
UNIVERSITY OF CALGARY 

 

 

Hydrogeologic Controls on Fall and Winter Baseflow in Mountain Watersheds 

 

by 

 

Laura Beamish 

 

 

A THESIS 

SUBMITTED TO THE FACULTY OF GRADUATE STUDIES 

IN PARTIAL FULFILMENT OF THE REQUIREMENTS FOR THE 

DEGREE OF MASTER OF SCIENCE 

 

GRADUATE PROGRAM IN GEOSCIENCE 

 

CALGARY, ALBERTA 

 

DECEMBER, 2023 

 

© Laura Beamish 2023   





 

iii  

Preface 

This thesis is original, unpublished, independent work by the author, L. Beamish.  





 

v 

Innovation Program). I am very appreciative of the scholarship support provided by the Natural Sciences 

and Engineering Research Council of Canada, the Canadian Water Resources Association, Dillon 

Consulting, the Government of Alberta, the University of Calgary, the Swart Family, and the Petrie 

family. 

 

 

  





 

vii  

4.4.1 Group 1: Model setup sensitivity analyses .............................................................................. 65 
4.4.2 Group 2: Conceptual model evaluation................................................................................... 65 
4.4.3 Group 3: Physiographic controls models ................................................................................ 68 
4.4.4 Storage-discharge relationships .............................................................................................. 72 

4.5 Discussion ....................................................................................................................................... 74 
4.5.1 Hillslope conceptual model evaluation ................................................................................... 74 
4.5.2 Physiographic controls on baseflow........................................................................................ 76 
4.5.3 Storage-discharge relationships .............................................................................................. 81 
4.5.4 Representation of alpine landforms in hydrologic models...................................................... 82 
4.5.5 Uncertainties and limitations .................................................................................................. 84 

4.6 Conclusions ..................................................................................................................................... 89 
4.7 Tables and figures ........................................................................................................................... 91 
 
Chapter Five: Conclusions ........................................................................................................................ 134 
5.1 Synthesis and conclusions ............................................................................................................. 134 
5.2 Future work ................................................................................................................................... 136 
 
References..................................................................................................................................................138 
 
Appendix A: Baseflow characteristics of small watersheds in the Canadian Rocky Mountains .............. 152 
A.1 Introduction ................................................................................................................................... 152 
A.2 Methods......................................................................................................................................... 152 

A.2.1 Overview of field campaigns ................................................................................................ 152 
A.2.2 Discharge measurements ....................................................................................................... 153 
A.2.3 Water chemistry analysis ...................................................................................................... 154 
A.2.4 Underflow estimation ............................................................................................................ 155 
A.2.5 Data quality assessment ........................................................................................................ 156 
A.2.6 Watershed attribute analysis ................................................................................................. 157 

A.3 Results ........................................................................................................................................... 158 
A.3.1 Underflow estimates ............................................................................................................. 158 
A.3.2 Temporal trends in winter baseflow magnitude and chemistry ............................................ 160 
A.3.3 Spatial trends in winter baseflow magnitude ........................................................................ 160 
A.3.4 Spatial trends in baseflow chemistry..................................................................................... 160 

A.4 Summary ....................................................................................................................................... 161 
A.5 Tables and figures ......................................................................................................................... 163 
A.6 References ..................................................................................................................................... 182 
 
Appendix B: Electronic data supplement...................................................................................................186 
  





 

ix 

Table A-2 Summary of watershed attributes analyzed..............................................................................165 
 
Table A-3 Upper and lower bound estimates of underflow (Qu) at the eight sites surveyed during Field 
Campaign 4. Underflow is compared with winter discharge (Qwinter) measurements from Field Campaign 
2. Field measurements used to estimate underflow include fluvial sediment width (w) and stream gradient 
(i). Estimated parameters used in underflow calculations include the depth (d), cross-sectional area (A), 
and hydraulic conductivity (K) of fluvial sediments at the gauging location............................................167 
 
 
 
  





 

xi 

stage of curve fitting and (G-I) the second stage of curve fitting, where calculated. R2 values, recession 
parameters, and winter discharges were calculated for individual years of data; box plots summarize the 
distributions of these values for each watershed. In all box plots, whiskers show the range of data, up to 
1.5 times the interquartile range (following Helsel et al., 2020). Values beyond the limits of the whiskers 
are shown as points. Watershed abbreviations are defined in Table 3-1.....................................................37 
 
Figure 3-9 Examples of poor-quality piecewise log-linear fits for selected watersheds in the Colombia 
Mountains and Southern Rocky Mountains.................................................................................................38 
 
Figure 3-10 Measured, mean, median, and quartile discharges for selected watersheds in (A-D) the 
Colombia Mountains, (E-G) the Southern Rocky Mountains, and (H-O) the Northern Rocky Mountains. 
Measured discharges have been clipped using the algorithm described in Section 3.2.3. Mean, median and 
quartile discharges are only shown where they were calculated using more than 20 years of discharge 
data...............................................................................................................................................................39 
 
Figure 3-11 Relationships between recession parameters, including fall recession coefficients (b), winter 
recession coefficients (d), transition day (k), transition discharge (Qtrans), normalized transition discharge 
(Norm. Qtrans), mean winter discharge (Qwinter), and winter flow index (WFI). Each point represents the 
average recession parameter for a watershed...............................................................................................40 
 
Figure 3-12 (A) Mean recession curves and (B) normalized mean recession curves for watersheds in the 
Colombia Mountains (Col), Northern Rocky Mountains (NR), and Southern Rocky Mountains (SR). 
Means are only shown where they were calculated using more than 20 years of discharge data. Recession 
curves for the Kootenay River (KO) are annotated.....................................................................................40 
 
Figure 3-13 Relationships between watershed attributes and (A-H) fall recession coefficients, (I-P) winter 
recession coefficients, (Q-X) transition days, (Y-AF) transition discharge, and (AG-AN) normalized 
transition discharge. Each point represents an average recession parameter for a single watershed. The 
point representing the Kootenay River (KO) is annotated in selected subplots..........................................41 
 
Figure 3-14 Recession parameters in time for (A-D) the Bow River and (E-H) the Athabasca River. Each 
point represents a parameter from a single year of data..............................................................................42 
 
Figure 3-15 Relationships between transition day in the Bow River and (A-F) selected precipitation sums 
measured at the Banff weather station (Mekis and Vincent, 2011), (G) the date of peak flow in the Bow 
River, and (H) the freeze-up date in the Bow River (defined as the first occurrence of a period of seven 
days with mean daily temperatures below 0°C at the Banff weather station (Vincent et al., 2012)). In all 
plots, each point represents the transition day from a single year of data. Plots C and F show total rain and 
total precipitation in the preceding hydrologic year (HY). The hydrologic year starts on November 1.....43 
 
Figure 4-1 Overview of the modelling workflow demonstrating (A-C) the abstraction process used to 
develop conceptual and numerical models of alpine hillslopes and (D) the construction, execution, and 
evaluation of the numerical models in support of the thesis objectives. Sections in Chapter 4 
corresponding to the components of the workflow are listed in the diagram. Photograph in (A) is from 
Masaki Hayashi..........................................................................................................................................101 
 
Figure 4-2 Conceptual model of hydrogeologic processes in alpine hillslopes including (A) the three 
alpine landforms described by the generalized conceptual model, (B) hydrostratigraphic units (HSUs) and 
hydrologic and hydrogeologic processes and in the generalized conceptual model, and (C and D) 
competing descriptions of fast and slow flow processes in the conceptual hillslope................................102 





















 

3 

 

al., 2014). Further work is needed to develop storage-discharge relationships for individual alpine 

hillslopes and evaluate the strengths and limitations of this approach. 

 

1.2 Thesis objectives and organization 

This thesis aims to advance our understanding of alpine groundwater processes and support 

mountain water resource management by addressing the following objectives: 

1. Investigate the topographic, climatic, and geologic controls on the groundwater processes 

contributing to fall and winter baseflow in temperate mountain watersheds by (1) analyzing fall 

and winter baseflow recession characteristics in the Canadian Rocky Mountains and Colombia 

Mountains, and (2) simulating discharge from synthetic alpine hillslopes using a variably-

saturated groundwater flow model. 

2. Evaluate two competing conceptual models of "slow" groundwater flow processes in alpine 

hillslopes, by comparing generic, variably-saturated groundwater flow models of alpine hillslopes 

with field observations from previous studies. 

3. Evaluate storage-discharge relationships as a method for representing alpine hillslopes in 

regional-scale hydrologic models.  

The three objectives were achieved through three investigations: a recession analysis study 

(Chapter 3), a hillslope modelling study (Chapter 4), and a field study (Appendices A and B). The 

recession analysis study addresses Objective 1, and the modelling study addresses all three objectives. 

The field study was designed to address Objective 1, but was only partially successful, so is included as 

an appendix. The study area for the three investigations (Chapters 3 and 4, and Appendices A and B) is 

described in Chapter 2.  
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and peak snowpack in high elevation areas occurs between February and April. Snowmelt causes a 

distinct spring freshet in mountain rivers each year. During the summer months, precipitation in high 

elevation areas includes both rain and snow from summer storms.  

The bedrock geology of the study area generally consists of highly deformed and thrust-faulted 

sedimentary formations that are Neoproterozoic to Cenozoic in age. Bedrock is the oldest in the Colombia 

Mountains and Eastern Main Ranges of the Rocky Mountains. These areas include the quartzite-rich, 

Cambrian Gog Group and Hamill Formation, and the clastic, Neoproterozoic Miette and Horsethief Creek 

Groups (Gadd, 2003). Many parts of the study area contain Cambrian to Permian sequences of carbonate- 

and shale-rich formations. The youngest bedrock is found in the Front Ranges of the Rocky Mountains 

and includes clastic formations formed from sediments produced during early mountain building. While 

the bedrock of the study area is largely sedimentary, some Mesozoic gneiss and granite intrusions are 

present in the Colombia Mountains.  

The surficial geology of the Columbia Mountains and Rocky Mountains is a product of Quaternary 

glaciation, which has left a complex and variable landscape that includes coarse landforms such as 

moraines and rock glaciers at high elevations. Other important surficial geological features in the study 

region include talus deposits formed by rockfall and alluvial deposits in valley floors. 

  



Figure 2-1 (A) Approximate location of the overall study site. (B) Watersheds and regions in the recession analysis study (Chapter 3). Recession analysis watershed abbreviations are listed in Table 3-1. The regions shown are the Colombia
Mountains (Col), Northern Rocky Mountains (NR), and Southern Rocky Mountains (SR). The field study area is shown in pink. (C) Watersheds and regions in the field study (Appendices A and B). Regions shown follow Gadd (2003). Field
study watershed abbreviations are listed in Table A-1. There are two sets of nested catchments in the field study: those in the Galatea Creek watershed (GT1, GT2, and HA) and those near Emerald Lake (ET1, ET2, ET3, and ER); these
watersheds are shown in detail in Figures A-1 and A-2, respectively. Weather stations and field sites providing supplementary data used in Chapters 3, 4, and Appendix A are also shown in (B) and (C). Region boundaries shown in (B) and (C)
are approximate. (D) Mean annual precipitation in the study area. Values shown for British Colombia are means from 1970 to 2000 (Pacific Climate Impacts Consortium, 2014) and have a resolution of approximately 800 m. Values shown for
Alberta are means from 1961 to 1990 (Schneider, 2013) and have a resolution of 500 m. (E, F, and G) Mean monthly precipitation and temperature summaries for the Golden, Banff, and Jasper weather stations (operated by Environment and
Climate Change Canada). Climate data is from Mekis and Vincent (2011) and Vincent et al. (2012).

2.2 Figures
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Chapter Three: Hydrogeologic controls on fall and winter  baseflow recessions in the Canadian 

Rocky Mountains 

3.1 Introduction  

Baseflow recession analysis has been used for over a century to study the hydrologic processes 

sustaining low flows (Hall, 1968; Tallaksen, 1995). Observed baseflow recessions have often been 

interpreted using analytical solutions of the Boussinesq equation (e.g., Brutsaert and Nieber, 1977; 

Zecharias and Brutsaert, 1988), which describes groundwater flow and storage in a hillslope where 

vertical flow and unsaturated flow are negligible. These interpretations of baseflow recessions can 

provide insight into the hydrogeologic processes that sustain low flows. In this study, fall and winter 

baseflow recessions in the Canadian Rocky Mountains and Colombia Mountains were analyzed to assess 

topographic, climatic, and geologic controls on groundwater discharge to mountain baseflow (Thesis 

Objective 1). 

 

3.2 Methods 

This study analyzed baseflow recessions in 19 small- to medium-scale (9 to 3873 km2) watersheds 

in the Rocky Mountains and Colombia Mountains (Figure 2-1B, Table 3-1) (see Chapter 2 for 

description). Recession analysis was conducted in several steps, as described below.  

 

3.2.1 Hydrometric data 

This study used daily average discharge records from 19 gauging stations operated by the Water 

Survey of Canada (WSC) (2018). The gauging stations had between 30 and 105 years of data available 

(Table 3-1). At the gauged locations, all rivers were unregulated. The 19 watersheds included the 18 

analyzed by Paznekas and Hayashi (2016). Marmot Creek was added to the set of watersheds in this 

study. 

WSC measurements of low flows are subject to increased uncertainty, relative to spring and 

summer flows. Daily average discharge values are produced using measurements of river stage and stage-

discharge curves, and stage-discharge curves are developed using manual measurements of river 

discharge (Terzi, 1981). Uncertainties are introduced throughout the discharge measurement process. 

Manual measurements of low flows during winter conditions are subject to increased measurement 

uncertainty (Pelletier, 1990). The fact that few manual measurements are made during low-flow 

conditions means that this portion of the stage-discharge curve is typically more poorly constrained 

(Hamilton, 2008). When interpreting discharge using the stage-discharge curve, the effects of river ice on 

stage must be considered. River stage may fluctuate rapidly as ice forms, accumulates in ice jams, 

changes in texture, and melts (Terzi, 1981), and these changes in stage do not correspond to changes in 
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of the fall and winter recessions in most years of data from the watersheds. Some examples are shown in 

Figure 3-7. R2 was calculated for all fits to individual years of data not rejected during curve fitting 

(Section 3.2.4); the distributions of these R2 values are summarized using box plots in Figure 3-8 A and 

G. The median of the R2 values was above 0.85 for most watersheds. Some examples of lower quality fits 

are shown in Figure 3-9. Fit quality was highest in the Northern Rockies, and lower in the Southern 

Rockies and Colombia Mountains. Additionally, fit quality decreased somewhat between the first and 

second stages of curve fitting (Figure 3-8 A and G), potentially reflecting the specification of b and d 

during the second stage and the resulting reduction in the number of parameters allowed to vary during 

fitting. 

While fit quality was generally reasonable, short-term fluctuations were observed in the discharge 

data. These included short duration increases and decreases in discharge throughout the fall and winter. 

Examples of these fluctuations are evident in Figure 3-9. The fluctuations are attributed to rainfall, 

snowmelt, and ice impacts, as discussed in Section 3.4.2. Noise in the discharge measurements was 

assessed by comparing individual years of discharge data to mean, median, and quartile discharges 

(Figure 3-10). The spread in discharge values (as represented by the quartiles) was generally similar 

across the study watersheds. However, some watersheds were observed to have extreme discharge 

measurements that were farther from the mean and median, including the Elk River at Natal, the Elk 

River at Fernie, the Fording River, the Athabasca River, the Kicking Horse River, and the Gold River. 

Unusual discharge variability was noted in the Kootenay River: Figure 3-10L indicates an anomalous 

increase in discharge quartiles and extreme values between January and March.  

The amount of data discarded during discharge data processing and curve fitting was also assessed. 

Discarded data are summarized in Table 3-1, and an example is shown graphically in Figure 3-1. Table 

3-1 shows that the main reason for data rejection was missing or estimated values. Most of the years of 

data in this category were discarded due to incomplete records. Relatively few years of data were 

discarded due to mid-winter rain or snowmelt, poor curve fits, or other data quality issues. Table 3-1 also 

shows that many years of data were clipped during the fall due to snowmelt or rainfall impacts, and fewer 

years were clipped during the late winter. 

 

3.3.2 Recession parameters 

The recession parameters estimated during curve fitting are summarized in Figure 3-8 B, C, D, E, 

H, and I. The most meaningful recession parameters were interpreted to be the fall and winter recession 

coefficients, transition day, and transition discharge. The values of a and c were not considered 

meaningful, as they reflect the arbitrary beginning of the recession period (September 1). Winter 





18 

 

To verify the quantitative trends observed in the average recession parameters and mean winter 

discharge values, average recession curves were generated (Figures 3-10 and 3-12). These curves are the 

arithmetic means of discharges from multiple years, for each calendar day between September 1 and 

March 20. Clipped discharge records (Section 3.2.3) were used as the source data for the averages, and 

averages were only calculated for days where more than 20 years of measurements were available. The 

average recession curves are consistent with the regional trends observed in the recession parameters. 

Specific discharges are highest in the Colombia Mountains, and the highest normalized discharges are in 

the Southern Rockies, where fall and winter recessions are slower.  

Spatial trends were also assessed by examining the relationships between recession parameters and 

watershed attributes (Figure 3-13, Table 3-5). Fall and winter recession coefficients were related to 

bedrock geology: recessions were slower in watersheds with a greater fraction of bedrock that was 

younger than Cambrian (Figure 3-13 A and I). Fall recession coefficients had a statistically significant 

relationship with the glacier-covered area in each watershed (Figure 3-13 G, Table 3-5). This correlation 

appears to be driven largely by the three watersheds in the Southern Rocky Mountains that have little 

glacier cover and slow fall recessions, however. Relationships between glacier-covered area and fall 

recession coefficients are not evident within any of the regions individually. Relationships between 

transition day and watershed attributes are shown in Figure 3-13 Q to X. The transition day was observed 

to occur earlier in watersheds with higher mean elevations (Figure 3-13 S). No other relationships were 

identified between transition day and watershed attributes. 

Relationships between transition discharge (mm d-1), normalized transition discharge, and 

watershed attributes are shown in Figure 3-13 Y to AN. When interpreting controls on transition 

discharge, parameter interdependence was considered: transition discharge and mean winter discharge 

have a generally linear relationship (Figure 3-11D), as do normalized transition discharge and WFI 

(Figure 3-11E). As a result, controls on transition discharge and normalized transition discharge mirror 

many of the controls on mean winter discharge and WFI identified by Paznekas and Hayashi (2016), 

respectively. For example, Paznekas and Hayashi (2016) identified correlations between mean winter 

discharge and average slope and drainage density, but found that these relationships were no longer 

evident when mean winter discharge was expressed as WFI. In this study, transition discharge had 

statistically significant relationships with average slope and drainage density (Figure 3-13 AC and AD), 

while normalized transition discharge did not (Figure 3-13 AK and AL), mirroring the previous findings. 

Paznekas and Hayashi (2016) suggested that the relationships observed between mean winter discharge 

and watershed attributes reflected regional changes in climate, and not the impacts of the watershed 

characteristics. This interpretation likely applies to this study as well: correlations observed between 

transition discharge and gauge elevation, HI, slope, and drainage density (Figure 3-13 Z, AB, AC, and 
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AD) are likely a product of changes in mean annual precipitation throughout the study area. The lack of 

correlation between these watershed attributes and normalized transition discharge (Figure 3-13 AH, AJ, 

AK, and AL) supports this interpretation. Normalized transition discharge only had a significant 

relationship with one watershed attribute: bedrock geology (Figure 3-13AG). This is unsurprising given 

the interdependence observed in the recession parameters (discussed above) and reflects the relationship 

between bedrock geology and WFI observed by Paznekas and Hayashi (2016). 

 

3.3.4 Temporal trends 

Temporal trends in recession parameters were also assessed. Trends were only assessed in the Bow 

River (Figure 3-14 A to D, Table 3-6), because there were 101 passing years of data available, and 

because the watershed has been recognized as a high quality hydrometric dataset unaffected by changes in 

measurement methods (Whitfield and Pomeroy, 2017). Other watersheds were not considered to have 

enough data for trend analysis, as many years of data were removed during discharge data processing 

(Section 3.2.3). The Athabasca River had the longest period of record after the Bow River. Recession 

parameters from the Athabasca River are shown in Figure 3-14 E to H to illustrate the limitations of the 

shorter dataset.  

In the Bow River time series, a small number of outlying recession parameter estimates from the 

1920s and 1930s were removed. These points were believed to be anomalies associated with severe 

droughts in Western Canada during the two decades (Khandekar, 2004). At the Bow River, no trends 

were observed in the fall and winter recession coefficients or the transition discharge (Table 3-6). The 

transition day was observed to change in time, shifting earlier in the fall (Figure 3-14 C, Table 3-6). 

The relationships between transition days from individual years in the Bow River and several 

hydrologic and climatic parameters were examined, to assess whether interannual variability in these 

factors could explain temporal variability in transition day. The parameters examined included various 

precipitation amounts measured at the Banff weather station (Figure 3-15 A-F), the date of peak flow in 

the Bow River in the preceding summer (Figure 3-15 G), and the freeze-up date at the gauging location 

for the Bow River (Figure 3-15 H). No relationships were observed between transition days and the 

hydrologic and climatic parameters.  

 

3.4 Discussion 

3.4.1 Methods evaluation  

Results from this study were used to assess the prevalence of two-part recessions in the study 

watersheds (Section 3.4.3) and examine physiographic controls on recession characteristics (Section 
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may amplify noise by using the time derivative of discharge (Roques et al., 2017; Rupp and Selker, 

2006a), regression assumes the data contain errors and provides an estimate of central tendency (Helsel et 

al., 2020). Next, spatial trends were analyzed using average recession parameters calculated from a 

minimum of 30 years of individual fits. The use of average recession parameters and large sample sizes 

likely reduces the impact of individual years with poor fits. Finally, temporal trends were only assessed in 

the Bow River, which was the only watershed with a record considered long enough to reduce the effects 

of unusual fits in individual years of data.  

Unusual discharge variability and low winter discharges were observed in the Kootenay River 

(Figures 3-8F and 3-10L). Winter flow measurements at this site are believed to be affected by underflow 

at the gauging location, due to the notably low hypsometric integral of the Kootenay River watershed 

(Figure 3-13L). The low hypsometric integral suggests that this watershed contains a higher proportion of 

valley floor (Paznekas and Hayashi, 2016). The greater proportion of valley floor may mean that there are 

more fluvial sediments that can sustain higher underflow near the gauging station. To investigate this 

hypothesis, underflow at the Kootenay River gauging station was estimated using the methods described 

in Section A.2.4 of Appendix A. The hydraulic gradient and width of fluvial sediment at the gauging 

station were estimated using a 30 m resolution DEM (DMTI Spatial, no date), and were 0.002 and 900 m, 

respectively. The fluvial sediments were assumed to have a width-to-depth ratio of 20:1, using the 

rationale discussed in Section A.2.4. Two possible values of fluvial sediment hydraulic conductivity were 

considered (10-4 m s-1 and 10-2 m s-1), yielding underflow estimates that were between 2% and 240% of 

mean winter discharge, respectively. The large upper bound estimate indicates that substantial underflow 

is possible at the gauging location, potentially explaining the anomalously low observed winter 

discharges. 

 

3.4.3 Prevalence of two-part recessions and potential causes 

Results from this investigation suggest that the piecewise log-linear model is a good descriptor of 

most fall and winter baseflow recessions in the study watersheds. First, the exploratory analysis 

demonstrated that the piecewise log-linear model performed better than other commonly used recession 

models and captured important trends evident in the data (Sections 3.3.1 and 3.4.1). During the first and 

second stages of curve fitting, the piecewise log-linear model represented fall and winter recessions 

reasonably well in most years of data from the watersheds. This was evident from visual inspection of the 

fits (Figure 3-7) as well as the reasonably high R2 values (Figure 3-8 A and G, Section 3.3.1). Lower 

quality individual fits and lower quality fits at some watersheds are attributed to noise from ice impacts, 

not a fundamental failing of the recession model (Section 3.4.2). As a result, it appears that two-part 

recessions are prevalent in the study watersheds. 
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with porosities between 0.01 and 0.25 (Woessner and Poeter, 2020) occupied between 5% and 50% of the 

total watershed area. Hydraulic heads in such aquifers would have to decline at rates of centimeters to 

tens of meters per month to provide the average volume of discharge observed in the Bow River in 

January and February. These values suggest that substantial contributions from bedrock aquifers are 

reasonable only if these aquifers have large spatial extents and high effective porosities. Finally, other 

slow-draining aquifers, such as alpine meadows or lacustrine deposits could be responsible for slow 

winter recessions. These contributions are considered possible, though further work is needed to 

determine whether the multiple hillslope hypothesis is consistent with the results of the field study in this 

thesis (Appendix A), which show that fall and winter baseflow chemistry in small watersheds does not 

change substantially in time. Ultimately, this investigation cannot offer a conclusive explanation for the 

two-part recessions observed in the study watersheds. 

 

3.4.4 Physiographic controls on recession characteristics 

Geology and recession parameters 

Average recession parameters across the study watersheds were found to be interdependent and 

exhibited regional trends: in the Southern Rocky Mountains, fall and winter recessions were generally 

slower and normalized transition discharge and WFI were higher. In contrast, recessions were generally 

faster and normalized transition discharge and WFI were lower in the Northern Rocky Mountains and 

Colombia Mountains. Bedrock geology was a control on these trends: in watersheds with more young 

bedrock, fall and winter recessions were slower and normalized transition discharges were higher (Figure 

3-13 A, I, and AG, and Table 3-5). (The outlying point in Figure 3-13I is the Kootenay River, which is 

potentially affected by underflow, as discussed in Section 3.4.2). The relationship between the recession 

parameters (b, d, and normalized transition discharge) and watershed geology suggests that recessions are 

hydrogeologically controlled. Additionally, the relationship between WFI and recession coefficients may 

offer a useful pathway for connecting variability in WFI with hillslope hydrogeologic processes.  

The relationship between bedrock age and recession coefficients likely reflects relationships 

between bedrock age and lithology in the study area. The oldest formations in the study area are the 

quartzite-rich, Early Cambrian Gog Group and Hamill Formation, and the clastic, Neoproterozoic Miette 

and Horsethief Creek Groups (Gadd, 2003). These formations are present in Northern Rocky Mountain 

watersheds along the continental divide and in the Colombia Mountains watersheds. The youngest 

formations are present in the Southern Rocky Mountains, and include the sandstone- and shale-rich 

Mesozoic Kootenay Group, Fernie Formation, and Spray River Group (Gadd, 2003). Two possible 

explanations are offered for the relationships observed between bedrock geology and recession 

parameters. First, it is possible that the weaker, sandstone- and shale-rich bedrock in the Southern Rocky 
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Mountain watersheds is more highly fractured and has a higher porosity (as suggested by Paznekas and 

Hayashi (2016)). Analytical solutions describing streamflow recessions from the drainage of simple 

hillslopes suggest that the magnitude of the recession coefficient is inversely proportional to the porosity 

of the hillslope aquifer (Brutsaert, 2005, p. 403), so slower recessions would be expected from bedrock 

aquifers with higher porosity. It is also possible that the sandstone and shale formations in the Southern 

Rocky Mountains weather to produce thicker or finer-grained surficial deposits, which cause slower 

recessions. Again, these changes are consistent with analytical expressions for recession coefficients 

(Brutsaert, 2005, p. 403). In either case, higher transition discharges and WFI values are interpreted to be 

a result of the slower decrease in discharge. The effects of bedrock porosity, sediment depth, and 

hydraulic conductivity on hillslope-scale recessions are explored further in Chapter 4 of this thesis. 

 

Climate and transition day

Two interesting trends in transition day were identified: earlier transition days were observed in

watersheds with higher mean elevations (Figure 3-13S, Section 3.3.3) and the transition day in the Bow

River had a statistically significant change in time, occurring earlier in the fall over time (Figure 3-14C,

Section 3.3.4). It is hypothesized that the transition day is related to the timing of hillslope aquifer

recharge via rainfall and snowmelt. Precipitation in high elevation watersheds changes to snow earlier in

the fall, which may cause hillslope recharge to end earlier in the season, resulting in earlier transitions to

the slow recession phase. This hypothesis is explored further at the hillslope scale in Chapter 4.

The hypothesized relationship between the timing of recharge and transition day was tested by

examining relationships between the transition day in the Bow River and various precipitation amounts

measured at the Banff weather station. No relationships were observed (Figure 3-15). However,

precipitation in the Rocky Mountains is strongly affected by orographic effects, so observations at the

low-elevation Banff weather station (El. 1397 m) are likely a poor representation of precipitation in the

entire Bow River watershed (mean El. 2150 m). As a result, the analysis conducted using the precipitation

data is believed to be inconclusive.

If the transition day is climatically controlled, the trend in the Bow River may be evidence of

changing climatic conditions in the watershed. Paznekas and Hayashi (2016) showed that mean annual

temperatures and winter temperatures at Banff townsite have been increasing between 1888 and 2011.

Additionally, earlier peak flows have been observed in the Bow River between 1911 and 2005 (Rood et

al., 2008). Increasing temperatures in the Bow River watershed may be causing earlier snowmelt and

associated peak flows. Earlier snowmelt recharge in the Bow River watershed may be causing the earlier

transition days and an earlier winter low flow period, similar to that predicted in a modelling study by

Arnoux et al. (2021). While the observed changes in peak flows and transition days are consistent with
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the predicted effects of anthropogenic climate change (Barnett et al., 2005; Arnoux et al., 2021), 

attribution is beyond the scope of this work.  

While earlier snowmelt is hypothesized to contribute to shifting transition days, no relationship was 

observed between transition days and peak flow dates in the Bow River (Figure 3-15 G). As discussed in 

Section 3.4.2, estimates of recession parameters for individual years are subject to uncertainty due to ice-

related errors in measured discharge. Noise associated with this uncertainty may obscure correlations with 

peak flow. Additionally, peak flow dates used in this study may be imperfect representations of the timing 

of snowmelt and associated recharge. Other works have used cumulative flow parameters to describe 

temporal shifts in hydrographs (e.g., Rood et al., 2008); these may be more representative of the timing of 

the bulk of recharge. Due to the uncertainties and limitations of both transition days and peak flow dates, 

the analysis presented in Figure 3-15 G is considered inconclusive. The relationship between the timing of 

snowmelt recharge and transition day is examined further in Chapter 4.  

 

3.5 Conclusions 

Recession analysis of long-term hydrometric records revealed that two-part recessions were 

common in 19 study watersheds in the Rocky Mountains and Colombia Mountains. Two viable 

explanations for the two-part recessions were identified: processes in individual hillslopes that cause 

recession rates to decrease in time, and varying contributions from hillslopes with different drainage rates. 

This study was not able to identify a specific cause, however. Recession analysis also revealed regional 

geologic and climatic controls on baseflow characteristics. Slower fall and winter recessions were 

observed in watersheds with greater proportions of young bedrock. The slower recessions may be due to 

the higher porosity of young bedrock or thicker and/or finer-grained surficial sediments generated from 

the weathering of young bedrock. The transition day of the two-part recessions was observed to occur 

earlier in higher elevation watersheds and was found to be shifting to earlier in the fall in the Bow River. 

It is hypothesized that the timing of recharge affects the transition day: recharge ends earlier in the fall in 

high elevation watersheds, causing earlier transition days, while a shift in bulk hydrologic input towards 

earlier in the spring is causing earlier transition days in the Bow River. The relationships between 

recession characteristics and watershed geology and climate provide insight into physiographic controls 

on groundwater discharge to mountain baseflow (Thesis Objective 1).  

Further research should be conducted to identify the hydrogeologic processes contributing to the 

observed two-part recessions. Several types of studies may help achieve this goal. Modelling studies 

should be conducted to evaluate which hillslope-scale processes yield two-part recessions (Chapter 4). 

Field characterization of baseflow recessions at a variety of scales within mountain watersheds (such as 

that by Floriancic et al. (2018)) may provide insight into how hillslope discharge is aggregated to produce 
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watershed-scale recessions. Finally, recession analysis studies in other mountainous regions may provide 

further information about physiographic controls on groundwater contributions to baseflow recessions.  
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Beaver BV Col 08NB019 51° 30' 32.7" N 117° 27' 55.1" W 1150 1985 - 2015 30 2 0 0 28 3 25 28 16 829 1900 55 6 9 0.42 26.7 0.62
Duncan DN Col 08NH119 50° 38' 15.0" N 117° 2' 52.9" W 1310 1963 - 2015 52 5 1 0 46 0 46 45 22 597 1950 34 31 12 0.46 29.9 0.65
Gold GD Col 08NB014 51° 40' 40.8" N 117° 43' 6.6" W 429 1973 - 2013 40 3 1 0 36 2 34 36 7 815 2100 40 0 19 0.46 26.9 0.65
Goldstream GS Col 08ND012 51° 40' 7.6" N 118° 35' 46.3" W 934 1955 - 2014 59 8 10 1 40 2 38 40 17 610 1700 66 35 9 0.45 28.3 0.62
Illecillewaet IW Col 08ND013 51° 0' 45.5" N 118° 5' 6.5" W 1150 1964 - 2014 50 7 1 0 42 2 40 42 25 510 1775 57 50 2 0.43 29.4 0.62
Athabasca AT NR 07AA002 52° 54' 36.7" N 118° 3' 31.3" W 3873 1913 - 2014 101 4 42 0 55 1 54 47 4 1019 2075 44 2 12 0.37 17.0 0.67
Blaeberry BL NR 08NB012 51° 28' 57.0" N 116° 58' 9.7" W 587 1970 - 2015 45 5 4 0 36 1 35 33 11 875 2000 47 38 20 0.44 27.7 0.68
Bow at Banff BR NR 05BB001 51° 10' 20.0" N 115° 34' 18.4" W 2210 1909 - 2014 105 1 3 0 101 0 101 27 6 1384 2150 55 34 4 0.36 19.8 0.65
Kicking Horse KH NR 08NA006 51° 18' 4.3" N 116° 58' 19.4" W 1850 1912 - 2014 102 2 58 5 37 0 37 21 7 788 1950 57 6 5 0.41 25.7 0.68
Kootenay KO NR 08NF001 50° 53' 13.3" N 116° 2' 45.9" W 416 1939 - 2015 76 1 25 1 49 10 39 8 0 1176 1650 83 12 0 0.28 20.8 0.83
Marmot Creek MM NR 05BF016 50° 57' 1.9" N 115° 9' 10.4" W 9 1962 - 2012 50 0 29 0 21 2 19 6 0 1602 2126 89 100 0 0.45 20.0 0.76
Miette MI NR 07AA001 52° 51' 50.8" N 118° 6' 25.8" W 629 1914 - 2013 99 2 54 0 43 2 41 27 1 1045 1975 58 0 1 0.42 17.2 0.70
Mistaya MS NR 05DA007 51° 53' 3.4" N 116° 41' 21.1" W 248 1950 - 2013 63 1 16 1 45 0 45 38 6 1634 2200 31 0 6 0.34 23.0 0.65
North SaskatchewanNS NR 05DA009 52° 0' 4.3" N 116° 28' 15.4" W 1923 1970 - 2014 44 1 1 0 42 0 42 40 2 1354 2250 34 15 18 0.38 21.9 0.68
Pipestone PI NR 05BA002 51° 25' 59.2" N 116° 10' 29.8" W 306 1911 - 2014 103 3 65 0 35 1 34 15 1 1560 2300 42 29 3 0.41 19.9 0.63
Silverhorn SV NR 05DA010 51° 47' 59.7" N 116° 35' 2.2" W 21 1971 - 2013 42 0 2 4 36 1 35 14 4 1707 2450 12 0 10 0.52 25.7 0.63
Elk at Fernie EF SR 08NK002 49° 30' 12.5" N 115° 4' 12.5" W 3090 1925 - 2015 90 8 44 0 38 6 32 9 14 1000 1875 59 100 0 0.35 22.5 0.72
Elk at Natal EN SR 08NK016 49° 51' 56.2" N 114° 52' 7.3" W 1840 1951 - 2015 64 1 24 0 39 3 36 5 6 1200 1975 53 100 1 0.34 23.2 0.71
Fording FD SR 08NK018 49° 53' 38.3" N 114° 51' 60.0" W 621 1970 - 2015 45 2 7 0 36 3 33 3 7 1230 1975 49 100 0 0.41 23.5 0.70
Notes:
   1. Regions are the Colombia Mountains (Col), Northern Rocky Mountains (NR), and Southern Rocky Mountains (SR)
   2. WSC is the Water Survey of Canada
   3. Coordinates are provided in the Geodetic Reference System 1980 coordinate system.
   4. Values listed represent the number of fall-winter seasons in the raw WSC records.
   5. Values represent the number of years of data discarded due to interpreted mid-winter rain or snowmelt events (Section 3.2.3).
   6. Methods used in the first and second rounds of curve fitting are described in Section 3.2.4.

Table 3-1 Watersheds in the recession analysis study. Discharge data discarded during data processing is summarized. Watershed attributes are also listed; attribute values for all watersheds except Marmot Creek were taken from Paznekas 
and Hayashi (2016).
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Table 3-2 Recession models used in exploratory analysis  

Recession 
model name Recession model equation 

Number of 
parameters 
in recession 
model 

Key assumptions and features of the recession 
model/solution to the Boussinesq equation 

Recession 
model 
reference 

Boussinesq 1 ὗὸ ὗὩ  2 

¶ Hillslope aquifer is homogenous and horizontal  
¶ Hillslope aquifer is initially fully saturated 
¶ Changes in the water table elevation are small compared 
to the average water table elevation (supporting the use 
of the linearized Boussinesq equation) 
¶ Solution describes late-time hillslope discharge  

Brutsaert 
2005, p. 404 

Boussinesq 2 ὗὸ ὗ ρ ὅὸ  2 

¶ Hillslope aquifer is homogenous and horizontal  
¶ The aquifer is initially fully saturated at the flow divide, 
and the water depth in the receiving channel is zero 
¶ The solution assumes that the water table has a particular 
curvilinear form. As a result, it describes late-time 
hillslope discharge. 

Brutsaert 
2005, p. 396 

Boussinesq 3 ὗὸ ὗ ρ ὅὸ Ȣ 2 

¶ Hillslope aquifer is homogenous, horizontal, and 
infinitely wide 
¶ Hillslope aquifer is initially full saturated 
¶ Water depth in the receiving channel is zero 
¶ Solution describes early-time hillslope discharge 

Brutsaert 
2005, p. 394, 
412 

Boussinesq 4 ὗὸ ὗ ρ ὅὸ 3 

This is a general recession model that has been used to interpret observed 
recessions (e.g., Brutsaert and Nieber 1977, Biswal and Kumar, 2014), and 
encompasses a family of solutions to the Boussinesq equation that represent 
sloping aquifers (Rupp and Selker 2006b, Bogaart et al., 2013) and aquifers 
with power law hydraulic conductivity profiles (Rupp and Selker, 2005, 
Rupp and Selker, 2006b). 

Piecewise 
log-linear 

ÌÏÇὗὸ  ὥ  ὦὸȟ   ὸ Ὧ
  ὧ Ὠὸȟ   ὸ Ὧ 

ὧ ὯὨ ὦ ὥ  
4 

Equation was developed for this study 

 

29





r Ű r Ű r Ű r Ű r Ű
Gauge elevation -0.02 0.07 0.30 0.32 -0.40 -0.29-0.65 -0.470.11 0.03
Mean elevation 0.28 0.22 0.14 0.33-0.70 -0.60-0.21 -0.13 0.05 -0.01
Vegetated area -0.28 -0.18 0.01 -0.28 0.42 0.34 -0.08 0.01 0.08 0.16
Young bedrock -0.88 -0.59 -0.81 -0.710.09 0.08 0.12 0.270.76 0.53
Glacier area 0.64 0.460.16 0.15 -0.30 -0.18 0.34 0.29 -0.38 -0.24
Hypsometric integral 0.24 0.20 -0.16 -0.04 -0.14 -0.01 0.490.29-0.13 -0.16
Average slope -0.03 -0.11 -0.33 -0.27 0.36 0.32 0.690.33-0.13 -0.05
Drainage density -0.26 -0.15 0.31 0.00 0.37 0.11-0.70 -0.49-0.15 -0.05
Notes:
   1. Values used in statistical tests were expressed as specific discharge (mm d-1).

Recession parameterŰ
Fall recession coefficient, b -0.09
Winter recession coefficient, d -0.07
Transition day, k -0.22
Transition discharge(1) 0.12
Notes:
   1. Values used in Mann-Kendall test were expressed as specific discharge (mm d-1).

Normalized 
transition 
discharge

Table 3-5 Pearson's r and Kendall's Ű for relationships between average recession parameters and watershed attributes. 
Relationships that are significant at p<0.05 are bolded. 

Table 3-6 Mann-Kendall Ű values for temporal trends in recession parameters at the Bow River. Trends that are significant at 
p<0.05 are bolded. 

Watershed attribute
Fall recession 
coefficient, b

Winter recession 
coefficient, d Transition day, k

Transition 
discharge(1)
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Figure 3-1 Sankey diagram for the Athabasca River illustrating how discharge data from the Water Survey of Canada (WSC)
was discarded throughout the recession analysis procedure. Data is represented by the black rectangles and steps in the
procedure are represented by blue dashed lines.
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(55 years)

Incomplete data
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(1 year)
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curve fitting
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Figure 3-2 Discharge in the Bow River at Banff. In (A), a rain or snowmelt event was
interpreted in the fall, resulting in clipping of the discharge record. In (B), a mid-winter
rain or snowmelt event was interpreted, resulting in that year of discharge data being
discarded.
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Figure 3-3 Examples of manually discarded years of discharge data. Data is from the
Silverhorn River. The data shown in (A) was discarded due to abnormal winter discharge
values and the data shown in (B) was discarded due to an unusual increase in noise.
Abnormal data shown in (A) and (B) could be caused by malfunction of the equipment
used to measure river stage.
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Figure 3-4 Parameters used in the piecewise log-linear function (Equation 3-3), using a
sample fit from the Bow River at Banff.

Figure 3-5 Examples of poor-quality, discarded curve fits. Data is from the Kootenay
River. In (A), the piecewise log-linear function did not provide a substantial improvement
over a simple log-linear function. The fit shown in (B) was discarded because the winter
recession was steeper than the fall recession. Potential causes for the two types of poor-
quality fits are discussed in Section 3.2.4.
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Figure 3-6 Exploratory analysis curve fits for a sample year of data from the Bow River.
Curve fits include (A1 – D1) models based on solutions to the Boussinesq equation (see
Table 3-2) and (E1) a piecewise log-linear model. Figure F1 shows a LOWESS smooth.
Residuals are shown for each parametric fit (A2-E2) and are defined in Equation 3-2.
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Figure 3-7 Examples of piecewise log-linear fits for (A-D) the Goldstream River, (E-H) the Miette River, and (I-L) the Elk
River at Natal.
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Figure 3-8 Box plots summarizing (A,G) R2 values, (B-E,H,I) recession parameter values, and (F) winter discharges. Recession parameters include fall recession coefficients (b), winter recession coefficients (d), transition days (k), and
transition discharge. R2 and recession parameters are shown from (A-E) the first stage of curve fitting and (G-I) the second stage of curve fitting, where calculated. R2 values, recession parameters, and winter discharges were calculated for
individual years of data; box plots summarize the distributions of these values for each watershed. In all box plots, whiskers show the range of data, up to 1.5 times the interquartile range (following Helsel et al., 2020). Values beyond the limits
of the whiskers are shown as points. Watershed abbreviations are defined in Table 3-1.
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Figure 3-9 Examples of poor-quality piecewise log-linear fits for selected watersheds in the Colombia Mountains and Southern
Rocky Mountains.
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Figure 3-10 Measured, mean, median, and quartile discharges for selected watersheds in (A-D) the Colombia Mountains, (E-G) the Southern Rocky Mountains, and (H-O) the Northern Rocky Mountains. Measured discharges have been 
clipped using the algorithm described in Section 3.2.3. Mean, median and quartile discharges are only shown where they were calculated using more than 20 years of discharge data. 
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watersheds in the Colombia Mountains (Col), Northern Rocky Mountains (NR), and
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Figure 3-11 Relationships between recession parameters, including fall recession
coefficients (b), winter recession coefficients (d), transition day (k), transition discharge
(Qtrans), normalized transition discharge (Norm. Qtrans), mean winter discharge (Qwinter), and
winter flow index (WFI). Each point represents the average recession parameter for a
watershed.
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Figure 3-13 Relationships between watershed attributes and (A-H) fall recession coefficients, (I-P) winter recession coefficients, (Q-X) transition days, (Y-AF) transition discharge, and (AG-AN) normalized transition discharge. Each point 
represents an average recession parameter for a single watershed. The point representing the Kootenay River (KO) is annotated in selected subplots.
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al., 2020; Winkler et al., 2016). Studies have theorized that fine sediments in rock glaciers are till s 

(Hausmann et al., 2007; Winkler et al., 2016), rockfall debris (Isaksen et al., 2000), or material deposited 

by fluvial processes within the rock glacier (White, 1981). Dimensions and hydraulic properties of rock 

glaciers interpreted through field studies are summarized in Tables 4-1 and 4-2. 

The climatic setting of the three types of alpine aquifers is often similar. Total annual precipitation 

generally increases with elevation due to orographic effects, and recharge occurs during the spring and 

summer when the winter snowpack melts and summer rain occurs (Hayashi, 2020). Recharge rates are 

likely highest during the snowmelt period (Hood and Hayashi, 2015). Climate data from several locations 

in the Canadian Rocky Mountains (Table 4-3 and Figure 2-1 E to G) demonstrate changes in mean annual 

precipitation and the timing of recharge with elevation. 

 

4.2.2 Conceptual model 

A generalized conceptual model was abstracted from previous field studies (Section 4.2.1) to 

describe groundwater flow and storage processes in alpine talus slopes, rock glaciers, and moraines 

(Figure 4-2). While the genetic, geologic, and topographic characteristics of the three landforms vary, 

previous studies have demonstrated that they share many similar fast and slow hydrogeologic processes, 

such as rapid transmission of hydrologic inputs and large storage capacities capable of sustaining winter 

baseflow. Furthermore, proposed explanations for the fast and slow processes have common themes, 

including bedrock topography and the presence of fine sediment. Because commonalities in 

hydrogeologic processes have been observed across multiple types of alpine landforms, a single, general 

conceptual model is proposed. The three different types of landforms and variations of the same type of 

landform are considered end members described by the single, generalized conceptual model.  

The domain of the conceptual model (Figure 4-2) includes unconsolidated hillslope sediments and 

an underlying layer of fractured bedrock, all of which constitute a local groundwater flow system 

(Hayashi, 2020). Hydrologic boundaries exist at the limits of the conceptual domain. At the surface of the 

landform, infiltration occurs, and is supplied by snowmelt, rainfall, and runoff from adjacent areas. 

Infiltrating water may include contributions from glacial melt, though annual glacial melt fluxes are 

expected to be small relative to those from rainfall and snowmelt (e.g., Hood and Hayashi, 2015). 

Evapotranspiration is low to negligible (Section 4.2.1), so annual recharge is assumed to be equal to 

annual precipitation. Total annual recharge in the conceptual model is between 430 and 1200 mm and 

starts in April or May and ends between late August and October (Table 4-4). The ranges of total recharge 

and recharge period lengths (Table 4-4) were based on those observed in the Rocky Mountains (Table 

4-3) and represent a range of elevations: at higher elevations, total annual recharge is greater and occurs 

over a shorter period, while the opposite is true at lower elevations. At the downstream toe of the 
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seven simulations, discharge increases during the spring and remains high in the summer while the 

specified flux boundary is active. When flux is no longer applied in the fall and winter, discharge 

declines. In the layered hillslope (C02a) and the FSD hillslope with fine sediment (C05a), simulated 

discharge has a fast fall recession, followed by a slower recession period in the winter. The recession is 

represented well by a piecewise log-linear function (Figure 4-9 D and L respectively). Discharge 

derivatives for the two simulations (Figure 4-9 K) show that the recessions have large slopes in the early 

fall, followed by low, relatively constant slopes in the winter. In the three homogenous models (C01a, 

C01b, and C01c) and C04a (FSD without fine sediment and base-case bedrock K), discharge decreases 

fairly steadily throughout the fall and winter (Figures 4-8 D, F and 4-9 E, H). Discharge declines most 

rapidly in model C01c, which has the lowest transmissivity (Figure 4-8 D and F). Two-part recessions 

with a distinct change in slope are not evident in the simulated hydrographs from these four models 

(Figure 4-8 C, E, G and Figure 4-9 G). Discharge derivatives support this interpretation: Figure 4-9 K 

shows that the recession from model C01b has a slope that slowly decreases in time. Unlike models C02a 

and C05a, there is no distinct change in slope in the recession from model C01b. The simulated 

hydrograph from simulation C04b (FSD without fine sediment and higher bedrock K) has a form that falls 

in between the two-part recessions from the fine sediment hillslopes and the steadily declining discharge 

from the four homogeneous-type hillslopes (Figure 4-9H). Discharge derivatives for C04b (Figure 4-9K) 

are similar to those from C01b and C04a however, and show that there is no distinct change in slope in 

the simulated recession. The flattening of the hydrographs in C02a and C05a results in higher winter flow 

rates (0.7 and 1.0 mm d-1 respectively), relative to winter discharges in models C01a, C01b, C01c, and 

C04a (0.3, 0.2, 0.1, and 0.3 mm d-1 respectively). Winter discharge in simulation C04b is 0.5 mm d-1, 

which is less than simulations C02a and C05a, but greater than that from the homogenous hillslopes 

(C01a, C01b, and C01c).  

Water contents in simulations C01b, C02a, C04a, and C05a are shown in Figures 4-25 to 4-28, 

respectively. In simulation C01b, a wetting front advances through a large unsaturated zone during the 

first month of the recharge period (Figure 4-25 A to D). When it reaches the base of the model it causes a 

thin layer of elevated water contents to form (Figure 4-25 E). This thin layer drains during the recession 

period. In simulation C02a, an upslope portion of the fine sediment layer becomes saturated during the 

recharge period (Figure 4-26 A1 to C1), then slowly drains throughout the fall and winter (Figure 4-26 C1 

to F1). Water contents in the coarse sediment also increase during the recharge period (Figure 4-26 A2 to 

B2), and then quickly diminish in the early fall (Figure 4-26 C2 to D2), corresponding to the fast 

recession period in the simulated hydrograph (Figure 4-9H). Similar seasonal filling and draining of the 

fine sediment layer and activation of the coarse sediment layer is evident in simulation C05a (Figure 

4-28). Spatial water contents from models C02a and C05a confirm that the simulations replicate the flow 
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processes in the layered conceptual model (Section 4.2.2). Temporal changes in water contents in 

simulation C04a are more subtle: sediments in bedrock depressions are saturated and show slight 

increases in water content during the recharge period (Figure 4-27 A to B) and slight decreases 

throughout the fall and winter (Figure 4-27 C to F). A thin area of the coarse sediment layer above the 

sloping portions of the bedrock surface also demonstrates increases in water content during the recharge 

period (Figure 4-27 A to B). Darcy flux vectors (Figure 4-27G) indicate that flow between depressions 

occurs through both coarse sediments and bedrock during the winter recession period. In simulation 

C04b, a greater volume of sediment in the bedrock depressions fills and drains (relative to C04a), and 

fluxes through the bedrock are higher (not shown). Water contents and flow vectors from models C04a 

(Figure 4-27) and C04b (not shown) confirm that these simulations represent the processes described in 

the FSD conceptual model (Section 4.2.2).  

Simulated recharge solute concentrations from models C02a, C04a, C04b, and C05a are shown in 

Figure 4-9F. In all four simulations, recharge solute is present in the simulated discharge in the first 12 

hours of the recharge period. Solute concentrations increase during the spring and summer and then 

become generally stable during the fall and winter. Simulated winter recharge solute concentrations from 

the FSD hillslopes without fine sediment (C04a and C04b) are approximately 0.8 mmol m-3, while 

simulated winter recharge solute concentrations for the layered hillslope (C02a) and FSD hillslope with 

fine sediment (C05a) are approximately 0.4 mmol m-3, indicating that baseflow from the two hillslopes 

with fine sediment contains a substantially larger proportion of water recharged before the simulated year. 

Simulated discharge ages in the four simulations (C02a, C04a, C04b, C05a, Figure 4-9I) decrease 

throughout the spring and summer, and then increase during the fall and winter recession period. Annual 

discharge ages from the FSD hillslopes without fine sediment (C04a and C04b) were between 0.3 and 1 

years. Discharge ages from the layered hillslope (C02a) and the FSD hillslope with fine sediment (C05a) 

were between 1.4 and 2.4 years. Simulated ages are consistent with the recharge solute concentrations, 

suggesting that discharge from hillslopes with fine sediment contains a greater proportion of water 

recharged prior to the simulated year, in both the recharge and recession periods. 

Layered hillslopes with a bedrock lower layer were also evaluated (Figure 4-10). Discharge from 

model C03a (higher K3), decreased steadily throughout the fall and winter and did not have a distinct two-

part recession (Figure 4-10 D, F, and I). In models C03b to C03e (base-case K3), two-part recessions 

became more distinct as bedrock depth increased (Figure 4-10 E, G, H, and J). Discharge derivatives for 

Series C03 were reviewed (not shown), but were dominated by undulations in the simulated discharge, so 

were not used to support the identification of two-part recessions. Simulated winter discharge in Series 

C03 was between 0.1 and 0.3 mm d-1, and was higher when bedrock depth was larger. Summer discharge 

ages in the C03 models were consistently low, while winter discharge age increased with increasing 
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the four series have a thicker coarse sediment layer, likely causing slower and more smoothed recessions. 

Uncertainties associated with the thicker coarse sediment layer are discussed in Section 4.5.5. Figures 

4-16, 4-17, 4-18, and 4-19 demonstrate that simulated fall and winter discharge is insensitive to changes 

in bedrock depression wavelength and depth in FSD hillslopes with and without fine sediment.  

 

Geology 

Simulated hydrographs from layered hillslopes with varying coarse sediment thickness (Series P09) 

are shown in Figure 4-20 C and D. As d1 increases, spring and summer discharge increases more slowly, 

suggesting that the thicker sediment causes a lagging effect. As d1 increases, recession hydrographs also 

become smoothed, causing winter discharges and recession rates to increase (Figure 4-29 C and I).  

Simulated discharge from layered hillslopes with varying fine sediment thickness (Series P10) is 

shown in Figure 4-21 C and D. Throughout the summer, discharge from hillslopes with thick fine 

sediment layers (greater than 5 m) is lower than the input flux, indicating that these models do not a reach 

a steady state condition during the recharge period. During the winter, discharge increases and recession 

coefficients decrease as d2 increases (Figure 4-29 D and J). Two-part recessions become more distinct as 

the fine sediment depth increases (Figure 4-21D). When d2 approaches zero, the simulated hydrograph 

approaches that of a homogenous hillslope containing only coarse sediment (model C01c). 

Simulated discharge from layered hillslopes with varying fine sediment hydraulic conductivity 

(Series P11) is shown in Figure 4-22. Hydrographs from two homogenous hillslopes (C01b and C01c) are 

shown for reference in Figure 4-22 D/G and F/I, respectively. Changes in K2 have a substantial effect on 

the simulated hydrographs. When K2 is 3.3 × 10-6 m s-1 and lower (P11a to P11f), two-part recessions are 

evident in the fall and winter (Figure 4-22 G). Simulated discharge from model C01c (a homogenous 

hillslope with 2 m of coarse sediment) is shown for reference in this grouping (Figure 4-22 D and G) 

because hydrographs from layered hillslopes are expected to be similar to C01c when K2 is very low and 

flow through the fine sediment is negligible. When K2 is between 3.3 × 10-6 m s-1 and 5.5 × 10-5 m s-1 

(P11g to P11k), hydrographs have transitionary forms with varying concavity and numerous undulations 

(Figure 4-22 H). When K2 is 5.5 × 10-5 m s-1 and greater (P11k to P11o), two-part recessions are no longer 

evident and hydrographs resemble that from a homogenous hillslope (simulation C01b, a hillslope with 

7 m of coarse sediment). The transition to the homogenous-type hydrographs is unsurprising because 

C01b is equivalent to a layered hillslope where K2 is so large that it is equal to K1. The complexity of the 

hydrograph response is reflected in the relationships between K2, winter discharge, and recession 

coefficients. As K2 increases, winter discharge increases and then decreases, reaching a maximum 

discharge at a K2 of approximately 10-5 m s-1 (Figure 4-29E). At low K2 values (below 3.3 × 10-6 m s-1), 

winter recession coefficients decrease as K2 increases, and at high K2 values (above 5.5 × 10-5 m s-1) 
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coefficients increase as K2 increases (Figure 4-29K). Recession coefficients were not calculated for some 

of the transitionary hydrographs, as the quality of these piecewise log-linear fits was poor. 

In Series P12 both K2 and d2 were varied while maintaining a constant transmissivity (Figure 4-23). 

Three groups of hydrographs are evident in this series (Figure 4-23D). Hydrographs from hillslopes with 

low d2 values and high K2 values (P12a to P12c) have gradually declining fall and winter discharges that 

are similar to a homogenous hillslope (model C01c); these hydrographs plot on top of one another. At 

high d2 values and low K2 values (P12g to P12l), two-part recessions are evident, and again, hydrographs 

are nearly identical. At intermediate d2 and K2 values (P12e to P12 g), simulated hydrographs fall between 

the first and second groups. Winter discharges and recession coefficients reflect this grouping: at low d2 

values and high K2 values, winter discharges and recession coefficients are insensitive to changes in these 

parameters (Figure 4-29 F and L). Discharges and recession coefficients are similarly insensitive over a 

range of high d2 values and low K2 values. In the third, transitionary group of models, recession 

coefficients increase and winter discharges decrease as K2 increases and d2 decreases.  

 

Climate 

Simulated discharge from hillslopes with increased and decreased recharge is shown in Figure 4-24 

G, H, M, and N. Results are shown for models with standard initial conditions (Part A, Figure 4-24 G and 

M) and initial conditions developed using the modified recharge signals (Part B, Figure 4-24 H and N). 

The base-case model in Parts A and B (P13a) is identical to simulation C02a. Spring and summer 

discharges in all P13 models increase or decrease in proportion to the changes in recharge. In contrast, 

winter discharge is insensitive to both short-term and long-term changes in recharge (Figures 4-24 M, N, 

and 4-28 G), decreasing only slightly in response to extreme reductions (-70%) in annual recharge 

(models P13l and P13w). When recharge increases, the type of initial condition used has minimal effect 

on both summer and winter discharges (Figures 4-24 G, H, M, and N and 4-28 G). When recharge 

decreases, summer discharges in the Part B models are lower than the Part A models (Figure 4-24 G, H, 

M, and N). Initial conditions have minimal effect on winter discharge, except at extreme decreases (-50% 

to -70%), where discharges are slightly lower in the Part B simulations (Figure 4-29G).  

Changes in the timing of recharge were investigated in Series P14 (Figure 4-24 C, I, and O). The 

base-case recharge signal was shifted by two weeks in model P14b and causes a corresponding two-week 

shift in the simulated hydrograph. This suggests that the timing of recharge is a control on the transition 

day in two-part recessions. Interestingly, the flat winter recession in the base-case model means that the 

recharge shift has a negligible effect on the magnitude of winter discharge (Figure 4-24O). 

Changes in recharge associated with changes in elevation were assessed in Series P15 (Figure 4-24 

D, J, and P). As the summer recharge period becomes longer and recharge intensity decreases with 
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decreasing hillslope elevation, simulated summer discharge undergoes analogous changes (Figure 4-24 J 

and P). The changes in recharge have little effect on winter recession coefficients and winter discharge 

magnitudes (Figure 4-24 J and P). Piecewise fits for the P15 hydrographs (e.g., Figure 4-32 A and C) 

indicate that the transition days occur earlier at the higher elevation hillslopes (Figure 4-32E). 

The effects of shifts in snowmelt and rainfall were investigated in Series P16 (Figure 4-24 E, K, 

and Q). In these models, simulated discharge peaks during the snowmelt period, and is then lower and 

relatively constant during the rainfall period (Figure 4-24 K and Q). When the rainfall period ends, 

discharge decreases slightly. The duration of the constant late summer/fall discharge period is longer in 

simulations where snowmelt ends earlier and rainfall ends later. Piecewise fits for the P16 models indicate 

that transition days are earlier in models with earlier snowmelt periods (Figure 4-32 F). Sample fits 

(Figure 4-32 B and D) show that the timing of the transition day reflects the end of the snowmelt period, 

and not the end of the rainfall period.  

Simulated hydrographs from models forced with fluxes from the Opabin watershed (Series P17, 

Hood and Hayashi, 2015) are shown in Figure 4-24 L and R. During the spring, summer, and early fall, 

simulated discharge is an attenuated reflection of the input fluxes. During the late fall and winter, 

simulated discharges from the two years are nearly identical. Glacier melt and evapotranspiration fluxes 

are between 1% and 3% of the combined snowmelt and rainfall flux in both simulated years, so modelled 

discharge strongly reflects the snowmelt and rainfall fluxes. 

 

4.4.4 Storage-discharge relationships  

Storage-discharge relationships from the three homogenous models (Series C01) and simulations 

C02a, C04a, C04b, and C05a are shown in Figure 4-33. Except for model C01c, all relationships are 

distinctly hysteretic. The SDRs have both clockwise and counter-clockwise directions of change. 

Clockwise directions of change reflect discharges that are higher during the recharge period and lower in 

the recession period for a given storage value; counter-clockwise directions reflect discharges that are 

higher during the recession period for a given storage value. The two hillslope models with fine sediment 

(C02a and C05a) have clockwise SDRs (Figure 4-33 D and G, respectively). These SDRs have recession 

arms with two distinct segments. The first occurs in the month after recharge ends and has a steep slope 

representing rapid changes in discharge as storage declines. The second segment has a lower slope, 

indicating that discharge is less sensitive to storage changes during the late fall and winter. The transition 

between the two segments occurs at the beginning of October and corresponds approximately with the 

transition day of the two-part recessions from the two models (Figure 4-9 D and L). Models C01a, C01b, 

C04a, and C04b have distinctly counter-clockwise SDRs (Figure 4-33 A, B, C, E, and F respectively). 

The SDRs from the four models have recharge arms with two segments: an initial low-slope segment 
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the slope in the simulated recession. The bedrock dam models had a fourth recession form characterized

by steadily declining discharge; these simulated hydrographs did not have two-part recessions (Figure

4-11 F and G). Substantial differences in pre-event water fractions and discharge ages were also evident

in the Group 2 simulations: in hillslopes without fine sediment, simulated discharge was largely event

water, while discharge from hillslopes with fine sediment contained a substantially larger fraction of pre-

event water (Figure 4-9 F and I). Taken together, flow and transport modelling results suggest that the

layered hillslope conceptual model (where the lower layer is sediment, not fractured bedrock) is most

consistent with field observations of two-part recessions and pre-event water fractions. Hillslopes with

both bedrock depressions and fine sediment (C05a) also reproduce the two field observations, due to the

presence of the fine sediment HSU. Because the layered hillslope and FSD hillslope with fines were the

most consistent with field observations, these hillslope types were used throughout the Group 3 sensitivity

analyses.

Intermediate-type recessions and higher winter baseflow rates observed in the FSD hillslope with

higher bedrock K (C04b, Figure 4-9 J) and the layered hillslopes with the base-case bedrock K (C03b to

C03e, Figure 4-10) suggest that groundwater stored in bedrock depressions or bedrock itself may make

secondary contributions to two-part recessions in specific circumstances. The higher bedrock K used in

the FSD hillslope model (10-6 m s-1, C04b) is considered an upper bound estimate, as the most commonly

cited value for this HSU in mountain environments is 10-7 m s-1 (Welch and Allen, 2014). In the layered

hillslope models with typical bedrock K (C03b to C03e), two-part recessions were most distinct when

bedrock depths were large (20 to 30 m) (Figure 4-10 E, G, H, J). The depth of weathered and fractured

bedrock is expected to be less than 10 to 20 m in alpine environments due to rapid erosion rates

associated with the periglacial conditions (Ballantyne, 2002; Hayashi, 2020). Thus, secondary

contributions from bedrock and bedrock depression storage are likely minimal in typical alpine

environments and are likely only relevant in settings with above-average weathering depths and fracture

densities. Even when this secondary contribution is relevant, modelling results suggest that bedrock

contributes little pre-event water during recharge events due to its relatively low porosity, so is less

consistent with field observations. Interpretations about the relative importance of storage in bedrock

depressions do not appear to be dependent on the assumed bedrock depression geometry, as discharge

was found to be insensitive to depression geometry (Section 4.4.3).

The importance of low-conductivity fine sediment and the secondary importance of flow across

bedrock topography is consistent with the findings of Pauritsch et al. (2017), who modelled a rock glacier

and concluded that a low-conductivity sediment layer was the dominant contributor to baseflow. The

finding is also consistent with the interpretation of a thin low-conductivity layer in a talus slope by

Kurylyk and Hayashi (2017), but contrasts with several other mountain groundwater modelling studies
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demonstrate that SDRs change with changing antecedent conditions. Given the importance of the spatial 

distribution of storage, it is unsurprising that SDRs depend on antecedent conditions. 

 

4.5.4 Representation of alpine landforms in hydrologic models 

Findings from this study were used to assess the strengths and limitations of using SDRs to 

represent alpine aquifers in regional-scale hydrologic models. Hayashi (2020) presented a roadmap for 

this process, suggesting that alpine landforms could be mapped using geospatial data and that SDRs could 

be interpreted using a library of intensive field investigations. Unfortunately, SDRs generated in this 

study indicate that they have several limitations. First, SDRs were not fixed properties of hillslopes. Even 

when hillslope hydraulic parameters and geometry were held constant, the rising limbs of SDRs were 

found to change with changes in initial water content distributions (Series P13, Figure 4-34 N and O). The 

falling limbs of the SDRs (associated with fall and winter baseflow) were relatively insensitive. The 

sensitivity of the rising SDR limbs to antecedent conditions echoes the findings of Harman and Sivapalan 

(2009), who concluded that SDRs are products of many factors, including both hillslope properties and 

climate. The effect of antecedent conditions on runoff responses has been recognized as a long-standing 

challenge in physical hydrology (Beven, 2006; Kirchner, 2009). Assuming that antecedent conditions 

could be inferred somehow (perhaps from remotely sensed data), or that only baseflow conditions were of 

interest, the ubiquity of hysteresis in SDRs (attributed to changes in the spatial distribution of storage) 

would still present a formidable challenge. Hysteresis in hillslope SDRs has been well documented in 

both field and modelling studies (Bartlett and Porporato, 2018; Beven, 2006; Camporese et al., 2014; 

Harman and Sivapalan, 2009; Norbiato and Borga, 2008). Appropriate application of SDRs in regional-

scale hydrologic models would require characterization of both the rising and falling limbs, each specific 

to the antecedent conditions of interest. Finally, the practicality of SDRs is limited by their high 

sensitivity to physiographic parameters that are likely difficult to characterize, such as hillslope 

heterogeneity and hydraulic parameters. For example, results from Series P11 (Figure 4-34L) suggest that 

hydraulic conductivity must be known within a fraction of an order of magnitude to accurately 

characterize SDRs (a level of accuracy that is rarely achieved in intensive field investigations). 

Additionally, it is not clear how parameters such as sediment depth and hydraulic conductivity could be 

interpreted from typical, low-resolution spatial datasets describing bedrock and surficial geology (e.g., 

Table A-2 in Appendix A), especially when landforms with similar surficial presentations may have very 

different internal structures (e.g., Christensen et al., 2020; Muir et al., 2011). Similar geospatial data 

limitations have been identified in other studies of alpine watersheds (Arnoux et al., 2021; Floriancic et 

al., 2022; Thornton et al., 2022).  



















4.7 Tables and figures

Table 4-1 Summary of key landform dimensions interpreted in selected field studies.

Landform Study site Length (m) Bedrock slope Surface slope
Maximum
sediment

thickness (m)

Saturated thickness
above bedrock (m)

Lower layer
thickness (m) References

Rock glacier Helen Creek rock glacier, Alberta,
Canada(1)

210 18° 14° > 30 1 to 2 (4) Not interpreted Harrington et al., 2018

Schöneben rock glacier, Austria 750 18° Not reported > 60 15 (5) 10 (5) Winkler et al., 2016
Pauritsch et al., 2017

Reichenkar rock glacier, Austria 1400 Not interpreted Average: 11°
Maximum: 41°

30 Not interpreted 5 to 10 Hausmann et al., 2007

Ölgrube and Kaiserberg rock glaciers,
Austria

350 to 880 11° 8° to 20° 35 to 50 Not interpreted Not interpreted Hausmann et al., 2012

Talus slope Lake O'Hara Babylon talus, British
Colombia, Canada(1)

200 13° 8.5° to 35° (2) 20 0.01 to 0.1 (5) 0.1 (6) Muir et al., 2011
Kurylyk and Hayashi, 2017

Lake O'Hara talus meadow complex,
British Colombia, Canada(1)

40 to 45 (2) Not interpreted 17° to 29° (2) 6 Thin (5) Not interpreted McClymont et al., 2010

Hathataga talus, Alberta, Canada(1) 200 to 210 (2) Not interpreted > 30° 60 Up to 30 (5) Not interpreted Christensen et al., 2020
He and Hayashi, 2023

Moraine Lake O'Hara Opabin moraine, Alberta,
Canada(1)

1500 Variable(3) 6° (2) 16 to 30 2 to 10 Not interpreted Langston et al., 2011
McClymont et al., 2011
McClymont et al., 2012

Hathataga moraine, Alberta, Canada(1) 200 (2) Not interpreted <5° (2) Up to tens of
meters

Not interpreted 10 (6) He, 2021
He and Hayashi, 2023

Notes:
   1. Location of the study site is shown in Figure 2-1C.
   2. Length and slope values were measured from maps provided in cited papers.
   3. Bedrock elevation was found to be variable and does not exhibit an overall trend along the length of the moraine (McClymont et al., 2012).
   4. Value represents the estimated change in saturated thickness during the winter recession period.
   5. Saturated thickness was interpreted from measurements made during the summer.
   6. Value was interpreted using a numerical model.
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Table 4-2 Summary of hydraulic properties interpreted for moraines, talus slopes, rock glaciers, and fractured bedrock.

Landform or hydrogeologic unit
Hydraulic

conductivity (m s-1) Porosity(1) Specific yield(2) References

Bulk moraine sediment(3) 10-5 to 10-3 0.20 to 0.40 0.27 McClymont et al., 2012
Langston et al., 2013
Magnusson et al., 2014
Vincent et al., 2019
He and Hayashi, 2023
He, 2021

   Upper moraine sediments 10-2 to 10-1 Not estimated Not estimated He and Hayashi, 2023
   Lower moraine sediments 10-5 to 10-3 Not estimated Not estimated He and Hayashi, 2023

Bulk talus sediment(3) 10-3 to 10-2 0.20 to 0.40 0.30 to 0.33 Clow et al., 2003
Muir et al., 2011
Kurylyk and Hayashi, 2017
He and Hayashi, 2023

   Upper talus sediments 10-3 to 10-1 Not estimated Not estimated Kurylyk and Hayashi, 2017
He and Hayashi, 2023

   Lower talus sediments 10-3 Not estimated Not estimated Kurylyk and Hayashi, 2017

Bulk rock glacier sediment(3) 10-3 to 10-2 0.20 to 0.40 Not estimated Harrington et al., 2018
   Upper rock glacier sediments 10-2 Not estimated Not estimated Winkler et al., 2016
   Lower rock glacier sediments 10-6 to 10-4 Not estimated 0.30 Winkler et al., 2016

Pauritsch et al., 2017
Harrington et al., 2018

Fractured bedrock 10-8 to 10-5 0.001 to 0.10 Not estimated Welch and Allen, 2014
Gleeson and Manning, 2008
Gelhar et al., 1992

Notes:
   1. Porosity values in the cited references were estimated using literature values, not direct measurement.
   2. Specific yield values were interpreted using groundwater modelling methods
   3. Hydraulic conductivity values were estimated using measurements across entire landforms.
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Table 4-3 Summary of climate data at selected locations in the Canadian Rocky Mountains.

Site(1) Elevation
(m)

Mean annual
precipitation

(mm)

Approximate recharge
period Reference(s)

Opabin sub-watershed,
Lake O'Hara, British
Colombia

2020 to 2400 1000 to 1200 Mid May to late August McClymont et al., 2010
Hood and Hayashi, 2015

Hathataga Lake
watershed, Alberta

2082 to 2900 780 to 1180 Early May to late August Christensen et al., 2020
He, 2021
He and Hayashi, 2023

Helen Creek rock
glacier, Alberta

2325 to 2400 745(2) Late April to late September Harrington et al., 2018

Banff weather station,
Alberta

1396 494(3) May to September(4) Mekis and Vincent, 2011
Vincent et al., 2012

Golden weather station,
British Colombia

784 463(3) April to October(4) Mekis and Vincent, 2011
Vincent et al., 2012

Jasper weather station,
Alberta

1020 434(3) May to September(4) Mekis and Vincent, 2011
Vincent et al., 2012

Notes:
   1. Site locations are shown in Figure 2-1 B and C.
   2. Value is not corrected for wind-induced undercatch, so is likely a substantial underestimate.
   3. Calculated using data from Mekis and Vincent (2011).
   4. Interpreted from Figure 2-1 E, F, and G using rainfall fractions and mean temperatures.

Table 4-4 Summary of conceptual model parameters.
Conceptual model

parameter
Length

Ground surface slope(1)

Bedrock surface slope(1)

Total annual recharge
Start of recharge period
End of recharge period

Notes:
   1. The ground surface slope and bedrock slope are assumed to be the same or similar in the conceptual model, as
       discussed in Section 4.2.2.
   2. Higher values represent hillslopes at higher elevations and vice versa.
   3. Shorter recharge periods represent hillslopes at higher elevations and vice versa.

Conceptual model
HSU Effective porosity (-) HSU thickness (m)

Coarse sediment (1) 0.20 to 0.40 5 to 50
Fine sediment (1) 0.20 to 0.40 0.1 to 10

Fractured bedrock 0.001 to 0.10 < 20(2)

Notes:
   1. "Fine" and "coarse" are used in relative terms in this work, consistent with previous studies of alpine aquifers.
   2. Based on reviews by Hayashi (2020) and Welch and Allen (2014).

10-8 to 10-6 (2)

Parameter value(s)

50 m to >1000 m
5° to 35°
5° to 35°

430 mm to 1200 mm(2)

April to May(3)

Late August to October(3)

Saturated hydraulic
conductivity, K s  (m s-1)

10-3 to 10-1

10-6 to 10-3

Table 4-5 Summary of conceptual hydrostratigraphic unit (HSU) hydraulic properties and dimensions. Ranges are
derived from field studies (Tables 4-1 and 4-2) and literature sources.
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Table 4-6 Summary of simulation groups and series.

Simulation groupSimulation 
series Hillslope configuration Varied parameter(s)

S01 Layered hillslope (lower layer is sediment) van Genuchten Ŭ 
S02 Layered hillslope (lower layer is sediment) van Genuchten n 
C01 Homogeneous hillslope Sediment depth and hydraulic conductivity 
C02 Layered hillslope (lower layer is sediment)(1) N/A
C03 Layered hillslope (lower layer is bedrock)Bedrock depth (d3) and bedrock hydraulic conductivity (K3)
C04 FSD hillslope without fine sedimentBedrock hydraulic conductivity (K3)
C05 FSD hillslope with fine sediment N/A
C06 Bedrock dam hillslopes Bedrock dam geometry
P01 Layered hillslope (lower layer is sediment) Hillslope angle (ɓ)
P02 FSD hillslope with fine sediment Hillslope angle (ɓ)
P03 Layered hillslope (lower layer is sediment) Hillslope length (l)
P04 FSD hillslope with fine sediment Hillslope length (l)
P05 FSD hillslope without fine sediment Bedrock depression wavelength (ɚ)
P06 FSD hillslope with fine sediment Bedrock depression wavelength (ɚ)
P07 FSD hillslope without fine sediment Bedrock depression depth (ȹz)
P08 FSD hillslope with fine sediment Bedrock depression depth (ȹz)
P09 Layered hillslope (lower layer is sediment)Coarse sediment thickness (d1)
P10 Layered hillslope (lower layer is sediment)Fine sediment thickness (d2)
P11 Layered hillslope (lower layer is sediment)Fine sediment hydraulic conductivity (K2)
P12 Layered hillslope (lower layer is sediment)Fine sediment thickness (d2) and hydraulic conductivity (K2)
P13 Layered hillslope (lower layer is sediment) Total recharge, relative to base case recharge
P14 Layered hillslope (lower layer is sediment) Recharge start date
P15 Layered hillslope (lower layer is sediment)Hillslope elevation(2)

P16 Layered hillslope (lower layer is sediment)Recharge intensity and start and end date(3) 

P17 Layered hillslope (lower layer is sediment)Year of Opabin recharge data(4)

Notes:
   1. This is the base case simulation described in Section 4.3.1.
   2. Changes in hillslope elevation were represented by varying total recharge and its timing (Figure 4-24 D).
   3. Recharge patterns in this series were modified to represent snowmelt- and rainfall-dominated periods, as well as shifts in these periods associated with
       climate change. Recharge patterns are shown in Figure 4-24 E.
   4. Opabin recharge data is from Hood and Hayashi (2015) and was collected at the Lake O'Hara watershed in British Colombia (Figure 2-1 C).

1 - Model setup 
sensitivity analyses

2 - Conceptual model 
evaluation

3 - Physiographic 
controls sensitivity 

analyses

94



Table 4-7 Summary of target element sizes used to construct the base case mesh.

Zone Flow
conditions

Flow
directions

Target
vertical

element size
(m)

Target
horizontal

element size
(m)

1 Partially
saturated

Primarily
vertical

0.15 to 0.22 1

2
Saturated and
partially
saturated

Variable 0.15 to 0.22 0.15 to 0.22

3 Saturated Variable 2 2

Table 4-8 Base case hydraulic properties and thicknesses of the numerical model hydrostratigraphic units (HSUs).

Numerical model HSU

Saturated
hydraulic

conductivity,
K s  (m s-1)

Saturated
water

content, ɗ s

(m3 m-3)

Residual
water

content, ɗ r

(m3 m-3)

van
Genuchten
Ŭ  (m-1)

van
Genuchten

n  (-)

HSU depth
(m)

Moderate hydraulic
conductivity sediment(1) 2.9 x 10-4 0.40 0.10 4 2.3 7

Coarse sediment 1.0 x 10-3 0.33 0.03 4 2.3 2
Fine sediment 1.0 x 10-6 0.40 0.10 4 2.3 5
Fractured bedrock 1.0 x 10-7 0.01 0 4 2.3 5
Notes:
   1. This HSU was only used in simulation C01a.

Value
1.7 x 10-4

20
2

Notes:
   1. Value used is the self-diffusion coefficient of water.
   2. Value was applied to all simulated materials.

Table 4-10 Summary of solver parameters used in flow and transport simulations.
Value

10
0.0001
0.001
0.5%

10
Notes:
   1. The stability criterion is the product of the Peclet number and Courant number and is used to limit time step
       sizes in transport simulations (ŠimŢnek et al., 2011).

Water content tolerance (m3 m-3)
Pressure head tolerance (m)
Maximum acceptable water balance error
Stability criterion (for transport simulations)(1) (-)

Solver parameter
Maximum number of iterations (for flow simulations)

Molecular diffusion coefficient, D w  (m2 d-1)(1)

Longitudinal dispersivity, D L  (m) (2)

Transverse dispersivity, D T  (m) (2)

Transport parameter

Table 4-9 Transport parameters used in base case simulations. Listed parameters were used in both solute and age
simulations.
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Table 4-11 Summary of parameters used and processes simulated in the Group 1 models.

Simulation
series

Simulation
name Varied parameter name Varied parameter

values
Types of simulations

completed(1)

S01a 1 F
S01b 2 F
S01c 4 F
S01d 10 F
S01e 20 F
S02a 1.7 F
S02b 2.0 F
S02c 2.3 F
S02d 2.6 F

Notes:
   1. F indicates flow, R indicates recharge solute, and A indicates groundwater age.

Table 4-12 Summary of parameters used and processes simulated in the Group 2 models.

Simulation
series

Simulation
name Hillslope configuration Varied parameter name Varied parameter

values Varied parameter name Varied parameter
values

C01a 7 2.9 x 10-4 F
C01b 7 1.0 x 10-3 F
C01c 2 1.0 x 10-3 F

C02 C02a Layered hillslope (lower
layer is sediment) N/A N/A N/A N/A F R A

C03a 5 1.0 x 10-6 F A
C03b 5 1.0 x 10-7 F A
C03c 10 1.0 x 10-7 F A
C03d 20 1.0 x 10-7 F A
C03e 30 1.0 x 10-7 F A
C04a 1.0 x 10-7 F R A
C04b 1.0 x 10-6 F R A

C05 C05a FSD hillslope with fine
sediment N/A N/A N/A N/A F R A

C06a F
C06b F

Notes:
   1. F indicates flow, R indicates recharge solute, and A indicates groundwater age.

N/A

S01 van Genuchten Ŭ  (m-1)

S02 van Genuchten n  (-)

C04 FSD hillslope without fine
sediment

Bedrock hydraulic
conductivity, K 3  (m s-1)

N/A N/A

C06 Bedrock dam models N/A N/A N/A

C03 Layered hillslope (lower
layer is bedrock)

Bedrock depth, d 3 (m)
Bedrock hydraulic
conductivity, K 3

(m s-1)

Types of
simulations
completed(1)

C01 Homogenous hillslope Total hillslope depth (m)
Sediment hydraulic

conductivity
(m s-1)
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Table 4-13 Summary of parameters used and processes simulated in the Group 3 models

Simulation
series

Simulation
name

Hillslope
configuration

First varied
parameter

name

First varied
parameter

values

Second
varied

parameter
name

Second
varied

parameter
values

P01a 5 N/A F
P01b 10 N/A F
P01c 15 N/A F
P01d 20 N/A F
P01e 25 N/A F
P01f 30 N/A F
P01g 35 N/A F
P02a 5 N/A F
P02b 10 N/A F
P02c 15 N/A F
P02d 20 N/A F
P02e 25 N/A F
P02f 30 N/A F
P02g 35 N/A F
P03a 100 N/A F
P03b 200 N/A F
P03c 400 N/A F
P03d 600 N/A F
P03e 800 N/A F
P04a 100 N/A F
P04b 200 N/A F
P04c 400 N/A F
P04d 600 N/A F
P04e 800 N/A F
P05a 10 N/A F
P05b 30 N/A F
P05c 60 N/A F
P05d 90 N/A F
P05e 120 N/A F
P05f 150 N/A F
P06a 10 N/A F
P06b 30 N/A F
P06c 60 N/A F
P06d 90 N/A F
P06e 120 N/A F
P06f 150 N/A F
P07a 0 N/A F
P07b 3 N/A F
P07c 6 N/A F
P07d 10 N/A F

P06
FSD hillslope

with fine
sediment

Bedrock
depression

wavelength,
ɚ (m)

N/A

P07
FSD hillslope
without fine

sediment

Bedrock
depression

depth,
ȹz (m)

N/A

P05
FSD hillslope
without fine

sediment

Bedrock
depression

wavelength,
ɚ (m)

N/A

P02
FSD hillslope

with fine
sediment

Hillslope
angle,
ɓ (°)

N/A

P03

Layered
hillslope (lower

layer is
sediment)

Hillslope
length,
l (m)

N/A

P04
FSD hillslope

with fine
sediment

Hillslope
length,
l (m)

N/A

Types of
simulations
completed(1)

P01

Layered
hillslope (lower

layer is
sediment)

Hillslope
angle,
ɓ (°)

N/A
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Simulation
series

Simulation
name

Hillslope
configuration

First varied
parameter

name

First varied
parameter

values

Second
varied

parameter
name

Second
varied

parameter
values

P08a 0 N/A F
P08b 3 N/A F
P08c 6 N/A F
P08d 10 N/A F
P09a 0.5 N/A F
P09b 1 N/A F
P09c 2 N/A F
P09d 3 N/A F
P09e 4 N/A F
P09f 5 N/A F
P09g 6 N/A F
P09h 7 N/A F
P09i 8 N/A F
P09j 9 N/A F
P09k 10 N/A F
P10a 0.05 N/A F
P10b 0.1 N/A F
P10c 1 N/A F
P10d 2 N/A F
P10e 3 N/A F
P10f 4 N/A F
P10g 5 N/A F
P10h 6 N/A F
P10i 7 N/A F
P10j 8 N/A F
P10k 9 N/A F
P10l 10 N/A F
P10m 12 N/A F
P11a 1.0 x 10-7 N/A F
P11b 3.3 x 10-7 N/A F
P11c 5.5 x 10-7 N/A F
P11d 7.8 x 10-7 N/A F
P11e 1.0 x 10-6 N/A F
P11f 3.3 x 10-6 N/A F
P11g 5.5 x 10-6 N/A F
P11h 7.8 x 10-6 N/A F
P11i 1.0 x 10-5 N/A F
P11j 3.3 x 10-5 N/A F
P11k 5.5 x 10-5 N/A F
P11l 7.8 x 10-5 N/A F
P11m 1.0 x 10-4 N/A F
P11n 3.3 x 10-4 N/A F
P11o 5.0 x 10-4 N/A F

P11

Layered
hillslope (lower

layer is
sediment)

Lower layer
conductivity,
K 2 (m s-1)

N/A

P10

Layered
hillslope (lower

layer is
sediment)

Lower layer
depth, d 2

(m)
N/A

P09

Layered
hillslope (lower

layer is
sediment)

Upper layer
depth, d 1

(m)
N/A

P08
FSD hillslope

with fine
sediment

Bedrock
depression

depth,
ȹz (m)

N/A

Types of
simulations
completed(1)
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Simulation
series

Simulation
name

Hillslope
configuration

First varied
parameter

name

First varied
parameter

values

Second
varied

parameter
name

Second
varied

parameter
values

P12a 1.0 x 10-4 0.05 F
P12b 7.1 x 10-5 0.07 F
P12c 5.0 x 10-5 0.1 F
P12d 1.0 x 10-5 0.5 F
P12e 7.1 x 10-6 0.7 F
P12f 5.0 x 10-6 1 F
P12g 1.7 x 10-6 3 F
P12h 1.0 x 10-6 5 F
P12i 7.1 x 10-7 7 F
P12j 5.6 x 10-7 9 F
P12k 5.0 x 10-7 10 F
P12l 4.2 x 10-7 12 F

P13a(2) +0%(2) F
P13b +10% F
P13c +20% F
P13d +30% F
P13e +100% F
P13f -10% F
P13g -20% F
P13h -30% F
P13i -40% F
P13j -50% F
P13k -60% F
P13l -70% F
P13m +10% F
P13n +20% F
P13o +30% F
P13p +100% F
P13q -10% F
P13r -20% F
P13s -30% F
P13t -40% F
P13u -50% F
P13v -60% F
P13w -70% F

P14a May 15 N/A F

P14b May 1 N/A F
P14

Layered
hillslope (lower

layer is
sediment)

Recharge
start date N/A

Initial
conditions

from spin-up
using

modified
recharged

P12

Layered
hillslope (lower

layer is
sediment)

Lower layer
conductivity,
K 2  (m s-1)

Lower layer
depth, d 2

(m)

Base case
initial

conditions(2)

P13

Layered
hillslope (lower

layer is
sediment)

Change in
total

recharge
relative to

base case(2)

Initial
conditions

Types of
simulations
completed(1)
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Simulation
series

Simulation
name

Hillslope
configuration

First varied
parameter

name

First varied
parameter

values

Second
varied

parameter
name

Second
varied

parameter
values

P15a 2000 N/A F
P15b 1757 N/A F
P15c 1514 N/A F
P15d 1271 N/A F
P15e 1028 N/A F
P15f 785 N/A F
P16a May 15 N/A F
P16b May 8 N/A F
P16c May 1 N/A F
P16d April 24 N/A F
P16e April 17 N/A F
P16f April 10 N/A F

P17a 2007 N/A F

P17b 2008 N/A F

Notes:
   1. F indicates flow, R indicates recharge solute, and A indicates groundwater age.
   2. Simulation P13a was used as the base case in Series P13. It has a total recharge of 1144 mm and is identical
       to simulation C02a. Recharge patterns in Series P13 are shown in Figure 4-24 A and B.
   3. Changes in elevation were represented by changing the timing and intensity of recharge (Figure 4-24D).
   4. Recharge patterns are shown in Figure 4-24E.
   5. Opabin recharge data is from Hood and Hayashi (2015).

Types of
simulations
completed(1)

P16

Layered
hillslope (lower

layer is
sediment)

Snowmelt
start date(4) N/A

P15

Layered
hillslope (lower

layer is
sediment)

Hillslope
elevation(3)

(m)
N/A

P17

Layered
hillslope (lower

layer is
sediment)

Year of
recharge
data from

the Opabin
watershed(5)

N/A
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FIELD OBSERVATIONS OF ALPINE 
LANDFORMS (SECTION 4.2.1)

CONCEPTUAL MODEL OF 
ALPINE LANDFORMS 
(SECTION 4.2.2)

NUMERICAL MODELS OF 
ALPINE LANDFORMS

OBJECTIVE 2: EVALUATE TWO COMPETING 
CONCEPTUAL MODELS OF "SLOW" 
GROUNDWATER FLOW PROCESSES IN 
ALPINE HILLSLOPES

OBJECTIVE 1: INVESTIGATE THE 
TOPOGRAPHIC, CLIMATIC, AND GEOLOGIC 
CONTROLS ON THE GROUNDWATER 
PROCESSES CONTRIBUTING TO FALL AND 
WINTER BASEFLOW 

OBJECTIVE 3: EVALUATE STORAGE-
DISCHARGE RELATIONSHIPS AS A METHOD 
FOR REPRESENTING ALPINE HILLSLOPES IN 
REGIONAL-SCALE HYDROLOGIC MODELSQ

S

Q Q

S S

GROUP 1 MODELS: SENSITIVITY ANALYSES USED TO SUPPORT 
SELECTION OF PARAMETERS IN BASE CASE MODELS

GROUP 2 MODELS:BASE CASE MODEL AND COMPETING 
CONCEPTUAL MODELS

GROUP 3 MODELS:PHYSIOGRAPHIC SENSITIVITY ANALYSES 

h

ɗ

EVALUATION OF STORAGE 
DISCHARGE RELATIONSHIPS 
(SECTIONS 4.5.3 AND 4.5.4)

EVALUATION OF GROUP 2 MODELS AGAINST 
FIELD OBSERVATIONS (SECTION 4.5.1)

Q

Time

D
i
s
c
h
a
r
g
e
 

a
g
e

Time

EVALUATION OF PHYSIOGRAPHIC 
CONTROLS (SECTION 4.5.2)

ANALYSIS AND EVALUATION OF 
MODEL RESULTS (SECTION 4.5)

THESIS OBJECTIVESCONSTRUCTION AND EXECUTION OF 
NUMERICAL MODELS (SECTION 4.3)

GROUP 1 MODELS 
WERE USED TO 
SUPPORT THE 
SELECTION OF 
PARAMETERS IN 
THE GROUP 2 
MODELS

GROUP 3 
MODELS WERE 
USED TO ASSESS 
UNCERTAINTIES 
IN THE GROUP 2 
MODELS

Figure 4-1 Overview of the modelling workflow demonstrating (A-C) the abstraction process used to develop conceptual and numerical models of alpine hillslopes and (D) the construction, execution, and evaluation of the numerical models 
in support of the thesis objectives. Sections in Chapter 4 corresponding to the components of the workflow are listed in the diagram. Photograph in (A) is from Masaki Hayashi.
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MORAINE
ROCK 
GLACIER TALUS

DISCHARGE AT 
TOE TO SPRING 
OR MEADOW

FAST AND SLOW 
GROUNDWATER 
FLOW PROCESSES

EVAPOTRANSPIRATION IS 
SMALL TO NEGLIGIBLE RAPID INFILTRATION 

THROUGH COARSE, 
BLOCKY SEDIMENT

RUNOFF FROM ADJACENT 
LANDFORMS OR 
BEDROCK SURFACES

SATURATED THICKNESS 
<< SEDIMENT THICKNESS

RAIN AND 
SNOWMELT

FRACTURED
BEDROCK HSU

COARSE SEDIMENT 
HSU (YELLOW) 

LAYERED 
CONCEPTUAL MODEL

FAST FLOW THROUGH 
COARSE SEDIMENT WHEN 
WATER TABLE IS HIGH

SLOW FLOW THROUGH 
FINE SEDIMENT WHEN 
WATER TABLE IS LOW

FILL, SPILL, DRAIN 
CONCEPTUAL MODEL

SPILLING ACROSS 
BEDROCK DEPRESSIONS 
WHEN WATER TABLE IS 
HIGH

DRAINAGE OF BEDROCK 
DEPRESSIONS THROUGH 
FRACTURES WHEN WATER 
TABLE IS LOW

MIXING OF EVENT AND 
PRE-EVENT WATER

Figure 4-2Conceptual model of hydrogeologic processes in alpine hillslopes including (A) the three alpine landforms described 
by the generalized conceptual model, (B) hydrostratigraphic units (HSUs) and hydrologic and hydrogeologic processes and in the 
generalized conceptual model, and (C and D) competing descriptions of fast and slow flow processes in the conceptual hillslope.

FINE SEDIMENT 
HSU (ORANGE)

A

B

C D

PORTION OF THE 
CONCEPTUAL MODEL 
REPRESENTED IN 
NUMERICAL MODELS 

LOW CONDUCTIVITY
BEDROCK
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COARSE SEDIMENT HSU

20 m

FINE SEDIMENT HSU

SPECIFIED FLUX BOUNDARY

NO FLOW BOUNDARY

A

B

SPECIFIED FLUX 
BOUNDARYSEEPAGE 

FACE 
BOUNDARYSPECIFIED 

HEAD 
BOUNDARY

NO FLOW BOUNDARY

COARSE 
SEDIMENT 
HSU

B

2 m
1 m 0.5 m

200 m

60 m

2 m
5 m

16.7Á

Figure 4-3Numerical model domain, boundary conditions, and hydrostratigraphic units (HSUs) in the base case layered hillslope 
model (model C02a). 
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Figure 4-4Finite element mesh used in the base case layered hillslope model (model C02a), showing discretization zones. 
Target element sizes used in the three zones are summarized in Table 4-7. 

ZONE 1 ZONE 2

ZONE 3
2 m

B

ZONE 1

ZONE 2

ZONE 3

1 m

C

ZONE 1

ZONE 2

ZONE 3 5 m

D

B

C

D

A
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