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Abstract

Mountain glacierized headwaters are currently witnessing a transient shift in their

hydrological and glaciological systems in response to rapid climate change. To charac-

terize these changes, a robust understanding of the hydrological processes operating

in the basin and their interactions is needed. Such an investigation was undertaken in

the Peyto Glacier Research Basin, Canadian Rockies over 32 years (1988–2020). A

distributed, physically based, uncalibrated glacier hydrology model was developed

using the modular, object-oriented Cold Region Hydrological Modelling Platform to

simulate both on and off-glacier high mountain processes and streamflow generation.

The hydrological processes that generate streamflow from this alpine basin are char-

acterized by substantial inter-annual variability over the 32 years. Snowmelt runoff

always provided the largest fraction of annual streamflow (44% to 89%), with smaller

fractional contributions occurring in higher streamflow years. Ice melt runoff pro-

vided 10% to 45% of annual streamflow volume, with higher fractions associated

with higher flow years. Both rainfall and firn melt runoff contributed less than 13% of

annual streamflow. Years with high streamflow were on average 1.43�C warmer than

low streamflow years, and higher streamflow years had lower seasonal snow accu-

mulation, earlier snowmelt and higher summer rainfall than years with lower stream-

flow. Greater ice exposure in warmer, low snowfall (high rainfall) years led to greater

streamflow generation. The understanding gained here provides insight into how

future climate and increased meteorological variability may impact glacier meltwater

contributions to streamflow and downstream water availability as alpine glaciers con-

tinue to retreat.
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1 | INTRODUCTION

Glacierized mountain basins provide water to almost one-third of the

world's population (Beniston, 2003), but mountain glaciers are retreat-

ing quickly and expected to lose 30%–80% of their volume by the end

of the century (Huss et al., 2017). Their retreat is impacting water

resources across the globe, as glaciers have a strong influence on their

basin hydrological regime due to their capacity to store water on sea-

sonal to decadal time scales (Jansson et al., 2003). By storing water as

snow and ice during cold and wet periods, and releasing it in dry and

hot periods, glaciers can modulate streamflow variability via a com-

pensatory effect occurring both at a decadal, seasonal and even

weekly timescale (Jansson et al., 2003). For instance, Pradhananga

and Pomeroy (2022a) found that increasing glacier ice melt
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compensated for declining precipitation and snowmelt in two Cana-

dian Rockies glacierized catchments, resulting in increased discharge

since the 1960s, showcasing the decadal capacity of the glacier com-

pensation effect. On a weekly timescale, van Tiel et al. (2021) found

that glacier and snow melt in glacierized basins with a 5%–15% glacier

cover could compensate for precipitation deficits and increased

evapotranspiration in the European Alps. Even though a glacier cover-

age of roughly 40% has been suggested to minimize inter-annual vari-

ability (and maximize the glacier compensation effect) (Chen &

Ohmura, 1990; Fountain & Tangborn, 1985; Jansson et al., 2003), a

recent analysis of streamflow in glacierized basins worldwide was not

able to define a universal relationship between glacier coverage and

streamflow variability and instead hinted at the range of hydrological

processes that can complicate the relationship (van Tiel, Kohn,

et al., 2020). Snow and ice melt in glacierized basins can also overcom-

pensate for weather conditions and cause an increase in streamflow

variability (van Tiel et al., 2021; van Tiel, Kohn, et al., 2020). In the

Canadian Rockies, Hopkinson and Young (1998) showed that glacier

meltwater does not always effectively augment streamflow during

low flow, dry years. This is in accordance with research showing that

during cold years, glacier meltwater can be significantly reduced and

induce “glacier melt drought” (Van Loon et al., 2015). For tropical gla-

ciers, glacier meltwater can be the driver of variability in streamflow

from hourly to annual timescales (Saberi et al., 2019). These results

hint at the complex interactions amongst glacier melt, streamflow

generation and seasonal meteorological conditions.

The role alpine glaciers play in modulating inter-annual flow vari-

ability is further complicated by their recent and predicted retreat

(Hugonnet et al., 2021; Radic & Hock, 2014; Shannon et al., 2019). As

currently glaciated mountain headwater basins transition from glacier

melt runoff to more rainfall-runoff and snowmelt runoff, they will shift

towards a more variable hydrological regimes linked with the

decreased capacity of glaciers to provide reliable flow compensation.

This shift is already noticeable in the Alps and Pyrenees, where runoff

volume is more tightly controlled by seasonal snow accumulation and

runoff peaks are associated with snowmelt and the occurrence of

large rainfall volumes than with glacier melt (Milner et al., 2017).

L�opez-Moreno et al. (2020) have shown that as snowmelt-dominated

alpine basins warm, their streamflow regimes decouple from snow

hydrology regimes, suggesting a progression from glacier-modulated

to seasonal snowpack-modulated to rainfall-modulated hydrological

regime. There is increasing interannual variability along this progres-

sion as hydrological memory times shorten from glaciers to seasonal

snowpacks to rainfall (Milner et al., 2017). Combining this decrease in

the interannual buffering capacity of glacier runoff with an expected

increase in extreme weather and hydrological events such as

increased heavy precipitation and droughts (Seneviratne et al., 2012),

significant changes are expected to occur to the hydrology of moun-

tain glacierized headwater basins around the world.

Analysing the influence of glacier runoff on headwater basin

streamflow is further complicated by the variety of approaches used

to define glacier contributions to streamflow. Within the range of

methodologies, glacio-hydrological modelling is the most used

(Frenierre & Mark, 2013). Glacio-hydrological models can be used to

increase the understanding of the observed processes in a basin

(Verbunt et al., 2003), and can help diagnose the relationship between

the different hydrological processes. These glacio-hydrological models

are typically adapted from models with either a glaciological or hydro-

logical background, depending on the intended use. Glaciological

models typically focus on the ice processes, for example, the repre-

sentation of ice dynamics (Huss et al., 2010; Clarke et al., 2015) or

surface mass balance (Hock and Holmgren, 2005), but either ignore or

simplify the other hydrological and cryospheric processes (Immerzeel

et al., 2010). Hydrological models typically simplify the glacier-specific

processes, such as neglecting ice dynamics (Comeau et al., 2009; Jost

et al., 2012), but can have more sophisticated representations of the

terrestrial hydrological cycle. Both model approaches often use a con-

ceptual approach to parametrize surface melt, using statistical associa-

tions to infer mass and energy fluxes, such as the calibrated

temperature-index, degree-day and melt models (Hock, 2003; Finger

et al., 2011; Fatichi et al., 2014; Ragettli et al., 2016; Chernos et al.,

2020). While this makes them easier to apply in areas with incomplete

forcing data, a typical issue for mountain environments, it also makes

them more prone to problems such as equifinality (Beven, 2006),

which can be reduced by using multi-criteria calibration procedures

(Hanzer et al., 2016; Jost et al., 2012; Pellicciotti et al., 2012; van Tiel,

Stahl, et al., 2020). A further concern with these calibrated empirical

modelling approaches is their transferability in time (Hock, 1999),

especially their ability to simulate conditions outside of the conditions

encountered in the calibration period (Duethmann et al., 2020). Some

glacio-hydrological model calibration strategies involve using unusual

years, such as the hot and dry year of 2003 in the European Alps, to

assess model performance under extreme events (Koboltschnig &

Schöner, 2011). However, with rapidly changing meteorological condi-

tions and land cover, past conditions are not likely to represent future

melt and hydrological events in glacierized alpine basins. Empirically

calibrated glacio-hydrological models also increase predictive uncer-

tainty as they are not consistent with the current understanding of

glacio-hydrological physical processes. Since shortwave radiation

rather than air temperature is the main driver of glacier melt, and

snow redistribution is an important control on snow accumulation, the

lack of a physical basis for these models is scientifically unsatisfying in

that process diagnoses are not possible and predictive uncertainty is

high because they are calibrated to past climate and glacier condi-

tions. Models with a more complete range of representations of

glacio-hydrological processes do exist (Frans et al., 2018; Naz

et al., 2014; Pradhananga & Pomeroy, 2022b; 2022a), but these are

still not widely used despite the uptake of models of similar complex-

ity for cold regions hydrological applications (Wheater et al., 2022). To

investigate the inter-annual variability in the hydrology of a glacierized

headwater basin and to diagnose the hydrological processes govern-

ing this variability requires a physically based model, with representa-

tions of both on and off-glacier biophysical processes. Glacierized

basins are complex systems, with several hydrological processes on

and off the glacier such as snow redistribution, accumulation and abla-

tion, glacier processes, infiltration into seasonally frozen soils,
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groundwater storage and flow, frozen ground, evapotranspiration and

a dynamic land cover. These interconnected processes, driven by

complex physical feedbacks, should be included in hydrological

assessments of glacierized headwater basins to gain a robust under-

standing of the sources of hydrological variability occurring in these

basins.

The objective of this paper is to assess and characterize the inter-

annual hydrological variability of a long-studied alpine glacierized

headwater basin in the Canadian Rockies using observations and a

physically based glacio-hydrological model, including the full range of

processes occurring both on and off the glacier. Specifically, this study

investigates the influences of meteorological conditions on hydrologi-

cal processes, meltwater production, runoff and streamflow variability

by addressing the following questions:

1. What trends are evident in the hydrometeorological behaviour of

the basin in the recent decades?

2. How do runoff source and streamflow regime vary with seasonal

hydrometeorological conditions?

3. How do meteorological conditions, snow dynamics and sources of

runoff vary between high and low streamflow years?

2 | DATA AND METHODS

2.1 | Study site and available data

This study focused on the Peyto Glacier Research Basin (PGRB,

Figure 1), a small glacierized headwater basin in the Canadian Rockies.

Peyto Glacier, the northernmost outlet glacier of the Wapta Icefield,

ranges between 2100–3190 m.a.s.l. and had an area of 10.2 km2 in

2016, with a drainage basin of 19.3 km2 as defined by a stream gauge

installed by the University of Saskatchewan's Centre for Hydrology in

2012. Peyto Glacier is one of the few well-monitored glaciers in west-

ern Canada, and has one of the longest time series of measurements

in the world, with mass balance observed yearly since 1965, and gla-

cier extent measured since 1896 (Demuth et al., 2006). The rest of

the basin is composed of moraine deposits, talus fields, and exposed

bedrock, including cliffs (Figure 1b).

The meteorological data used for model forcing and evaluation in

this study have been described in detail in Pradhananga et al. (2021)

and by Pradhananga and Pomeroy (2022b), but a summary is provided

here. An automated weather station (AWS), Peyto Main Old, has

recorded sub-hourly to hourly air temperature, relative humidity,

incoming solar radiation, incoming longwave and wind speed since

1987, at an altitude of 2240 m.a.s.l. Due to the remote location and

harsh conditions found in the basin, gaps are present in the data since

the installation. The record from Peyto Main Old between 1987 and

2018 is 94% complete, with few gaps in the 2018 to 2020 period.

When data gaps were less than or equal to 4 h, they were filled with

either linear interpolation, and when gaps were more than 4 h, they

were filled with data from nearby stations using monthly linear regres-

sion such as from the new Peyto main station, installed in 2013 adja-

cent to the Peyto Main Old AWS. When nearby stations were not

available to fill the missing data, the gaps were infilled using ERA-

Interim data, which were bias-corrected and downscaled to the sta-

tion location using a quantile mapping technique with monthly cali-

brated parameters from in-situ data (Dee et al., 2011).

Precipitation for the PGRB for 1987–2020 was obtained from

the ERA-Interim reanalysis product. The ERA-Interim precipitation

F IGURE 1 Peyto Glacier Research Basin (a) from aerial imagery in 2014. Yellow, red and green triangles indicate locations of the Moraine
AWS, Glacier AWS and the Centre for Hydrology hydrometric station. Thin grey lines in (a) are terrain contours at 100 m intervals, from 2100 to
3000 m.a.s.l. The glacier extent, surface cover type and spatial discretization of hydrological response units (HRUs) are shown for (b) 1990 and
(c) 2015. The number labels on (b) refer to the Table A1 presenting the geomorphic characteristics of the HRUs. The basin outlet is located at
HRU 10.
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data were also corrected using the quantile mapping technique using

monthly calibrated factors, but the in-situ data used to derive these

factors were obtained from the Alberta Environment Bow Summit

weather station, located 5 km down valley at an elevation of 2030 m.

a.s.l., from which a reliable, sheltered-environment hourly precipita-

tion record is available since 2008.

Glaciological data are available both as elevation-band averaged

summer and winter point mass balance for the 1993–1995 period

(Dyurgerov, 2002) and as individual stake point-balance measure-

ments for the 2003–2017 years. Additionally, glacier surface elevation

change was measured intermittently using an ultrasonic depth sensor

on the on-ice AWS for the 2011–2020 period, and surface lowering

associated with ice melt has been transformed to surface melt water

equivalent using an ice density of 0.9 kg m�3 (Benn & Evans, 2010).

In 2013, an ultrasonic depth sensor (SR50) was installed 1 km

below the glacier snout at a bedrock constriction, which acts as a nat-

ural notch, providing a reliable control on the relation between

streamflow and stage discharge Starting in early fall 2017, salt dilution

measurements were performed to build a rating curve to relate the

water level at the sonic depth sensor to discharge (Pradhananga

et al., 2021; Sentlinger et al., 2019). Manual stream width

measurements provided values ranging between 8 and 13 m, and a

mixing reach of length of 420 m was set based on the local geomor-

phology to constrain the salt measurement between two naturally

occurring bedrock notches constricting the flow. A total of 105 salt

dilution measurements were conducted between 2017 and 2019 and

processed in the Fathom Scientific Salt Portal platform, an online

post-processing platform for salt dilution measurements (salt.

fathomscientific.com). Of these 105 measurements, 46 were deter-

mined to be anomalous due to incomplete mixing associated with the

choice of location for the conductivity probe, localized snowmelt run-

off and the high background noise in electrical conductivity. The

resulting rating curve, based on 59 measurements with an average

uncertainty of 12%, is a power law with an inflection point at depth of

0.75 m due to a change in the slope of the bedrock notch walls. The

rating curve is stable over the 2017–2019 observations, as expected

from the bedrock notch controls on streamflow over the salt dilution

mixing reach. This stability suggests it is appropriate to use the same

rating curve for the entire 2013–2020 melt seasons. Streamflow

observations are only possible when the melt channel is sufficiently

free of snow that the SR50 sensor can measure open water, which

results in streamflow measurement available from mid-May/early

June to late September/mid-October.

2.2 | Modelling approach

The Cold Regions Hydrological Modelling Platform (CRHM, Pomeroy

et al., 2007; Pradhananga & Pomeroy, 2022b) was used to investigate

the hydrological processes and inter-annual variability in the PGRB.

The model was run at an hourly resolution for the period 1987–2020,

with the first year acting as a spin-up period. The modelled period

covers 32 continuous hydrological years (October 1st – September

31st), starting in October 1988 and ending in September 2020. The

model outputs were aggregated into daily values for the analysis. The

analysis period was dictated by the availability of in-situ meteorologi-

cal information in the PGRB (Pradhananga et al., 2021).

Cold Regions Hydrological Modelling is a process-based, flexible,

modular hydrological modelling platform. The user can select pro-

cesses from an extensive library to assemble a custom hydrological

model suited to the complexity, knowledge and available data from

the study environment. CRHM has been extensively used in moun-

tains in the recent years (DeBeer & Pomeroy, 2009; Fang et al., 2013;

Krogh et al., 2015; L�opez-Moreno et al., 2017; MacDonald

et al., 2010; Rasouli et al., 2014; Zhou et al., 2014) with applications

over different terrain and climate and at different spatial scales. A gla-

cier module has recently been developed to represent ice and firn

melt and mass balance using an energy balance approach

(Pradhananga & Pomeroy, 2022b). This model is selected amongst

other models because it has spatially distributed energy balance forc-

ing and a set of modules that represent hydrological processes suit-

able for the PGRB including blowing snow transport and sublimation,

complex terrain wind flow, avalanching, infiltration into seasonally fro-

zen soils and evaporation from soils, vegetation and open water and

surface and sub-surface runoff generation.

The modelling work presented here used the CRHM model devel-

opment from Pradhananga and Pomeroy (2022b) and the PGRB data

processing of Pradhananga et al. (2021). However, it differed substan-

tially from the CRHM application to the PGRB by Pradhananga and

Pomeroy (2022a; 2022b). The study used in-situ forcing data instead

of reanalysis data (except precipitation) and simulated different time

periods (1989–2020 in this case and 2013–2018 and 1967–1977 in

Pradhananga & Pomeroy, 2022a). In addition, the current application

used a different energy-balance parametrization for the glacier ice

melt at an hourly timestep as described in Section 2.2.2 (Snow and ice

melt), whilst Pradhananga and Pomeroy (2022a) used a daily formula-

tion without parametrization of sub-debris melt. The model spatial

discretization and parametrization was performed independently from

these previous studies and resulted in a different parametrization. For

example, Pradhananga and Pomeroy (2022a) had a spatial discretiza-

tion with 65 HRUs, and only 37 are used in this study. In addition, the

research goals of this study, specifically to investigate processes

resulting in streamflow variability in the PGRB, were different from

those of Pradhananga and Pomeroy (2022a; 2022b), and therefore

resulted in a different analysis methodology.

2.2.1 | Spatial discretization

In CRHM, the mass and energy balance are calculated at the scale of

hydrological response units (HRUs), a spatial unit over which the mass

and energy balance is assumed to be spatially uniform. HRUs are

defined as regions with similar hydrological characteristics and com-

mon parameters, based on topographic, drainage, vegetation, soils and

hydrometeorological properties. Here, glacier properties were also

included in discretizing the basin into HRUs. PGRB was divided into
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36 HRUs that represent the glacier retreat over the 1987–2017

period, as well as the firn line retreat and major land cover types such

as moraine, talus, ice-cored moraine and cliffs (Figure 1b,c). The

changing land cover types were manually defined using a combination

of Landsat imageries for glacier and firn, and field observations for

cliffs, moraines and talus characterization. The ice-cored moraine area

was defined following Hopkinson et al. (2012). For each HRU, param-

eters such as slope, aspect, elevation, and terrain view factor were

then defined using the SRTM digital elevation model. The resulting

HRUs, with associated cover-type, can be seen in Figure 1b,c, and the

elevation, slope, angle aspect and cover-type of each HRU can be

found in Table A1.

2.2.2 | Physical processes representation and
parametrization in CRHM-glacier

A purpose-built model representing the hydrological processes

observed in the PGRB was designed by selecting modules in the

CRHM modelling library. Parameters for each module have a physical

meaning and can be obtained from field site or remote sensing obser-

vations. When parameters specific to the site are unavailable, parame-

ters are obtained following the abduction approach (Pomeroy

et al., 2013), meaning they are transferred from studies in similar envi-

ronments or obtained from compatible hydrological environments

described in the scientific literature. In other words, as this CRHM

model is based on physical processes, it does not require a parameter

calibration scheme based on streamflow observations. The CRHM

process representation and parameter estimation approaches are

described below.

Distributing meteorological inputs

The CRHM model created for PGRB distributes the forcing meteorol-

ogy, namely observations of air temperature, relative humidity, wind,

incoming shortwave and longwave radiations and wind speed, spa-

tially and temporally over the basin. The air temperature lapse rate

was defined for monthly values, ranging from �0.57 to �0.81�C per

100 m, obtained from three on-ice AWS located on the glacier toe,

near the equilibrium line, and in the accumulation area for the years

2010–2013 as in Pradhananga and Pomeroy (2022b) (Figure 1a). The

shallowest temperature elevation lapse rates (slower decrease in tem-

perature with elevation gain) occurred in July and August, with gener-

ally steeper temperature elevation lapse rates (faster decrease in

temperature with elevation) occurring in Fall and Spring. Monthly

values for the temperature lapse rates were fixed throughout the sim-

ulation period (i.e., all Januaries had the same lapse rate). The precipi-

tation elevation gradient was derived from the end-of-winter SWE

point measurement over the glacier area for two 3-year periods

(2003–2005 and 2014–2016) and so integrates the winter snow

accumulation season. The same precipitation gradient was used for all

seasons, as there was no information available to estimate a season-

ally varying gradient for this basin. Precipitation phase partitioning

was calculated using the psychometric energy balance of a falling

hydrometeor based on air temperature and relative humidity

(Harder & Pomeroy, 2013). Wind flow acceleration and deceleration

over PGRB's complex terrain, an important component to capture

blowing snow processes and turbulent transfer calculations, were sim-

ulated following a linearized turbulence model (Walmsley et al., 1986).

Radiation was adjusted for self-shading and slope-aspect following

the formulations of Garnier and Ohmura (1970), but it was not cor-

rected for shading from surrounding terrain.

Snow redistribution

Cold Regions Hydrological Modelling simulates winter snow redistri-

bution from blowing snow with the Prairie Blowing Snow Model mod-

ule (Pomeroy et al., 1993; Pomeroy & Li, 2000), which was initially

developed in the Canadian Prairies but has since then been parame-

terized for alpine and arctic tundra (Pomeroy et al., 1997), mountain-

ous subarctic terrain (MacDonald et al., 2009) and mountain ridges

(MacDonald et al., 2010). The blowing snow sequence follows the

dominating westerly wind patterns, from the peaks on the continental

divide, east to the glacier toe. Blowing snow redistribution requires a

terrain roughness specification, which in the absence of vegetation

represents surface undulations and barriers. This was set to between

0.5 and 3 m based on cover type and field observations. Fetch dis-

tance was obtained from the length of the HRU in the predominating

wind direction.

In high mountain environments, avalanches can redistribute an

important part of the snow accumulation (Shea et al., 2015). Ava-

lanches are highly dependent on slope, snow accumulation and mete-

orological factors (Freudiger et al., 2017; Schweizer et al., 2008).

CHRM uses the SnowSlide model as a module to represent avalanche

redistribution of snow, based on a threshold snow holding depth and

slope (Bernhardt et al., 2012; Bernhardt & Schulz, 2010). The mini-

mum threshold depth was set to 500 mm w.e. for most HRU, with a

holding capacity of 50 mm w.e. for the HRU with a surface slope

angle above 30�, as steep terrain is more likely to avalanche fre-

quently (McClung & Schaerer, 2006).

Snow and ice melt

Snowmelt on- and off-glacier in CRHM is calculated with the SNOBAL

module (Marks et al., 1999). This module approximates the snowpack

as being composed of two layers: a surface-active layer of fixed thick-

ness and a lower layer representing the remaining snowpack. The

module solves for the temperature, liquid water content and the spe-

cific mass of each layer for each time step. The point energy balance

of the snowpack is expressed as in the following:

Qm ¼Q� þQHþQEþQGþQP�dU
dt

ð1Þ

Where Qm is the energy available for snowmelt, Q* is the net radiation

composed of both shortwave and longwave components, QH, QE and

QG are the sensible, latent and ground heat fluxes, respectively, QP is

the energy added to the snowpack by precipitation, all in W m�2, and

U is the internal energy of the snowpack in Joules. The snow albedo
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decay function (Essery & Etchevers, 2004) requires a maximum (fresh

snow) and a minimum (bare ground) albedo, which in this case was set

to 0.85 and 0.17 from regional observations. For glacier and firn, the

albedo was set to 0.3 and 0.5 respectively. The snowmelt module was

given a surface snow roughness of 0.0055 m based on the observa-

tions of Munro (1989) from Peyto Glacier. Turbulent transfer energy

fluxes in the module are calculated using a bulk transfer formulation

with the Monin-Obukhov stability corrections.

Once the snow is melted, glacier ice melt is calculated using a sin-

gle layer energy balance model, with the residual of the radiation and

turbulent fluxes resulting in energy available for melt (Hock, 2005).

The model distinguishes between firn and ice cover for albedo, rough-

ness length and density. The energy balance formulation for the ice

and firn melt uses turbulent energy fluxes calculated following the

katabatic parametrization of the bulk transfer method as described by

Grisogono and Oerlemans (2001) and tested at Peyto Glacier by

Munro (2004). This is an advance over the simpler daily ice melt

energy balance parameterization employed in CRHM previously by

Pradhananga and Pomeroy (2022b; 2022a) in that sub-daily fluxes can

have important contributions to seasonal melt. If the snowpack is not

completely melted by the end of the summer, the snow becomes firn.

Firn densification occurs through a 5-layer system, with density

increasing from 450 to 850 kg m�3. The densification rate was set to

100 kg m�3 yr�1 to be consistent with observations.

Further addition to the CRHM model of PGRB is the inclusion of

melt under debris-cover, calculated following the empirical equation

of Carenzo et al. (2016). This formulation was shown to have similar

results to an energy-balance approach treating the energy transfer as

conductive energy flux, driven by the conductivity of the debris layer

and the temperature gradient (Reid & Brock, 2010). Ice-cored

moraines are another type of debris-covered ice, a common feature in

mountain environments (Gruber & Haeberli, 2009; Østrem

et al., 1970). In the PGRB, Hopkinson et al. (2012) found that runoff

from the periglacial areas accounted for 8% of the water losses from

basin storage for the period 2000 to 2010. Debris cover thickness in

the PGRB was obtained from multiple point measurements over the

study area from ice cliffs and manually digging pits during field site

visits. The debris thickness varied from thin debris (5–10 cm thick-

ness) in steep areas and on the edge of the medial moraine, to value

of 0.5 m in the main area of the medial moraine. In the debris-covered

area on the western side of the glacier toe, the maximum debris thick-

ness measured was of 1.4 m, with an average of 0.53 m (Aubry-Wake

et al., 2022).

For each glacier HRU, runoff water (rainfall on glacier area and

meltwater) is routed vertically through the snow, firn and ice reservoir

to the glacier-rock interface using a linear reservoir approach (Hock &

Noetzli, 1997). Each layer (snow, firn and ice), and for each HRU, has

its own reservoir with a static value for the duration of the simulation.

The snow reservoir of each HRU is connected laterally to other HRUs

through blowing snow and avalanching mass fluxes, but the ice and

firn reservoirs are not connected laterally to other HRUs as there is

no ice dynamics implemented in this model. Due to the fast routing

observed in this basin, these storage values are set to zero. Once the

ice thickness of a glacier HRU reaches zero, the cover type is

automatically converted to bare rock without interrupting the simula-

tion. The elevation of the glacier HRUs evolves following the surface

melt or accumulation throughout the simulation. For the glaciers

HRUs that melt out during the simulation, the initial ice volume was

determined to match the year of glacier retreat based on the glacier

outlines for 2005 and 2017 (Figure 1a). For example, the ice thickness

in HRU 9, corresponding to the glacier toe, was set to completely

melted out by 2005.

Infiltration and subsurface flow and storage

Once the snow and ice meltwater and rainfall runoff reach the glacier-

rock interface of individual HRUs, the water is routed through the soil

module to produce surface runoff, infiltration and subsurface runoff

as per Fang et al. (2013). Similarly, the snowmelt and rainfall runoff

from the non-glacierized HRUs, composed of rock debris and exposed

bedrock, is also handled by the soil module. Infiltration into unfrozen

soils is calculated following Ayers (1959) and into frozen soils follow-

ing Gray et al. (2001). For unfrozen soil (Ayers, 1959), alpine soil tex-

ture parameters were transferred from Marmot Creek Research Basin,

further south in the Canadian Rockies (Fang et al., 2013). Frozen and

thawed soil moisture initial conditions for storage and moisture con-

tent were obtained using a one-year spin-up period (1987).

The soil module is divided into a recharge layer, from which

evapotranspiration can occur, a subsurface and a groundwater layer.

Each soil layer, for each HRU, has a storage volume and a saturated

hydraulic conductivity which dictate the fate of the meltwater and

rainfall-runoff for each HRUs: saturation excess water becomes sur-

face runoff routed to another HRU, whilst infiltrated water contrib-

utes to subsurface runoff and groundwater flow. Groundwater

recharge occurs via percolation from the soil layers and groundwater

discharge takes place through horizontal drainage in the groundwater

layer. Subsurface discharge occurs via horizontal drainage from either

soil layer, with the lateral flow calculated using Darcy's law for unsatu-

rated flow, as described by Fang et al. (2013). Surface runoff forms

when melt or rainfall rates exceed the infiltration rate (infiltration

excess surface runoff) or when they exceed the subsurface with-

drawals from saturated soils (saturation excess surface runoff). The

presence of water ponding in surface depressions has been observed

in the moraine, the ice-cored moraine and the low angle talus environ-

ments. This was represented in the model as a depressional storage

capacity set for these HRUs. When depressional storage capacity is

present, surface runoff refills this storage before it can contribute to

downstream runoff.

The soil module was parametrized based on the cover types in

the basin: clean ice, debris-covered ice, steep talus, low angle talus,

moraine and cliffs (Table 1). For the clean ice HRUs, the glacier was

assumed to be sitting on bedrock with minimal subglacial debris, and

therefore, was given low storage volume. For the debris-covered gla-

cier HRUs, the subsurface layer storage was set to a volume varying

with debris thickness to represent moisture storage in the debris layer,

as the debris-layer does not have a reservoir layer of its own. For the

talus and moraine non-glacierized HRUs, the recharge soil layer was

set to represent the coarse and shallow surface rock debris, and the

subsurface layer was set to represent the thicker underlying moraine
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and talus debris, following field observations. The storage parameters

for talus and moraine land cover were based on extensive studies of

talus and moraine groundwater flow processes at Lake O'Hara

Research Basin in the Canadian Rockies (Hood & Hayashi, 2015;

Langston et al., 2011; Mcclymont et al., 2010; Muir et al., 2011).

Moraine deposit HRUs were set to have the largest storage capacity,

being composed of coarse to fine sediment size. The storage in steep

talus slopes (coarse, irregular rocks with large void space) HRUs was

set to small values based on Langston et al. (2011), who found talus

slopes to have a thin saturated layer (0.01–0.1 m) at the bedrock-talus

interface, which quickly transmits water to the downslope environ-

ment. This low storage capacity increases for low-angle talus HRUs,

where micro-topographies can enhance water storage. Minimal soil

storage was assumed for the cliff HRUs, as these are bedrock with

limited debris moisture storage. The storage of groundwater layer, set

to represent the bedrock storage, was set to the same value across

the basin and reflects the porous limestone lithology of basins in the

region (Fang et al., 2013).

The saturated hydraulic conductivities for talus and moraine sedi-

ments were transferred also from Lake O'Hara (Langston et al., 2011;

Mcclymont et al., 2010; Muir et al., 2011). Talus fields studied in the

Canadian Rockies had a very high hydraulic conductivity (0.01–

0.03 m s�1) (Mcclymont et al., 2010), with similar values obtained by

Clow et al. (2003) in a talus and rock-glacier dominated basin in the

Colorado Rockies.

Routing

Routing of runoff from the surface and subsurface layers between the

HRUs is handled in CRHM by Clark's lag and route algorithm

(Clark, 1945; Pomeroy et al., 2007) following a user-specified routing

order. This user-defined order means that water in the soil, subsurface

and groundwater layer can move laterally between HRUs to simulate

the flow of water through the basin, from higher elevation to lower

elevation and converging towards to basin outlet. In this implementa-

tion of CRHM, no stream channel exists, and the basin outflow was

calculated as the water leaving the outlet HRU (HRU 10, Figure 1b).

For each HRU, water that infiltrated into the groundwater reservoir

was assumed to leave the basin as groundwater flow in a “leaky
basin” and was not captured at the basin outlet streamflow, or the

simulated streamflow compared to measured streamflow.

The lag and route method translates each HRU's inflow into out-

flow based on a lag time and a storage constant. Considering the

flashiness of the system, with meltwater reaching the outlet of the

basin in a few hours to half a day (Munro, 2011; 2013;

Ommanney, 2002), the routing through the basin was assumed to

occur within a day, the minimum timestep at which the streamflow

was analysed. To capture this fast routing, the routing parameters (lag

time and storage constant) for snow and ice melt as well as surface

and subsurface flow were set to zero. The groundwater reservoir stor-

age constant was set to 10 days for low-angle HRUs and 5 days for

steep HRUs based on the physical understanding of alpine groundwa-

ter flow and storage (Hayashi, 2020).

2.3 | Assessing model performance

Using multiple lines of evidence to evaluate model performance is

critically important to reduce internal inconsistencies and improve

model fidelity (Finger et al., 2011; Pellicciotti et al., 2012; Schaefli and

Huss, 2011; van Tiel, Stahl, et al., 2020). The model was evaluated

using four sets of observations relating to snow accumulation and

ablation, glacier melt, and streamflow. Snow accumulation and glacier

melt across the glacier area were assessed using point mass balance

measurements by the Geological Survey of Canada for the period

2005–2018 (Figure 2a,b). 240-point measurements for winter and

163 for summer mass balance were made using drilled, surveyed

stakes between elevation 2136 and 2760 m.a.s.l. For the years 1989–

1995, the mean mass balance by elevation band was used to evaluate

model performance. The simulated summer and winter mass balance

were extracted for the same date as the recorded measurements, gen-

erally corresponding to late April or early May for winter mass balance

and late September for summer mass balance surveys.

Model evaluation is done with a range of metrics as appropriate

for each dataset. The Nash-Sutcliffe efficiency (NSE, Nash and Sut-

cliffe, 1970) is calculated as follow:

NSE¼1�
Pt¼T

t¼1
xsim tð Þ�xobs tð Þð Þ2

Pt¼T

t¼1
xobs tð Þ�xobsð Þ2

ð2Þ

TABLE 1 Subsurface storage and routing parameters (saturated hydraulic conductivity in m d�1 and storage in mm)

Moraine Low talus Steep talus Cliff Clean ice

Debris

cover

Maximum recharge layer storage 1 1 1 1 1 1

Maximum lower layer storage 1050 60 30 1 1 60–150

Maximum groundwater layer storage 1000 1000 1000 1000 1000 1000

Saturated hydraulic conductivity – upper soil layer 0.03 0.03 0.03 0.03 0.03 0.03

Saturated hydraulic conductivity – lower soil layer 0.001 0.01 0.01 6.95 � 10�7 6.95 � 10�7 0.001

Saturated hydraulic conductivity – groundwater

layer

6.95 � 10�7 6.95 � 10�7 6.95 � 10�7 6.95 � 10�7 6.95 � 10�7 6.95 � 10�7
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Where T is the total number of time steps, xsim(t) the simulated

streamflow at time t, xobs(t) the observed streamflow at time t, and

xobs the mean observed discharge. A value of NSE = 1 indicates per-

fect agreement between simulations and observations whilst NSE = 0

indicates that the model simulations have the same explanatory

power as the mean of the observations, and NSE<0 indicates that the

model is a worse predictor than the mean of the observations

(e.g., Schaefli & Gupta, 2007).

The Kling-Gupta Efficiency (KGE, Gupta et al., 2009) is also used

to evaluate model performance:

KGE¼1�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r�1ð Þ2þ α�1ð Þ2þ β�1ð Þ2

q
ð3Þ

Where r is the linear correlation between observations and simula-

tions, α is a measure of the flow variability error, and β relates to the

bias. KGE can also be written as:

KGE¼1�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r�1ð Þ2þ σsim

σobs
�1

� �2

þ μsim
μobs

�1

� �2
s

ð4Þ

Where σobs is the standard deviation in observations, σsim the standard

deviation in simulations, μsim is the simulation mean, and μobs is the

F IGURE 2 Annual measured and modelled point (a) winter and (b) summer mass balance per elevation. The coloured diamonds represent

modelled mass balance at individual HRUs, with blue being winter mass balance and red being summer mass balance. The black, filled dots are
individual stake measurements, and the empty circles are the measured mass balance gradient.

8 of 25 AUBRY-WAKE ET AL.



observation mean. KGE > �0.41 indicates that the simulated variable

is performing better than the average of the observations and there-

fore, the model has predictive power, and a KGE < �0.41 indicates a

poor model performance (Knoben et al., 2019). Additionally, the root

mean square error (RMSE), the Spearman's rank correlation coefficient

(r) and the mean bias (MB) are calculated.

2.4 | Assessing trends and variability in
hydrometeorological conditions

The presence of significant trends in annual or seasonal air tempera-

ture, precipitation and streamflow was assessed using the non-

parametric Mann-Kendall significance test at a significance level of

alpha = 005. The magnitude of the detected trends was estimated

using Sen's slope (Sen, 1968), which calculates the slope using the

median of all pairwise slopes in the data set. The seasons for the trend

analysis were defined as fall (SON), winter (DJF), spring (MAM) and

summer (JJA).

To gain further information on the variability in the streamflow

generation processes in the basin, meteorological conditions and melt

patterns in years of high streamflow (HF) were compared to those of

low streamflow (LF). Years with volumes greater than the mean plus

one standard deviation were considered to be high flow (1992, 1994,

2006, 2013, 2015, 2016) and years with volumes less than the mean

minus one standard were considered to be low flow (1995, 1996,

1997, 2000, 2003, 2008).

3 | RESULTS

3.1 | Model evaluation

For both the mass balance points available as the mean balance by

elevation bands (measured gradient, year 1989–1995 in Figure 2), and

for the mass balance points measured at individual stakes (measured

point, years 2003–2017 in Figure 2), linear regressions were used to

calculate the annual measured mass balance elevation gradient,

defined as the rate of change in mass balance with elevation

(Figure 2). A variability envelope was calculated as ±2 SD around the

residuals from the calculated linear regression values (Figure 2a).

These variability envelopes were used to assess if the fluctuations

from the background elevation gradients were similar between the

measured and modelled point mass balance. 77% of the modelled

winter mass balances fall within this envelope. In most years, the

modelled winter mass balance agrees with the measurements, but for

some years, such as 1989, 1994 and 2009, there is minimal overlap

between measured and modelled winter mass balance. The calculated

and modelled winter mass balance gradients were compared for the

19 available years between 1995 and 2017. The average gradients are

similar, with the calculated gradient of 0.14 m.w.e. per 100 m eleva-

tion being similar to the modelled gradient of 0.13 m.w.e., with an

RMSE of 0.04 m.w.e. per 100 m elevation gain and a correlation

coefficient of 0.21. The model has a slight tendency to underestimate

the measured gradient with a mean bias of �0.07 m.w.e. The largest

difference between modelled and measured winter mass balance

occurred at �2600 m.a.s.l. and was likely due to the influence of

avalanching. Mass balance observations deliberately avoid avalanche-

prone areas and so do not reflect this source of variability, even

though avalanche deposits have been noted at this elevation in field

observations and historical reports (Young, 1977). Therefore, the win-

ter mass balance simulated by CRHM, which account for snow redis-

tribution by gravity, will be more variable than the measured mass

balance points at the same elevation. Additionally, evaluation of snow

accumulation at the highest elevation HRU is restricted by the lack of

measurements above the altitude of 2760 m. Considering that point

winter mass balance measurements can vary by up to 0.2 m w.e. over

distances of a metre at Peyto Glacier (Demuth & Keller, 2006;

Young, 1977), the modelled winter balance is considered to have been

simulated in a satisfactory manner.

For summer mass balance, 92% of the modelled values for the

2007–2013 period, or 97 of the 108 values, fit within the variability

envelope of the measured stake balances (Figure 2b). Despite most of

the modelled values fitting within the range of measured values, the

mass balance gradient for summer mass balance was consistently

larger than the measured one, with a mean modelled gradient of

0.88 m.w.e. per 100 m elevation gain being larger than the mean mod-

elled rate of 0.54 m.w.e., with an RMSE of 0.39 m.w.e., mean bias of

0.63 m.w.e. and a correlation coefficient of �0.04. The gradient stan-

dard deviation is larger for the measurements (0.58 m.w.e.) than for

the modelled values (0.38 m.w.e.).

A comparison of modelled snow depth with snow depth mea-

sured at the on-ice AWS for the 2011–2020 winters yielded a NSE

ranging between 0.49 and 0.84 and a coefficient of determination (R2)

between 0.62 and 0.98 (Figure 3a). For the nine periods with surface

melt measurements from the on-ice AWS, which cover a total of

981 days, the correlation coefficient of observations with modelled

ice melt at glacier toe is 0.99, with a mean bias of 0.09 m.w.e., a root

mean square error (RMSE) of 0.43 m.w.e. and an NSE of 0.90

(Figure 3b–f). Overall, the set of evaluations of modelled snow accu-

mulation and snow and ice ablation shows that the model can appro-

priately represent snow and ice dynamics on the glacier.

Modelled streamflow at the basin outlet was compared to the

measured streamflow for the 2013–2020 melt seasons (Figure 4).

Streamflow measurement was only available during the snow-free

season and did not allow a model evaluation for the earliest and latest

seasonal low flow or melt events. For the eight melt seasons, the sim-

ulations compared to observations with a NSE of 0.69, with annual

results ranging from 0.41 to 0.87. RMSE for the entire period was

0.98 m3 s�1, ranging between 0.66 and 1.2 m3 s�1 and the mean bias

ranged from �0.24 to 0.35. The Kling-Gupta efficiency (KGE, Gupta

et al., 2009) ranged between 0.09 to 0.45 for individual years and

averaged 0.15 for the entire period. When considering the three com-

ponents of the KGE, the largest values, indicating stronger perfor-

mance, are found for the bias (β) and relativity term (α), with lower

values corresponding to the correlation term r. Considering that high
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NSE values are expected for a basin with a strong seasonal cycle, as

demonstrated by Schaefli et al. (2005), and further discussed in Schae-

fli and Gupta (2007) and Seibert et al. (2018), the NSE performance of

the CRHM model was compared with that of a simple benchmark

model calculated as the mean observed discharge for each calendar

day (DOY average benchmark model, as discussed in Garrick

et al., 1978; Schaefli & Gupta, 2007; WMO, 1986). In other words,

two NSE values were calculated: a regular NSE with the simulated

streamflow, and a benchmark NSE using the DOY average streamflow

values. If the benchmark NSE is higher than the regular NSE, then the

simulated streamflow shows a lower predictive capacity than the

average DOY values. In this case, the DOY average benchmark model

performed more poorly than the CRHM model for 7 out of the 8 years

available, with its average NSE lower than that of the CRHM model

F IGURE 3 Comparison of CRHM model and glacier toe HRU and measurement from the on-ice AWS; (a) snow depth for the 2011–2019
period and (b) cumulative surface melt relative to the start of the observations on 5 May 2011, with the shaded grey areas shown in detail in (c)–
(f ) with Nash-Sutcliffe efficiency (NSE) and mean bias (MB), also relative to the observation for each period.
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by 0.14, providing further evidence that CRHM can capture both the

seasonality of the flow regime and the smaller-time scale fluctuations.

Modelled groundwater flow is also shown.

3.2 | Basin hydrometeorological variability

3.2.1 | Annual conditions and trends

The basin has a cold climate, with annual mean air temperature stay-

ing below 0�C for the whole study period, ranging between �5.0 and

�2.3�C (Figure 5a). Only the lowest elevations in the basin, below

2200 m.a.s.l., have an annual mean air temperature above zero, vary-

ing from �1.67 to 1.00�C. Summer temperature in the basin can reach

up to 23.4�C. The precipitation regime in the basin is dominated by

snowfall, which contributes an average of 85% to the total precipita-

tion (Figure 5b). This ratio increases to 89% snowfall in the highest

elevation of the basin (above 2700 m.a.s.l.) and decreases to 68% in

the lowest elevations (below 2200 m.a.s.l.).

As shown in Figure 5c, annual area-weighted streamflow

expressed as water equivalent depth over the PGRB, also known as

water yield, varied from 3240 mm yr�1, in 1988, to 1870 mm yr�1, in

1996. On average, snowmelt, both on and off the glacier, contributed

the largest volume and fractional contribution, 44%–89%, to annual

streamflow. Ice melt from the glacier and ice-cored moraine contrib-

uted 10%–45%. Firn melt and rainfall-runoff each contributed 13% or

less to annual streamflow, with firn melt ranging from 0%–13% and

rainfall-runoff and infiltration contributing 1%–12% of annual stream-

flow. Rainfall-runoff represents only rainfall on snow-free surfaces

(glacier or bare-ground) as rain-on-snow contributes to the snowpack

dynamics including refreezing, melting and discharge from the pack

depending on the thermodynamic state and porosity of the snowpack.

The modelled streamflow components were calculated before the

routing routine was applied and therefore, do not reflect streamflow

mixing, but runoff sources in the basin. The snow, firn and ice melt

originating from the glacier area, grouped as “glacier runoff”, provide
a disproportionate amount of streamflow, as the glacier covers only

56% of the basin area but the glacier runoff provides on average 71%

of annual streamflow. Only two out of the 33 years analysed showed

a positive mass balance. For the remaining yearsglacier wastage varied

from 6% to 77% of basin yield, with an average of 53%. Glacier wast-

age was calculated following Comeau et al. (2009) and defined as the

F IGURE 4 Modelled and measured streamflow and simulated groundwater flow for the years 2013–2020. The Nash-Sutcliffe efficiency
(NSE), Kling-Gupta efficiency (KGE) and the mean bias (MB) value refer to the agreement between measured and modelled streamflow for the
given melt season. The grey overlay indicates the period with streamflow measurements.
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volume of ice and firn melt exceeding the annual volume of snow

accumulation on the glacier and causing an annual net loss of glacier

volume. Basin yield was calculated as the combined streamflow at the

basin outlet and groundwater discharge leaving the basin. Surface

streamflow at the outlet contributed on average 63% of basin yield,

whilst groundwater discharge contributed 37%. The detailed calculate

of wastage and shown in Appendix B.

Figure 6 showed significant hydrometeorological trends

(p < 0.05); at the basin scale, summer temperature increased from

3.50 to 4.55�C over 1988–2020. Over the same time period, winter

snowfall decreased by 286 mm, and summer and annual rainfall

increased by 179.6 and 152.1 mm respectively. Despite the trends in

precipitation phase favouring rainfall, no trends were found in annual

air temperature or annual precipitation depth over 1988–2020.

3.2.2 | Seasonal meteorological conditions and
streamflow correlation

Further analysis examined the associations between annual stream-

flow volume and annual and seasonal meteorological variables (tem-

perature, rainfall and snowfall). Annual, spring and summer

temperature, summer rainfall and winter snowfall were the only forc-

ing meteorological variables significantly correlated to annual stream-

flow (Table 2, Figure 7). Winter snowfall was negatively correlated

with streamflow, the opposite of what would be expected for a

snowmelt-dominated non-glacierized basin. Ice melt, firn melt and

rainfall-runoff were the only runoff components significantly corre-

lated to annual streamflow (Table 3, Figure 7). In addition, the timing

of the glacier exposure was strongly negatively correlated with

streamflow. The timing of ice exposure was quantified as by the day

of year (DOY) by which the winter snowpack has fully melted in the

mid- and upper glacier area of the basin, with HRU 3 selected as rep-

resentative. Ice melt and timing of ice exposure were most strongly

correlated to the annual streamflow, followed by the rainfall-runoff

and firn melt. Even though snowmelt provides the greatest fraction of

annual streamflow, no significant correlation was found between

snowmelt and streamflow.

In 5 of the 33 years analysed, the snow outside of the glacier area

did not completely melt throughout the summer and carried over to

the following year. On the glacier, this leftover snow turned to firn,

and influenced surface melt in the following summer by having a dif-

ferent albedo and density than either snow or ice. However, the influ-

ence of this leftover snow on the following year's streamflow

appeared to be minimal in the PGRB as no significant correlation was

found between the snow remaining in the basin just before the transi-

tion to firn and the following years' streamflow (Table 3).

3.3 | Contrasting high and low streamflow years

High flow years were on average 1.43�C warmer than the years with

low flow, with the largest difference in January, March and April

(Figure 8a). The HF years received 143 mm more rainfall and 295 mm

less snowfall than the LF years, (Figure 8b,c). The differences in pre-

cipitation and temperature are reflected in snowpack ablation

(Figure 7d). Starting in December, HF and LF snowpack regimes

diverge. The HF snowpacks reached a peak SWE of 957 mm in mid-

April, whilst the LF snowpacks continued to accumulate until early

May when they reached a peak SWE of 1330 mm. Both HF and LF

snowpacks follow similar ablation patterns over the melt season and

by September 1st, the remaining snowpack starts to transform into

F IGURE 5 Basin area-weighted annual air temperature (a), precipitation (b) and streamflow composition (c), with the total column being
annual streamflow in the PGRB for the 1988–2020 period.
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firn. In LF years, the remaining snowpack was 213 mm SWE at this

transition date, whilst in HF years no snow remained. Using the non-

parametric Wilcoxon signed rank test (Gibbons & Chakraborti, 2010),

the differences in monthly air temperature, snowfall and SWE (but

not monthly rainfall) between HF and LF years were significant at the

alpha = 0.05 level.

Differences in the sources of streamflow were also analysed

between LF and HF years (Figure 9). Annual streamflow volumes were

41% greater in HF years than LF years. Snowmelt provided by far the

greatest source of streamflow, but its contribution differed by only 1%

between LF and HF years and so did not substantially contribute to

interannual variability in streamflow volumes. Differences in snow

ablation regime between HF and LF years were apparent; snow abla-

tion started 10 days earlier in HF than in LF years, with rapid melt and

depletion of snow occurring 15 days earlier, in mid to late summer.

The earlier snow ablation in HF years exposed glacier ice earlier and

led to a greater ice exposure by late summer, increasing basin-aver-

aged, late summer ice melt rates from 9 mm d�1 in LF to 17 mm d�1 in

HF years (Figure 9b). As a result, the volume of ice melt was 103%

greater in HF than in LF years. Similarly, the firn melt contribution to

streamflow was 162% greater in HF compared to LF years, with nearly

double the peak melt rate (2.3 compared to 1.4 mm d�1) and an almost

one-month earlier start to firn melt. Consistent with greater rainfall,

rainfall-runoff was 145% higher in HF years. Even though firn melt and

rainfall-runoff were greater in HF years by a larger fraction than other

streamflow sources, their enhancement of streamflow was modest as

together they contributed less than 10% of streamflow volume. In con-

trast, ice melt had smaller fractional increases for HF years, but a much

stronger impact on differences in streamflow volumes and timing.

LF years were colder, with higher snowfall and lower rainfall. The

deeper LF year snowpack combined with a delayed onset to melt due

to colder spring temperatures resulted in snowpacks persisting later in

F IGURE 6 Significant trends
(p < 0.05) for the annual and
seasonal basin-averaged
hydrometeorological conditions and
modelled flow components in the
PGRB, calculated for the years
1988–2020. Significant trends were
found for summer air temperature,
winter snowfall, summer rainfall,

annual rainfall, summer rainfall-
runoff, summer ice melt, winter
snowmelt and summer snowmelt
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the summer in LF than in HF years. This caused less glacier ice to be

exposed and ice exposure to occur later in the melt season, such that

its melt contributed less to streamflow. Additionally, LF years received

lower rainfall. Initial meteorological forcings, differing snow accumula-

tion and depletion patterns, and resulting rates and durations of

rainfall-runoff, snowmelt, ice melt and firn melt interacted to cause

large streamflow volumetric differences between HF and LF years.

3.4 | Assessing uncertainty of the subsurface
storage parameterization

The parameters with the higher uncertainty in the application of the

PGRB are the ones associated with non-existent or sparse observa-

tions in the basin, preventing the evaluation of these individual

processes. This is particularly the case for the surface water-

groundwater interactions and the subsurface routing. The surface

water-groundwater interactions were parametrized to represent a

physical understanding of alpine groundwater systems based on field

knowledge from the PGRB and in-depth studies from similar land-

scapes in the Canadian Rockies, but the lack of direct observations of

soil moisture and groundwater storage within PGRB precludes an in-

depth evaluation of this model component. Therefore, the uncertainty

associated with these parameters was tested. The storage capacity

and routing delays of the different land covers, shown in Table 2,

were varied and the resulting change in simulated streamflow was

assessed in a scenario-based parameter uncertainty assessment

(Table 4). Doubling the soil storage decreased streamflow volume by

less than 5% and decreasing soil storage by half increased streamflow

by 8.8%. However, either doubling or reducing by half the soil storage

TABLE 2 Spearman rank correlation coefficient (r) and significance (p) for streamflow and meteorological associations.

Variable Annual streamflow Fall streamflow Winter streamflow Spring streamflow Summer streamflow

Ta r 0.68 0.21 0.43 0.38 0.54

α <0.001 0.265 0.013 0.030 0.001

Rainfall r 0.33 �0.08 0.09 0.13 0.38

α 0.057 0.677 0.628 0.458 0.03

Snowfall r �0.30 �0.21 �0.36 0.06 �0.13

α 0.085 0.235 0.040 0.718 0.450

Note: Significant associations (p < 0.05) are in bold.

F IGURE 7 Scatterplot for significant associations (shown in bold in Tables 2 and 3) between streamflow and meteorological conditions and
streamflow components. The colour of the point refers to the year as shown by the colour bar. The Spearman rank correlation coefficient r is
shown in each panel.
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volume also influenced the groundwater discharge from the basin,

changing both the timing and the total volume of groundwater flow

by up to 17% compared to the main simulation. When the soil storage

increased whilst the groundwater storage decreased, or the converse,

the change in groundwater flow timing and volume was limited to

below 4%. However, when the total basin subsurface storage either

increased or decreased, groundwater flow changed by up to 30%

compared with the baseline simulation. Given the sensitivity of basin

groundwater to the subsurface storage parametrization and sparse

high elevation groundwater observations, further investigations

should assess the transferability of storage parameters for groundwa-

ter routing in high alpine basins.

4 | DISCUSSION

4.1 | Measurements, process representation and
parameter uncertainty

The comprehensive processes in the physically based modelling

approach used here were included to reduce model uncertainty; these

processes were represented with substantial spatial discretization, and

process identification and parametrization were based on extensive

fieldwork. In the attempt to comprehensively represent the physical sys-

tem in the PGRB, it is expected that uncertainty was reduced by select-

ing appropriate methods and models instead of through more

traditional, and sometimes complex, calibration procedures (Clark

et al., 2016; Kirchner, 2006). Despite this, model prediction errors can

still accrue through inaccuracies in measurements, process representa-

tions and parameters (Beven, 2016). The main elements in the modelling

procedure relating to these sources of uncertainty are discussed below.

4.1.1 | Limitations of the observational data

A large amount of input data is needed to parametrize and evaluate

model simulations but obtaining high-quality observational data from

TABLE 3 Spearman rank correlation coefficient (r) and
significance (p) for annual streamflow and annual snowmelt, ice melt,
firn melt, rainfall-runoff, peak SWE, the day of year of the glacier ice
exposure at elevation 2701 m.a.s.l. (HRU 3) and the end of summer
snow in the previous year associations.

Annual streamflow

r p

Snowmelt �0.03 0.860

Ice melt 0.85 <0.001

Firn melt 0.49 0.003

Rainfall runoff 0.51 0.003

Peak SWE �0.05 0.779

DOY of ice exposure �0.83 <0.001

Previous year unmelted snow 0.05 0.784

Note: Significant associations (p < 0.05) are in bold.

F IGURE 8 Comparison of daily temperature (a), monthly rainfall (b), monthly snowfall (c) and daily snow water equivalent (d) for high
streamflow years (light blue) and low streamflow years (dark blue)
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remote glacierized mountain basins is an extraordinary challenge. In

the PGRB, the long-term meteorological measurements from the net-

work of on-ice stations are invaluable to investigate the temperature

patterns across the basin, but the lack of distributed precipitation

observations increases uncertainty. Because of this lack of informa-

tion on the spatial distribution of precipitation, the end-of-winter

SWE elevation gradient is used as a proxy for the precipitation eleva-

tion gradient. As the SWE elevation gradient considers snow redistri-

bution by wind and gravity, mid-winter melt and sublimation, this

approach causes a source of error in the precipitation gradient. Fur-

ther uncertainty is caused by the use of reanalysis data for precipita-

tion instead of in-situ data. Gridded precipitation datasets are known

to be highly uncertain in mountain regions, particularly at high eleva-

tions (Henn et al., 2018; Lundquist et al., 2015). Even though the

ERA-Interim precipitation was bias-corrected to in-situ observations,

ensuring reasonable monthly cumulative volume, the short rainfall

events occurring in spring, summer and fall months might have not

been adequately captured by the gridded precipitation, resulting in

further uncertainty in the model forcing data. Additional measurement

of seasonally variable precipitation gradient in the PGRB would be a

valuable information to improve model parametrization.

Streamflow information was also limited by the persistence of

snowdrifts in the channel, preventing the evaluation of model perfor-

mance for the early-season and late-season streamflow processes.

The uncertainty linked with measuring streamflow in a dynamic, pro-

glacial landscape also increases the uncertainty in developing a robust

rating curve, which was mitigated by obtaining several salt-dilution

measurements over three melt seasons and a careful assessment of

the measurement quality. The simulated glacier winter and summer

mass-balances at the higher elevation in the basin are also not well

constrained, as there is a lack of measurements at these altitudes due

to the difficult access through avalanche and crevassed terrain.

4.1.2 | Limitations in the CRHM process
representation and parametrization

The precipitation gradient used is fixed in the model, but there is evi-

dence that mountain precipitation gradients vary seasonally and annu-

ally based on the processes controlling the precipitation events

(Houze, 2012; Pepin et al., 2022). The lack of temporally variable pre-

cipitation gradient could explain the variable performance of the

F IGURE 9 Comparison of mean daily basin-averaged streamflow components for high and low streamflow years, with high flow years being
the average of 1992, 1994, 2006, 2013, 2015 and 2016 and low streamflow is the average of 1995, 1996, 1997, 2000, 2003, 2008.

TABLE 4 Scenario-based uncertainty assessment for the soil and groundwater storage parameters.

Variable Soil x2, GW x0.5 Soil x0.5, GW x2 Soil x2, GW x2 Soil x0.5, GW x0.5 Soil x0.5 Soil x2

Streamflow change (%) �4.5 8.8 �4.5 8.8 8.8 �4.5

Groundwater flow change (%) �1 3.6 31 �31 �17 �12
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simulated end-of-winter snow elevation gradient, with some years

failing to capture the measured snow accumulation gradient. How-

ever, the lack of information on the variability of the precipitation gra-

dient prevented varying this gradient in the modelling framework. The

measured mass balance gradient was also more variable than the

modelled one, which suggests that elevation has a greater role in con-

trolling melt in the model than is observed. This could be due to devia-

tions from reality in model parameters such as albedo or gradient

settings for precipitation and/or temperature and/or other errors.

The meltwater routing through the glacier as applied in this

model, a static linear reservoir storage for the snow, firn and ice layer,

is a simplification of the complex subglacial and englacial drainage sys-

tem. Despite its simplicity, the routing approach used here captures

the fast drainage of the system at the daily timescale. However, the

current configuration of the CRHM glacier melt and routing preclude

an analysis of the sub-daily streamflow variation. One option to

improve the physical realism of the glacial meltwater routing could be

to include a transient storage parametrization based on SWE or time

of year to reflect the developing englacial and subglacial drainage sys-

tem of the glacier, as in Stahl et al. (2008). A combination of dye and

hydrochemistry tracing experiments could provide insights in the flow

path of meltwater through the glacier system (Fyffe, Brock, Kirkbride,

Black, et al., 2019; Fyffe, Brock, Kirkbride, Mair, et al., 2019; Nienow

et al., 1998).

Another model improvement that would improve the glacier mod-

ule process representation would be to implement ice-flow dynamics

in the simulations. In this case, the glacier area was constrained by sat-

ellite imagery, and the predominantly negative mass balance even at

the higher elevation in the basin avoided the infinite accumulation of

snow in the accumulation area, a problem that can occur when ice-

flow dynamics is not implemented. Further work should be conducted

to implement and test an ice flow routine.

The lack of soil moisture and groundwater observations in the

basin limit the evaluation of surface water-groundwater interaction

and prevents a thorough assessment of the possibility of a “leaky
catchment” (Fan, 2019). Groundwater contributions and surface

water-groundwater interactions could contribute to the bias in simu-

lated streamflow volumes. The fate of groundwater in alpine basins in

the Canadian Rockies has been suggested to be mostly limited to

local, shallow aquifers in coarse deposits connecting first- and

second-order streams (Hayashi, 2020), but some studies have sug-

gested that glacier basin groundwater recharges regional and moun-

tain block aquifers (Campbell & Ryan, 2021; Castellazzi et al., 2019).

Considering both possibilities, the water entering the groundwater

system in the PGRB simulations could contribute to unmeasured

streamflow just downstream of the basin outlet and contribute to the

Peyto Lake water budget or form regional flow networks resurfacing

further downstream.

4.2 | PGRB trends and compensatory behaviour

The absence of temporal trends in annual air temperature and precipi-

tation in this study contrast with most findings in the Canadian

Rockies (Harder et al., 2015). DeBeer et al. (2016) found a 2�C

increase in air temperature and a 14% precipitation increase in this

region for the period 1950–2015. Pradhananga and Pomeroy (2022a)

contrasted the hydrology of the PGRB between the 1960s and the

2010s and found an increase of 260 mm (16%) in streamflow with a

226 mm (16%) decrease in precipitation. The difference in trends is

most likely due to the different periods analysed and the methodolo-

gies used. However, for 35 basins in the Columbia River headwaters,

located southwest of the PGRB in the adjacent Selkirk and Monashee

mountains, Moore et al. (2020) did not find significant trends at

p < 0.05 in August air temperature for the 1977–2017 period, but

found a significant decreasing trend at p < 0.05 in August precipita-

tion, which is similar to the trends found for summer rainfall and sum-

mer temperature in this study. For streamflow components,

significant increasing trends were found for summer rainfall-runoff,

summer ice melt, and winter snowmelt, and a decreasing trend was

found for summer snowmelt, but no trends were found for seasonal

or annual streamflow. This is consistent with Naz et al. (2014), who

did not find significant trends in streamflow for the years 1981–2007

for the upper Bow River at Lake Louise, a 422 km2 basin adjacent to

the PGRB. These results contrast with findings by Moore et al. (2020)

and Stahl and Moore (2006), who found decreasing trends in August

streamflow for glacierized basins in mountain ranges west of the Con-

tinental Divide. The difference in these trends might be linked to the

different snow accumulation and weather patterns occurring on either

side of the Continental Divide; conditions are typically colder and

drier on the eastern slopes, but also to the difference in time period

analysed (only August versus summer period).

Even if some trends were observed in the summer air tempera-

ture, winter snowfall, summer rainfall, and in certain streamflow com-

ponents in the PGRB, no trend was noticeable in the net annual

streamflow volumes. This suggests that, for the period studied, there

might be compensating effects amongst the hydrological processes

and such that the net flow components generating basin streamflow

have been relatively insensitive to environmental change. Harder

et al. (2015) found evidence for such cold regions compensatory

behaviour in the unglacierized Marmot Creek Research Basin in the

Canadian Rockies which dampened its streamflow response to chang-

ing climate and land cover. Natural climate variability might also have

concealed the streamflow trend, as discussed by Fatichi et al. (2014),

who found that natural climate variability obscured climate-driven

changes in streamflow by up ±20% in the Alps.

4.3 | Linking PGRB flow variability with
hydrological processes

Within the PGRB, the lack of correlation between snowmelt and

streamflow, combined with the highly significant correlation of

streamflow to summer meteorology, suggests that summer hydrome-

teorological and glaciological conditions play an important role in gov-

erning the inter-annual variability of streamflow. This is consistent

with results from Europe by Farinotti et al. (2012) who analysed nine

alpine glacierized basins in the Alps and found that annual streamflow
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and precipitation were not significantly correlated for basins with gla-

cierized areas over 40%, but that summer air temperature and annual

streamflow were well correlated for basins with a glacierized area

above 35%. In the highly glacierized Nordic Creek basin, located

85 km west of the PGRB in the Selkirk Mountains of British Columbia,

glacier wastage contributions to streamflow were also found to be

highly variable year-to-year (Moore et al., 2020).

The influence of winter conditions on streamflow variability was

also noticeable through the significant negative correlation of stream-

flow with winter snowfall and timing of ice exposure rather than

snowmelt or peak snow water equivalent. It should be noted that not

all snowfall will form snowmelt in high snowfall years and so snowfall

is more variable than snowmelt. The negative correlation between

winter snowfall and streamflow volume is due to the control that

snowfall exerts on the timing of summer ice exposure, as confirmed

by the strong negative correlation between timing of ice exposure

and streamflow. In low snowfall years, glacier ice is exposed earlier,

and due to its lower albedo, the surface melt is enhanced, leading to

higher annual streamflow. This correlation is possible when the addi-

tional melt from exposed glacier ice in low snowfall years exceeds the

reduction in snowmelt from the glacier and non-glacier fractions of

the basin.

The variability between low flow years and high flow years was a

combination of hydrological processes. In addition to LF years receiv-

ing lower rainfall, initial meteorological forcings, differing snow accu-

mulation and depletion patterns, and resulting rates and durations of

rainfall-runoff, snowmelt, ice melt and firn melt interacted to cause

large streamflow volumetric differences between HF and LF years.

This result is consistent with the findings of Pradhananga and

Pomeroy (2022a; 2022b) who found that with warming conditions

from the 1960s to current times, glacierized basin streamflow in the

Canadian Rockies was increasing despite declining precipitation and

snowmelt, the difference being sustained by greater ice melt.

4.4 | Comparing flow composition

The flow composition fractions calculated in this study, with snow-

melt contributing 44%–89% to annual streamflow, ice melt contribut-

ing 10%–45% and firn melt and rainfall-runoff contributing to 13% or

less, are consistent with other studies, even though a comparison of

streamflow composition between studies is complicated by the range

of methods that can be used to define the streamflow components

(Frenierre & Mark, 2013), by the varying definitions of “glacier runoff”
(Radic & Hock, 2014), and the varying temporal and spatial scale

investigated. A previous study by Comeau et al. (2009), conducted on

macro-scale basins located in the Canadian Rockies, showed that

July–September glacier runoff (snow and ice melt from the glacier

area) contributed 73%–83% of the streamflow in basins with more

than 10% glacier cover. For the Peyto Creek basin, corresponding to a

slightly larger basin than the one investigated in this study, they addi-

tionally found that for the 1973–1977 period, glacier wastage flux

(or the net glacier water storage lost from negative mass balance)

contributed between 48% and 74% of the July–September stream-

flow, but did not provide annual values due to the lack of streamflow

measurements in other months. For the highly glacierized Nordic

Creek basin (58% glacier-cover in 2013), Moore et al. (2020), found

that the wastage flux contributed from 9%–19% of annual water

yield, much lower values than calculated in this study. Further com-

parison can be made with modelling studies of alpine glacierized basin

in other mountain ranges, but caution is needed in interpreting these

for comparison due to the difference in climate and modelling meth-

odology. In the Alps, Verbunt et al. (2003) found that in a 47% glacier-

ized basin, the glacier runoff (snow, and ice melt, but not rainfall on

the glacier) contributed 62% of total streamflow, with 20% originating

from ice melt, 10% from firn melt and 32% from on-glacier snowmelt,

but did not indicate the proportion of off-glacier snowmelt contribu-

tion to streamflow and therefore underestimated the contribution of

snowmelt at the basin scale. The same study also found that for a

basin with 69% glacier cover, the glacier runoff contributed 85% of

basin streamflow. Gao et al. (2012) found that, in a 44% glacierized

basin in Central Asia, 60% of the basin streamflow originated from

the glacierized area, which includes firn, snow and ice melt and liquid

routed on the glacier surface. These proportions of on-glacier runoff

contribution to streamflow are comparable to the results from the

PGRB, where 71% of annual runoff originates from the glacier area

(including firn melt, snowmelt, ice melt and rainfall on the glacier),

which covers 56% of the basin. In the Andes, Burger et al. (2019)

found that in a basin with 16% glacier cover, snowmelt on and off the

glacier contributed 66%–93% of basin streamflow, ice melt formed

3.5%–32%, and rainfall-runoff did not exceed 6%. Therefore, the

numbers presented here are within the ranges of values obtained in

highly glacierized alpine basins, but the different approaches to com-

puting flow compositions and glacier runoff contribution to stream-

flow preclude deeper comparisons between different studies. To

facilitate future comparison between hydrological studies in mountain

basins, the glacio-hydrological community should define common and

clear metrics to compare runoff components, including both on and

off-glacier runoff components and glacier wastage contributions to

streamflow.

5 | CONCLUSIONS

Streamflow generation in a glacierized mountain catchment such as

the PGRB is caused by a complex interplay of hydrological processes.

This study aimed to investigate the key sources of inter-annual

streamflow variability in a highly glacierized basin. To do so, a

process-oriented, physically based glacier hydrological model was cre-

ated in the Cold Regions Hydrological Modelling Platform to repre-

sent the full range of processes generating streamflow in a small

glacierized Canadian Rockies headwater basin for the period 1990–

2020. By using parameters derived from fieldwork, literature values or

physical principles, the model was able to capture the basin's snow

accumulation, ice and snow melt patterns, and streamflow well. These

modelling results emphasize the importance of long-term in-situ
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observations of meteorological variables in remote, high altitude gla-

cierized basin to guide and evaluate model application.

Even though trends were obtained in selected meteorological

forcings in the PGRB (summer air temperature, summer and annual

rainfall and winter snowfall), these trends did not translate into trends

in streamflow or runoff components. The predominance of interann-

ual variability in the glacierized basin streamflow was due to hydrome-

teorological factors that affected ice melt with much smaller impacts

from firn melt and rainfall-runoff. Annual streamflow was significantly

correlated with annual air temperature, as well as summer rainfall and

winter snowfall. The negative correlation with winter snowfall and

with timing of ice exposure, concomitant with the lack of association

between snowmelt and streamflow indicates that winter conditions

play a role in streamflow variability by regulating subsequent summer

ice exposure and albedo in the PGRB. Lower snowfall reduces sum-

mer albedo on the glacier. Snowmelt, whilst generating a larger frac-

tion of streamflow, was a small source of interannual streamflow

variability because high snowfall years were also low ice melt years

due to the impact of deep snowpack in covering and protecting glacier

ice from melting until late in the summer.

A comparison of high and low streamflow years showed that

streamflow in high flow years was 41% greater than in low flow years.

High flow years were warmer (+1.43�C), rainier (+145 mm) and less

snowy (�295 mm w.e.) than low flow years. These differences in tem-

perature and precipitation caused earlier snowmelt (�10 days),

enhanced ice melt (+103%) and firn melt (+162%), and greater

rainfall-runoff (+146%). As low snowfall years were warmer and rain-

ier years than high snowfall years, rainfall and firn melt runoff sources

also increased with ice melt in these years. High snowfall did not nec-

essarily translate into high snowmelt, as in high snowfall years not all

the snow melted. These compensatory feedbacks between snow and

glacier runoff processes affected both interannual variability and long-

term trends.

This assessment of trends in the PGRB combined with an analysis

of the correlation between meteorological conditions and streamflow

and a diagnosis of the hydrometeorological conditions resulting in

high and low flow years revealed the key drivers of streamflow vari-

ability in the PGRB but also highlighted the complexities of stream-

flow generation in mountain catchments.

Considering that meteorological extremes are expected to

increase in the future, and that glacier retreat enhances flow variabil-

ity by changing the streamflow regime from ice-dominated to snow-

melt and rainfall-runoff dominated, the streamflow in headwater

glacierized basins is expected to continue to change in the upcoming

decades. Increasingly warm conditions may cause an increase in the

frequency of high flow conditions whilst glacier coverage still remains,

much as was noted in the shift from the 1960s to recent years by

Pradhananga and Pomeroy (2022a). These future changes will be

superimposed on the current inter-annual variability that currently

dominates the streamflow response in the PGRB. To understand and

robustly predict the changing water supply from in glacierized moun-

tain basins, it is crucial to consider the complex interplay of stream-

flow generation processes.
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APPENDIX A

TABLE A1 Geomorphic
characteristics of the CRHM hydrological
response units (HRUs). The HRU number
are found on Figure 1b. The cover-type
refer to the landscape at the beginning of
the simulation, and the land cover type in
parenthesis refer to the landscape
in 2015.

HRU number Elevation (m) Area (km2) Slope (�) Aspect (�) Cover type

1 2949 0.3231 29.53 40 Glacier

2 2802 1.786 15.91 40 Glacier

3 2701 0.2819 5.203 344 Glacier

4 2654 0.8719 12.33 344 Glacier

5 2560 1.459 14.05 3 Glacier

6 2449 0.8744 8.181 352 Glacier

7 2252 0.3325 7.438 27 Glacier

8 2211 0.2331 4.749 350 Glacier (Moraine)

9 2176 0.2971 6.566 350 Glacier (Moraine)

10 2141 0.0863 13.96 307 Moraine

11 2956 0.2594 29.35 67 Glacier

12 2799 1.104 15.19 67 Glacier

13 2660 0.9737 15.33 60 Glacier

14 2552 0.3394 12.98 40 Glacier

15 2460 0.2731 10.9 75 Glacier

16 2405 0.2081 10.4 72 Glacier (Steep talus)

17 2251 0.0719 10.68 15 Debris-cover

18 2705 0.5981 20.14 84 Glacier

19 2545 0.3425 14.01 121 Glacier

20 2445 0.2275 10.06 111 Glacier (Moraine)

21 2200 0.1306 7.914 40 Debris-cover (Moraine)

22 2741 0.965 26.63 184 Steep talus

23 2501 0.7519 16.57 180 Moraine

24 2554 0.6163 43.62 103 Cliff

25 2273 0.4619 19.19 118 Ice-cored moraine

26 2215 0.26 14.16 145 Moraine

27 2771 1.395 27.97 250 Steep talus

28 2502 0.5512 13.54 256 Moraine

29 2285 0.4463 25.06 305 Ice-cored moraine

30 2702 0.4806 44.91 326 Cliff

31 2533 0.4644 26.58 287 Moraine

32 2375 0.9269 18.38 278 Moraine

33 2393 0.1144 8.185 33 Debris-cover

34 2413 0.1912 7.622 7 Glacier

35 2482 0.09313 24.17 70 Cliff

36 2727 0.35 30.54 80 Cliff

37 2847 0.2625 38.12 4 Cliff
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APPENDIX B

Glacier melt contributions to streamflow are divided between melt

and wastage following Comeau et al. (2009), with wastage corre-

sponding to net glacier volume loss resulting from negative mass bal-

ance and melt referring to a storage term from snowfall and

snowmelt. A key difference is the inclusion of the firn melt component

to the glacier ice melt calculations.

In years of positive or neutral mass balance, the glacier ice and

firn melt is lower than the leftover snowfall at the end of the melt sea-

son, and no wastage occurs. During these years, the melt component

equals to the ice melt Mi.

MiþMf ≤Ps�Ms,Wastage¼0,Melt¼Mi

Where Mi is the glacier ice melt, Mf is the glacier firn melt, Ps is the

snowfall over the glacier area, and Ms is the snowmelt over the

glacier area.

In years with negative mass balance, the ice and firn melt from

the glacier area is larger than the residual snowfall at the end of the

melt season:

MiþMf >Ps�Ms

Wastage¼ MiþMfð Þ� Ps�Msð Þ

Melt¼Ps�Ms

In years of negative mass balance, wastage is defined as the vol-

ume of ice and firn melt that exceeds the water equivalent volume of

snow accumulation into the glacier.

The percentage of glacier wastage contribution to streamflow is

calculated as a percentage of the annual basin yield, defined as the

combination of streamflow simulated at the basin outlet and ground-

water discharge from the basin.

The individual components of the wastage calculation are shown

in Figure B1. In the case of Peyto, due to both rain-on-snow events

and snow redistribution from blowing snow and avalanches, the gla-

cier area snowmelt (Ms) is slightly larger than the glacier area snowfall

(Ps) for 21 out of the 32 years analysed. In these 21 years, the snow-

melt is on average 10% higher than the snowfall across the glacier,

with a maximum difference of 27%.

Of the 32 years simulated, only 2 years do not have a wastage

component, due to showing a positive mass balance with the ice melt

component being smaller or equal to the snow remaining on the gla-

cier at the end of the hydrological year (Ps – Ms). For the 30 years with

wastage, the wastage volume was calculated as a ratio to the total

basin yield (combined streamflow and groundwater), and contributed

between 6% and 77% of basin yield, and averaging 53%.

F IGURE B1 Annual specific mass-
balance components for the Peyto Glacier
for years 1988–2020, with annual
snowfall (Ps), snow melt (Ms), ice melt (Mi)
and firn melt (Mf) in (a), the combined
snow components (Ps – Ms) and glacier
ice and firn (Mi + Mf) in (b) and the
wastage as a proportion of annual basin
yield in (c).
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