozen processes and which conditions inhibit or enhance 

recharge. Effective recharge per event (Re, in percentage) is defined here as the ratio of groundwater 

recharge to available liquid water (from rain and snowmelt) and can be estimated using:

𝑅𝑒 =
∆𝐻 𝑆𝑦

𝑟 + ℎ𝑠𝑚
𝜌𝑠

𝜌𝑤

where ΔH is the change in hydraulic head (m), Sy is the specific yield (-), r is total rainfall (m), hsm is the 

reduction in snow depth as a result of snowmelt (m), ρs is the bulk density of the snowpack (kg/m3), and ρw 

is the density of water (1000 kg/m3). All fluxes are per event (i.e. total rain during the event). The specific 

yield used was 5.4×10−4 from Milloy (2007). The bulk density of the snowpack was estimated using 

equations presented in Sturm et al. (2010), which includes the effects of snow depth, snow aging and 

indirectly includes climate based on snow classes. The Maritime snow class was used as it is typical of the 
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study area, consisting of a warm snow cover with multiple ice layers, coarse grains and basal ice due to 

melting (Sturm et al., 1995). 

For the WTF method, rises in water level are assumed to reflect water reaching the water table in an 

unconfined aquifer and that all water goes directly into storage. Due to high average (>70%) and maximum 

(>98%) relative humidity during the recharge events, it is assumed that any reduction in snow depth is due 

to liquid phase change (melt) not sublimation (Harpold and Brooks, 2018). It is also assumed that no water 

is lost due to evapotranspiration at this time of year. Thus, any water that does not reach the bedrock water 

table is either lost to runoff or is stored in the snowpack or overburden. 

4 Results

4.1 Climate

Generally, winter 2019-2020 was warmer and wetter than long-term averages from the nearby Drummond 

Centre station (Table 2). The average daily temperatures for January, February and March 2020 exceeded 

long-term averages (>1σ). Winter rainfall was also substantially above average for both January (~2× 

average) and March (1.5× average) with nearly twice as many days with rainfall ≥0.2 mm. December also 

received a greater number of rainfall days, and ~5× less snow fell in March than average. 

Table 2. Monthly climate data compared to 30-year averages from Drummond Centre climate 
station, 15 km north of the site (Environment and Climate Change Canada, 2019). Standard 
deviations are presented for long-term daily average temperatures. 

 December January February March
 Average 2019 Average 2020 Average 2020 Average 2020
Daily Average Temp. (°C) -5.8 ±3.5 -4.6* -9.8 ± 3.3 -5.3 -8.5 ± 2.5 -5.5 -2 ± 2.1 1.1
Rainfall (mm) 26.7 25.2* 24.1 53.7 15.9 3.3 28.6 42.9
Snowfall (cm) 39.3 32.8* 44 50 35 29 27 5
Snow Depth at Month-end (cm) 15 3 27 19 30 33 6 0
Days with Max. Temps > 0°C 14.5 11* 9 21 10 13 22 27
Days with Rainfall ≥ 0.2 mm 4.8 8* 3.4 6 3.1 2 5.9 13

*Values from Environment and Climate Change Canada (2019) due to incomplete December site data 
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The maximum snow depth reached 39 cm on February 15. A snowmelt event was determined by a 

snowpack decline >1 cm and air temperature >0℃ (Figure 3a). The greatest number of melts occurred in 

January (6) followed by February (5) and March (4). The snowmelt events in March, however, resulted in 

the greatest snowpack declines resulting in less than average snow depths at month-end. No correlation was 

found between the amount of snowpack decline and solar radiation, relative humidity, or rainfall. Snowpack 

decline was significantly correlated (Pearson’s) to maximum temperature (R=0.53, p=0.028).

Freezing rain occurred late December, mid-January, and late January. Basal ice was measured at the site 

(Figure 3a) on January 7 (1–2.5 cm), February 7 (5–6 cm), and March 8 (1 cm). Approximately 47 mm of 

rain fell on January 11 resulting in 14 cm of ponded water, as indicated by the sonic ranging sensor (Figure 

3a, III) and VWC of the snowpack (Figure 5, III). Before the ponded water fully drained, air temperatures 

dropped below zero generating a 6 cm ice layer at surface. Surface ponding also occurred on March 3 and 

9 (Figure 5, VI, VII).  

During the study period, average wind speeds were 1.2 m/s, gusting to 3.4 m/s. Wind direction was 

predominantly from north to northwest, increasing snow depth on the east side of the outcrop. Average 

relative humidity was 79% (±16%). A rose wind diagram (Figure A4), solar radiation and relative humidity 

time series (Figure A5), and all study data can be found in Supplementary Data.

4.2 Groundwater

Throughout the study period, hydraulic head in all three well intervals responded to rainfall and snowmelt 

events (Figure 3b). Hydraulic head in TW3S and TW20 are closely aligned, particularly during periods 

with high water levels. The responses in TW3D are similar in shape as TW3S and TW20 but are commonly 

delayed and dampened relative to the shallower intervals. Prior to January, hydraulic head patterns 
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consisted of a rapid peak with slight recession followed by a secondary head rise over a longer period (e.g. 

Figure 3b, I, II). This pattern did not reappear until the end of March in TW3S. An extended period of 

groundwater recession occurred following January 11 until late February, despite multiple snowmelt and 

ROS events occurring. 

Groundwater temperatures in TW20 at 5.6 mbgs and 9.6 mbgs decreased rapidly in unison with water level 

rises and infiltration events (Figure 3c). The greatest temperature drop was 4℃, measured at 9.6 mbgs in 

response to a ROS event on March 2. The temperature at 13.6 mbgs (bottom of well) remained fairly stable 

until the ROS and major snowmelt events in early March (Figure 3c, VI, VII). Temperatures measured in 

TW3S at 7.5 mbgs also responded to infiltration events, however, they were generally more delayed and 

dampened relative to TW20. Temperatures at 25.5 mbgs in TW3D did not change throughout the study 

period. 

Figure 3

Effective recharge estimated for the seven potential recharge events is generally low, ranging from 0–3% 

(Table 3). Air temperature reached above 0℃ for all events and frozen antecedent ground did not impede 

recharge. Rain-on-ground (Table 3, I) was less effective at recharging the aquifer than ROS and snowmelt 

under warm ground conditions (Table 3, II). Absent or minimal recharge occurred from ROS and moderate 

snowmelt with thick basal ice and thick snowpack (Table 3, IV, V). Major ROS (Table 3, III) and snowmelt 

events (Table 3, VII) both resulted in surface ponding and have similar effective recharge. Moderate ROS 

with snowmelt in mid to late winter (Table 3, VI) also resulted in surface ponding but resulted in the most 

effective recharge compared to any other event. 
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Table 3. Antecedent conditions and estimated effective recharge to TW3S from potential infiltration 
events I-VII. 

Event Number 
and Description

Antecedent 
Ground 

Temp. (℃)

Antecedent 
Snow depth 

(cm)

Max 
Air 

Temp. 
(℃)

Total 
Rain 
(mm)

SWE from 
Snowmelt 

(mm)

Total 
liquid 
water 
(mm)

Head 
Change 

(m)

Effective 
Recharge

I. Rain-on-ground 1.9** 0* 3.5* 15.0* 0 15 0.26 0.9%

II. ROS & 
snowmelt 0.4** 11* 8* 6.6* 25 32 0.84 1.4%

III. Major ROS, 
snowmelt & thin 
basal ice

-0.7 8 3.7 46.8 16 63 2.23 1.9%

IV. ROS, snowmelt 
& thick basal ice -0.1 25 1.7 6.1 19 25 0.00 0.0%

V. Snowmelt -0.1 30 8.2 0.0 22 22 0.17 0.4%

VI. ROS, snowmelt 
& thin basal ice -0.1 35 5.8 9.4 30 40 2.21 3.0%

VII. Major 
snowmelt & thin 
basal ice

0.0 26 13.0 0.0 50 50 2.12 2.3%

* Data from Environment and Climate Change Canada (2019)
**Temperature from SP2 sensor at 5cm bgs. All other ground temperatures are from SP1 at 0 cm bgs

4.3 Soil profiles

Ground temperatures below 20 cm remained above 0℃ throughout the study period (Figure 4, Figure 5). 

Ground temperatures from 0–5 cm were more sensitive to surface temperatures and fluctuated above and 

below 0℃ from December to March. Temperature at 10 cm fluctuated around 0℃ in early winter but 

remained near 0℃ under snow cover. Temperatures at all depths remained fairly stable from mid-January 

to March. Data from SP2 at 5 cm was not presented for the second half of March due to soil erosion during 

spring thaw, exposing the sensor. A full time series for SP1 is in Supplementary Data (Figure A6).

Due to rocky soil leading to installation difficulties, poor contact between the SP1 sensor (Figure 2) and 

soil was achieved. This was unable to be corrected prior to frozen conditions. Thus, the absolute values of 
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VWC from this sensor are unrealistically high (Figure 5). However, measurements can still provide an 

indication of the timing of soil saturation and will be used in combination with the second soil profile (SP2, 

Figure 2).

Increases in VWC from both soil profiles align with the hydraulic head responses observed in the wells 

(Figure 4, Figure 5). For the rain-on-ground event (Figure 4, I), VWC at 5 cm and 22 cm increased at similar 

times, with minimal response at 45 cm. The VWC at 73 cm responded in unison with the shallow soil, but 

initially decreased followed by a peak. In response to the early winter ROS event (Figure 4, II), the 

shallowest soil (5 cm) increased first, followed by all other horizons. However, the deepest soil increased 

considerably more than soil at 22 cm and 45 cm. Limited soil responses were observed late January and 

throughout February. The February ROS event produced slight increases in VWC at 22 cm, 45 cm and 60 

cm, but a decrease occurred at 73 cm. No observable response in SP2 occurred from the snowmelt event in 

February (Figure 4, V), however, an increase in VWC occurred in the deepest horizon of SP1 (40 cm). 

Figure 4

The major ROS in January led to VWC peaks at all depths in SP2 (Figure 4, III), responding in order from 

deepest to shallowest. Sharp drops in soil temperature occurred in the deepest horizons during this 

infiltration event. In SP1 (Figure 5, III), the VWC of 0 cm soil increased first, however, the three deepest 

horizons subsequently responded in the same order as SP2 (deepest to shallowest). The VWC of most soil 

horizons generally plateaued, indicating saturation was reached. The soil at 10 cm, however, appeared to 

remain somewhat frozen during this event based on minimal VWC response and soil temperatures 

remaining near freezing. The VWC at 10 cm progressively increased throughout the event, suggesting slow 

thaw, and increasing permeability. 
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Figure 5 

Both soil profiles indicate that during the ROS event in March (Figure 4, Figure 5, VI), soil from 0–5 cm 

remained frozen with progressively increasing VWC at 0 cm. Soil at 40 cm in SP1 reached saturation first, 

closely followed by 30 cm. The following day, surface ponding began and VWC at 10 cm and 20 cm 

increased. The VWC at 10 cm plateaued but VWC at 10 cm continued to progressively increase until 

plateauing toward the end of the event. A major snowmelt event beginning March 8 (Figure 5, VII) closely 

followed the ROS event. In the deepest soil horizons (>45 cm), sharp drops in soil temperature occurred 

during both events (Figure 5, VI, VII). The VWC in all soil horizons increased in unison in both profiles, 

however soil at 0 cm and 10 cm further increased in a stepped manor over the next two days. The second 

and third steps occurred on March 9 and 10 and corresponded to an increase in soil temperature at 0 cm. 

Saturation was reached at 10 cm and 0 cm during the second and third steps, respectively. 

4.4 Snowpack and bedrock outcrop

Temperatures of the snowpack typically remained below 0℃ (Figure 6). During ROS and snowmelt events, 

however, temperatures increased above freezing. Snowpack temperatures were above 0℃ during events 

IV–VII.  Snow cover greater than 10 cm provided considerable insulation from air temperatures for the 

underlying bedrock and soil. The temperature of exposed bedrock was the most sensitive to changes in air 

temperature compared to 15 cm and 28 cm of soil cover. Bedrock temperature with soil cover remained 

above freezing with the presence of snow cover. Under the snowpack, exposed bedrock temperatures 

generally remained above freezing except during prolonged periods with air temperatures less than -10℃ 

and snow cover less than 20 cm. For the period with persistent snow cover, the average bedrock surface 

temperature was 0.14℃ (±0.17℃), which was warmer than the average soil surface temperature of -0.18℃ 

(±0.28℃). 
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Figure 6 

During the final period of snowmelt (beginning March 8) enhanced melting was observed over the outcrop. 

Patches of rock were exposed where snow had completely melted, despite 27 cm of snow cover over the 

adjacent soil. Following the removal of the snowpack, the exposed bedrock temperature increased rapidly, 

and often exceeded air temperatures on warm sunny days. 

5 Discussion

5.1 Mechanisms of winter recharge in fractured rock

Sharp rises in hydraulic head corresponding to decreases in groundwater temperature indicate that rapid 

midwinter recharge can occur despite the presence of thin basal ice (1–2.5 cm) and shallow (<10 cm) frozen 

ground. The considerable decreases in groundwater temperature (up to 4℃, Figure 3c) during recharge 

events indicates that cold water from snowmelt or winter rain is being transported advectively from surface 

along relatively short preferential flow paths (Gleeson et al., 2009; Wright and Novakowski, 2019). Less 

temperature sensitivity in the well would be evidence of longer flow paths, as more heat is transferred from 

the soil or rock matrix to the cold infiltrating water (Bou Jaoude et al., 2018). Like the groundwater, sharp 

declines in soil temperatures along the soil-bedrock interface during infiltration indicates advective heat 

transport is also occurring in the unsaturated zone. The presence of this temperature response at the deepest 

soil horizon is evidence of lateral preferential flow, rather than vertical infiltration through the overburden. 

During multiple midwinter infiltration events, the VWC of shallow soil (<10 cm) does not increase and 

temperatures remain near 0℃, suggesting relatively low permeability frozen soil at the surface. The VWC 

measurements reveal that during a midwinter infiltration event with frozen soil or basal ice, water first 

arrives at the soil-bedrock interface rather than infiltrating from above (e.g. Figure 5, III, VI). The VWC in 
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combination with the soil temperature observations suggest that lateral unsaturated flow along the soil-

bedrock interface allows for infiltration to bypass the frozen surface layer until it melts (Figure 7). The 

rapid declines followed by increases in VWC observed in only the deepest soil horizon (73 cm) could be 

explained by the Lisse effect (Weeks, 2002). Water may quickly infiltrate along the interface, thereby 

trapping air that pushes out residual water content ahead of the saturated front.

The bedrock temperature typically remaining above freezing (Figure 6) support the concept of an unfrozen 

soil-bedrock interface throughout winter. Runoff from the outcrop during ROS or winter warming may 

erode the basal ice near the soil-bedrock interface. Alternatively, upward conducting heat from the 

underlying rock may prevent freezing altogether. From the bedrock temperatures, it can also be inferred 

that frost and ice is unlikely to form in the fractures. Insulation from the snow cover aids in this as well. 

Despite this, a continuous layer of ice (~2.5cm) was observed to cover the bedrock following freezing rain 

in late December. It is possible that the surface ice layer did not sufficiently plug exposed fractures and 

some infiltration still occurred along exposed open fractures. A more likely alternative is that most liquid 

water reaching the frozen bedrock surface runs off where it is directed to the soil-bedrock interface and 

infiltrates through open fractures under the unfrozen soil. During late winter, enhanced snowmelt over the 

bedrock was visually observed, facilitated by bare bedrock that more readily absorbs solar energy compared 

to snow. The accelerated snowmelt may have also increased localized recharge on or near the outcrop 

relative to surrounding soil. 

Lateral flow along a low permeability boundary, particularly along a soil-bedrock interface, has previously 

been reported in the literature (e.g., Appels et al., 2015; Kormos et al., 2015; Li et al., 2016; Peters et al., 

1995; Spence and Woo, 2003; Tromp-van Meerveld and McDonnell, 2006). However, to the best of the 

author’s knowledge, this mechanism of recharge near outcrops has yet to be observed in detail during 

midwinter warming or ROS events in this type of setting. Implications of these findings suggest that areas 
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of exposed rock can be localized windows for groundwater recharge during midwinter warming or ROS, 

where basal ice or frozen soil would otherwise inhibit vertical infiltration through soil.  

 

5.2 Antecedent conditions impacting winter recharge 

Observations from this study indicate that midwinter recharge in fractured bedrock can be inhibited or 

permitted depending on the antecedent surface-subsurface conditions, and the type (ROS vs. snowmelt) and 

magnitude of the infiltration event. How these conditions impact bedrock recharge in combination with the 

soil-bedrock interface has been conceptualized and presented in Figure 7 with further discussion to follow.

Figure 7 

5.2.1 Late fall/Early winter: Unfrozen ground 

Prior to frozen ground conditions, infiltration and bedrock recharge occurred without impedance through 

the overburden and along the soil-bedrock interface (Figure 7a). Rainfall alone, however, resulted in less 

effective recharge than ROS or snowmelt during these conditions. It is possible that the bulk of the water 

from rainfall went toward saturating the overburden, leaving less water available for bedrock recharge. The 

additional SWE from the ROS event may have allowed for both overburden saturation and bedrock 

recharge, thereby increasing the total effective recharge. Nevertheless, overall effective bedrock recharge 

in late fall and early winter is low, ranging from 0.9–1.4% of total available liquid water (Table 3). This 

result is similar to the recharge estimates of 1% of fall rainfall from Milloy (2007), indicating limited frozen 

processes are at play.

The hydraulic head pattern seen in early winter consisting of a sharp rise, short recession and secondary 

rise (e.g. Figure 3, I, II) is attributed to infiltration along low storage fractures that quickly drain, and a 

subsequent slow release of stored water from the overburden. This is supported by the timing of the soil 
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VWC recession. The disappearance of the secondary head rise in midwinter months may be due to 

refreezing of water in the unsaturated zone, preventing the release of storage until spring thaw. The number 

of open fractures may have also been reduced from ice building up on the outcrop. These frozen processes 

would explain why this hydraulic head pattern did not reappear until after spring thaw at the end of March.  

Although December 2019 received the average amount of rainfall, it occurred over a greater number of 

days than average. Repeated rainfall and subsequent freezing in December along with freezing rain would 

aid in the development of the low permeability ice layers observed at ground surface. As air temperatures 

continued to decline and the basal ice became more established, vertical soil infiltration also declined.

5.2.2 Midwinter: Thin basal ice and snow cover

Despite the development of thin (1–2.5 cm) but low permeability basal ice in early winter, midwinter 

recharge from ROS or snowmelt was not inhibited. Cracks and discontinuities in the thin ice may allow for 

small amounts of water to infiltrate through the overburden, however, the bulk of infiltrating water is likely 

along the unfrozen soil-bedrock interface (Figure 7b). 

During extreme ROS or snowmelt events, such as the 47 mm rain in January (Figure 3, III), any water that 

was impeded by the basal ice and/or frozen soil would contribute to ponding at surface. During ROS, the 

increased relative humidity can accelerate snowmelt (Lundberg et al., 2016). The rainfall percolating 

through the snowpack also aids in mobilizing meltwater (Singh et al., 1997), both of which would contribute 

to greater ponding at surface. In the case of event III, effective recharge nearly doubled to 1.9% compared 

to early winter conditions (Table 3). This is similar to the recharge estimates from a spring freshet by 

Gleeson et al. (2009) for the same outcrop. Effective recharge, however, may be reduced during extreme 

events due to enhanced runoff from basal ice. Additionally, the water that ponded did not completely drain 
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prior to freezing, which trapped high volumes of water on the surface as ice, reducing subsurface infiltration 

(Figure 7b, c).

5.2.3 Late winter: Thick basal ice and snow cover

Following the development of thick basal ice (5–6 cm), a pronounced groundwater recession occurred. 

With thicker basal ice present, the soil-bedrock interface maybe have sufficiently frozen to prevent, or 

considerably reduce, infiltration (Figure 7c). From the observed soil and groundwater responses, small 

snowmelt events (1–2 cm decline in snowpack) in late winter with a thick snowpack did not result in 

subsurface infiltration. This is attributed to percolating snowmelt remaining near the surface of the 

snowpack and refreezing, or being impeded by ice layers (Lundberg et al., 2016). This would, however, 

help densify the snowpack, resulting in greater SWE available for subsequent major snowmelt events. 

Some liquid water from more substantial ROS or melt events (e.g. Figure 3, V) was able to infiltrate through 

the entire snowpack. This meltwater could still enter the subsurface through unfrozen fractures or where 

basal ice discontinuities were present. Since the effective recharge from event V was only 0.4% of total 

estimated meltwater (Table 3), the bulk of the meltwater likely remained on surface. These results indicate 

that the presence of thick basal ice generated from the refreezing of midwinter surface ponding can inhibit 

and reduce further winter recharge.

5.2.4 Late winter/Early Spring: Thin basal ice and moderate snow cover

Following repeated snowmelt and ROS events in midwinter, the snowpack would have progressively 

increased in SWE. Thus, during a moderate snowmelt and ROS event in late winter (e.g. Figure 3, VI), 

greater volumes of water would be released from the snowpack with mobilization facilitated by percolating 

rainfall. Similar to midwinter conditions, it is suggested that the primary mechanism of recharge is along 

the soil-bedrock interface (Figure 7d). Substantial snowmelt combined with ROS at this time resulted in 
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the greatest effective recharge (3%) to the bedrock aquifer than any other event (Table 3; Figure 3, VI). 

Although this is still relatively low recharge, it is nearly threefold the fall value. An increase in recharge 

under these conditions compared to others may be due to more effective channeling of water to the bedrock 

along the interface with less water partitioned into the overburden. The moderate rainfall and snowmelt 

may have also generated less runoff than higher intensity events. 

During early spring, persistent above freezing temperatures allowed for the basal ice and frozen soil to 

thaw, increasing infiltration through the overburden (Figure 7d). This was observed during the major 

snowmelt event in early March where shallow soil (<10 cm) progressively increased in VWC throughout 

the melt, despite all other horizons exhibiting saturation (Figure 5, VII). This major snowmelt event resulted 

in greater effective recharge (2.4%) than other winter recharge events, but still less than ROS combined 

with snowmelt. Good agreement was found between the recharge estimates from this event and the spring 

freshet modelled by Gleeson et al. (2009). This period of snowmelt resulted in an earlier than normal spring 

freshet, which  has previously been projected for similar regions under climate change (e.g., Jyrkama and 

Sykes, 2007; Minville et al., 2008). This finding supports the notion that the 2019-2020 winter observations 

are on trend with the anticipated hydrologic changes from warming winters.

6 Conclusions

Over the winter of 2019–2020, a granitic outcrop and adjacent soil were instrumented to monitor the 

hydrogeologic and cryospheric conditions of the surface, unsaturated and saturated zones at a high temporal 

resolution (10–15-minute intervals). The main objectives were to characterize the mechanisms and 

antecedent conditions inhibiting or enabling winter recharge in seasonally frozen fractured rock. The 

unseasonably warm and wet winter conditions during this study allows for parallels to be drawn between 

observations from this winter and what could be expected for future winter conditions under climate change. 

The results from this investigation provide field-based evidence of the hydrologic impacts of warming 



25

winters on fractured rock recharge near outcrops. The following conclusions have been developed from the 

observations in this study:

 The primary mechanism for winter recharge in seasonally frozen bedrock is the soil-bedrock 

interface. The interface remains unfrozen, allowing for outcrop runoff to bypass low permeability 

basal ice and frozen soil. The result is a window for rapid and localized bedrock recharge in winter. 

 The development of thin basal ice (1–2.5 cm) and shallow frozen ground due to early winter rain 

and freeze-thaw does not inhibit winter recharge. Moderate rain-on-snow events combined with 

snowmelt can lead to enhanced localized winter recharge, compared to intense events.

 Extreme rain-on-snow and snowmelt events in early or midwinter can lead to ponded water that 

subsequently freezes, forming thick basal ice (5–6 cm) that inhibits/reduces winter recharge. Under 

thick snowpack conditions, snowmelt alone is less effective at recharging bedrock as higher 

proportions of liquid water remains in the snowpack. 

Study findings suggest that warming winters could increase bedrock recharge in humid continental climates 

in winter months particularly where outcrops are present. Should winter snow depths continue to decline, 

greater proportions of winter precipitation may enter the subsurface during winter rather than being stored 

in the snowpack until spring. Increased rain-on-snow would aid in the mobilization of meltwater through 

the snowpack and thus potentially increase bedrock recharge around outcrop margins. Even though study 

measurements only occurred near the outcrop, it is reasonable to expect that the observed basal ice and 

frozen soil also limits vertical infiltration well beyond the outcrop. Thus, thicker basal ice generated from 

increased extreme midwinter rainfall and warming events may alternatively limit winter bedrock recharge, 

particularly where outcrops are absent. Further investigation is warranted to determine the radius of 

influence of winter recharge near outcrops, which may be substantial depending on the hydraulic 

conductivity of the soil-bedrock interface. This study highlights the complexity of seasonally frozen 
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bedrock aquifers with thin soils and the difficulty in determining the impacts of warming winters on 

recharge under climate change. Nevertheless, valuable insight can be gained from more field-based 

recharge studies such as the present which attempt to link cryospheric and hydrogeologic processes. 
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Abstract

Under conditions of a changing climate, winters are predicted to be warmer and wetter in the northern 

hemisphere. Yet, the impacts of increasing midwinter snowmelt and rain-on-snow (ROS) events on 

groundwater recharge are poorly understood, particularly in seasonally frozen shallow bedrock. To 

characterize the mechanisms and antecedent conditions inhibiting or enabling winter recharge in 

seasonally-frozen bedrock, a field investigation was conducted in eastern Ontario, Canada over the winter 

of 2019–2020. Since rock outcrops are known areas of recharge in nonwinter months, a low-lying granitic 

outcrop and adjacent soils were heavily instrumented. Both hydrogeologic and cyrospheric conditions of 

the surface, unsaturated and saturated zones were monitored at a high temporal resolution (10–15-minute 

intervals). Climate data collected during the study indicated that winter conditions were warmer and wetter 

than long term averages, providing an analogue to the predicted conditions under climate change. Hydraulic 

head and temperature measurements in two bedrock wells indicated rapid midwinter recharge occurred in 

response to most ROS and snowmelt events despite the presence of basal ice and shallow frozen ground. 

Volumetric water content and temperature measurements in two soil profiles revealed that the soil-bedrock 

interface was the primary mechanism permitting infiltration to bypass the frozen surface layer. A major 

midwinter ROS event generated ponding on surface which subsequently froze, ultimately reducing effective 

recharge from the event and inhibiting future snowmelt recharge. Estimates of net recharge per ROS and/or 

snowmelt event indicated that moderate events were more effective at recharging the bedrock aquifer than 

higher intensity events and events in winter were more effective than in fall. Implications of these findings 

suggest that rock outcrops provide a window for rapid localized recharge during midwinter warming or 
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ROS, where basal ice or frozen soil would otherwise inhibit vertical infiltration. Study results provide field-

based evidence for potential impacts from climate change on bedrock aquifers in cold regions.
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Figure 8. Study site location relative to Canada and within Ontario.

Figure 9. Instrumented fractured bedrock outcrop with sensor locations indicated by red and blue symbols. 

In the unsaturated and saturated zones, blue symbols indicate volumetric water content (VWC) or hydraulic 

head (H) measurements, respectively. The water table depth is approximate. Fracture locations are inferred 

from Trimper (2010), Praamsma (2016) and downhole camera observations. (a) Plan view and depth to 

bedrock modified from Miles and Novakowski (2016). (b) Cross-section (not to scale) with depths in meters 

below ground surface.

Figure 10. Surface-groundwater interactions with seven potential recharge events highlighted (I-VII). These 

events represent examples of potential recharge events under different antecedent conditions. (a) Daily 

rainfall and snowpack thickness. Basal ice thickness is in meters. EC snowpack and rain is from 

Environment and Climate Change Canada (2019). (b) Hydraulic head in meters above sea level (masl). (c) 

Groundwater temperatures at depths measured in meters below ground surface.

Figure 11. Soil temperature and volumetric water content from SP2. Shaded areas (I-VII) correspond to the 

same infiltration events as Figure 3. The lower plots show five of the events in greater detail.
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Figure 12. Volumetric water content and temperature from SP1 for three recharge events (III, VI and VII 

correspond to the same events highlighted in Figure 3 and Figure 4). Ponding at surface occurred during all 

three events seen by the VWC increases in the snowpack. Note, unrealistically high VWC is due to poor 

contact between sensor and soil and results are used to indicate the timing and relative degree of saturation. 

Figure 13. Temperature measurements of air, bedrock, and snowpack. The shaded area indicates the period 

where the snowpack thickness is greater than 10 cm, permitting temperature measurements. 

Figure 14. Conceptual models of fractured rock infiltration and recharge at the outcrop scale under different 

antecedent winter conditions. The sequence follows the general progression of winter in a humid 

continental climate. (a) Late fall/early winter: Absence of persistent snowpack with unfrozen ground. (b) 

Midwinter: Shallow frozen ground with thin basal ice and thin snowpack. (c) Late winter: Shallow frozen 

ground with thick basal ice and thick snowpack. (d) Late winter/early spring: Melting basal ice and frozen 

soil with a moderate but dense snowpack. 

Highlights

 An outcrop was instrumented to explore cyrospheric and hydrologic recharge processes

 Unseasonably warm/wet 2019-20 winter offers an analogue to future climate conditions

 Preferential flow along soil-rock contact permits winter recharge despite basal ice

 Rock outcrops provide a window for rapid midwinter recharge to bedrock aquifers

Abstract
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Under conditions of a changing climate, winters are predicted to be warmer and wetter in the northern 

hemisphere. Yet, the impacts of increasing midwinter snowmelt and rain-on-snow (ROS) events on 

groundwater recharge are poorly understood, particularly in seasonally frozen shallow bedrock. To 

characterize the mechanisms and antecedent conditions inhibiting or enabling winter recharge in 

seasonally-frozen bedrock, a field investigation was conducted in eastern Ontario, Canada over the winter 

of 2019–2020. Since rock outcrops are known areas of recharge in nonwinter months, a low-lying granitic 

outcrop and adjacent soils were heavily instrumented. Both hydrogeologic and cryospheric conditions of 

the surface, unsaturated and saturated zones were monitored at a high temporal resolution (10–15-minute 

intervals). Climate data collected during the study indicated that winter conditions were warmer and wetter 

than long-term (30 year) averages, which allows for parallels to be drawn between observations from this 

winter and what could be expected for future winter conditions under climate change. Hydraulic head and 

temperature measurements in two bedrock wells indicated rapid midwinter recharge occurred in response 

to most ROS and snowmelt events despite the presence of basal ice and shallow frozen ground. Volumetric 

water content and temperature measurements in two soil profiles revealed that the soil-bedrock interface 

was the primary mechanism permitting infiltration to bypass the frozen surface layer. A major midwinter 

ROS event generated ponding on surface which subsequently froze, ultimately reducing effective recharge 

from the event and inhibiting future snowmelt recharge. Estimates of net recharge per ROS and/or snowmelt 

event indicated that moderate events were more effective at recharging the bedrock aquifer than higher 

intensity events and events in winter were more effective than in fall. Implications of these findings suggest 

that rock outcrops provide a window for rapid localized recharge during midwinter warming or ROS, where 

basal ice or frozen soil would otherwise inhibit vertical infiltration. Study results provide field-based 

evidence for both enhanced and impeded winter recharge in seasonally frozen bedrock aquifers due to 

warming winters under climate change.

Highlights
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 An outcrop was instrumented to explore cryospheric and hydrologic recharge processes

 Unseasonably warm/wet 2019-20 winter offers an analogue to future climate conditions

 Preferential flow along soil-rock contact permits winter recharge despite basal ice

 Rock outcrops provide a window for rapid midwinter recharge to bedrock aquifers


