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or implied, nor assume any legal liability or responsibility for the accuracy, completeness, or 
usefulness of any information contained in this publication, nor that use thereof infringe on 
privately owned rights. The views and opinions of the author expressed herein do not necessarily 
reflect those of AI or Her Majesty the Queen in right of Alberta. The directors, officers, 
employees, agents and consultants of AI and the Government of Alberta are exempted, excluded 
and absolved from all liability for damage or injury, howsoever caused, to any person in 
connection with or arising out of the use by that person for any purpose of this publication or its 
content
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Executive Summary  
 
In the last few years Alberta has been impacted by severe mountainπderived flooding (2013) and 
drought (2015-2019) that have caused flood damages exceeding $6 billion and drought damages 
to tourism, ecosystem health, and food and energy production (unestimated at this point).  These 
water crises suggest that ǘƘŜ ǊŜƭƛŀōƛƭƛǘȅ ŀƴŘ ǎŀŦŜǘȅ ƻŦ !ƭōŜǊǘŀΩǎ Ƴƻǳƴǘŀƛƴ ǿŀǘŜǊǎ ŀǊŜ ŀǘ ǊƛǎƪΣ ŀƴŘ 
therefore risks associated with climate change and extreme weather need to be reassessed and 
the potential to manage mountain watersheds for water resiliency reπexamined. To address this, 
the overarching research question for this project is: Are the Canadian Rocky Mountains a reliable 
future source of streamflow? Underlining this question are three sub-questionsςthat form the 
Objectives of this project:  

i) How do the physical characteristics (forest cover, soil type, geology, etc.) of mountain 
headwater basins influence runoff generation? How does this vary across the region? 

ii) Will the hydrological systems of the Rocky Mountains enhance or dampen the effects 
of climate change and extreme events on downstream streamflow and water 
resources? 

iii) Can forest manipulations impact the hydrological resiliency of these systems? 
 
The project relied upon observations in the Canadian Rockies Hydrological Observatory (CRHO), 
which was operated during and by this study to provide an unprecedented range of mountain 
multiscale hydrological, meteorological, ecological, cryospheric and subsurface field data for 
improving our understanding of mountain hydrology and for driving and testing novel 
hydrological models.  The co-location of modelling and process hydrology studies led to rapid 
uptake of new scientific information into models. 
 
Mountain forest evapotranspiration was divided into evapotranspiration and tree transpiration 
in a sub-alpine forest and examined over wet and dry summers.  The drier summer resulted in 
higher transpiration and evapotranspiration levels, with no recharge to groundwater from 
surface water inputs during the growing season.  This means that successive years of summer 
droughts could impact successional growth of subalpine forests as juvenile trees rely on soil 
moisture which was low in a drought year.  It was also noted that windblown snow trapped by 
vegetation is an important input to summer growth and water supply of sub-alpine forests, both 
at treeline and lower elevations and so variation in winter snowpacks has great importance for 
summer evapotranspiration from subalpine forests. 
 
Storm runoff celerity was examined as a function of soils and topography.  The results suggest 
that warmer winters will result in shallower winter snowpacks and colder soils due to reduced 
insulation from the winter snowpack ς this will impact infiltration to frozen soils and possibly 
increase spring runoff celerity. 

 
Snowmelt dynamics was studied through new observations such as using a combination of LiDAR 
measurements from UAVs and remote sensing from satellites to quantify snowpacks.  UAV-borne 
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LiDAR can measure snow depth accurately even under forest canopies and so can be used to 
inform and evaluate snow models.  An improved understanding of blowing snow and turbulence 
interactions has pointed the way for new alpine blowing snow model development that takes 
into account sweep and ejection motions of the atmosphere rather than relying solely on time-
averaged wind flows.  This will improve alpine-subalpine snow modelling accuracy.  An improved 
understanding and ability to simulate water flow through heterogeneous snowpacks is providing 
the basis to reformulate operational hydrological models so that they are more accurate in 
simulating runoff timing during rain-on-snow floods.   
 
Studies of wetlands in alpine, subalpine, and foothill locations highlight the differences in 
hydrological functions of wetland, such as evapotranspiration, contributing flow, recharging and 
transmitting flow, and how this relates to topographic position and hydrographic position.  Not 
all wetlands have equal function and those in foothill locations can be particularly important, but 
changing, throughout the summer whereas high elevations wetlands have seasonal importance.  
Importantly - mountain wetlands supply crucial baseflow during drought conditions and beaver-
dammed wetlands provide important reduction in flood streamflow peaks, even in the highest 
flow conditions on record such as the June, 2013 flood. 
 
Groundwater storage, flow paths and hydraulic response time understanding was improved 
based on intensive field studies that characterized contributions to streamflow, baseflow and 
wetlands characterized. Complex systems of coarse sediments in mountain headwaters (talus 
slopes, moraines, rock glaciers) play an important role in temporary storage of glacier melt, 
snowmelt and rain.  These results and others noted above have informed hydrological modelling 
in the Cold Regions Hydrological Modelling platform (CRHM). 
 
High mountain hydrology outside of glacierized basins is dominated by snowmelt in the Canadian 
Rockies and so a full representation of snow redistribution by wind and gravity, snow interception 
and the impact of slope and aspect on energy availability for melt is crucial for accurate 
hydrological modelling.  These are available in CRHM which works well in several mountain 
basins.  Unfortunately, CRHM hydrological predictions driven with the Environment and Climate 
Change Canada GEM numerical weather model at 2.5 km have insufficient accuracy for reliable 
hydrological modelling of high mountain basins. 
 
In glacierized basins, represented by Peyto Glacier Research Basin, new glacier components help 
CRHM to indicate an increase in runoff from the 1960s to recent years. This increasing trend 
suggest the glacier is still able to provide a significant contribution to streamflow and buffer low 
water years. However, the melt patterns are changing; snowmelt peak is now a month earlier 
than historical values and glacier melt extends further into the fall.  Diagnosis of CRHM outputs 
shows that high flow years have 34% more annual streamflow than low flow years, the source of 
extra streamflow in high flow years is from: + 13% snowmelt,  + 80% icemelt, + 280% firnmelt, + 
106% rainfall-runoff and visible changes in the transition season, with earlier spring melt and 
increased fall rainfall-runoff. 
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Climate change has been anticipated to impact the hydrology of Marmot Creek Research Basin 
which has shown itself hydrologically resilient to substantial climate changes since the 1960s.  
Using CRHM  uƴŘŜǊ ŀ άōǳǎƛƴŜǎǎ ŀǎ ǳǎǳŀƭέ ŎƭƛƳŀǘŜ ŎƘŀƴƎŜ ǎŎŜƴŀǊƛƻΣ ǘƘŜ ōŀǎƛƴ ǿŀǊƳǎ ǳǇ ōȅ пΦт °C 
and receives 16% more precipitation, which leads to a 40 mm decline in seasonal peak snowpack, 
84 mm decrease in snowmelt volume, and 49 days shorter snowcover duration. This will lead to 
earlier runoff of from 12% to 27% in most ecozones, whereas the treeline ecozone has a small 
(3%) decrease in runoff volume due to decreased melt volumes from smaller snowdrifts. Higher 
streamflows will occur in spring and fall and lower streamflows in late summer.  Marmot Creek 
annual streamflow discharge will increase by 18% and so loses its hydrological resilience. 
 
Climate change and forest disturbances impacts for the Bow and Elbow rivers were investigated 
using CRHM, setup with almost 3000 hydrological response units above Calgary.  CRHM was 
found to predict annual streamflows adequately for these rivers.  The model was run with a 
business as usual climate scenario to produce a likely climate of the late 21st C for comparison to 
the early 21st C.  It was then perturbed to simulate land cover disturbances from wildfire, pine 
beetle and forest harvesting for the recent and future climate of the basins. Annual streamflow 
volumetric changes for climate change were modest, with increases of 2% for the Bow River and 
7% for the Elbow River at Calgary, with higher increases in low flow years.  The low and moderate 
severity wildfire, forest harvesting and pine beetle scenarios had little impact on streamflow 
volumes.  The largest impact was on the Elbow River at Calgary where the pine beetle with 
salvage logging scenario resulted in an 11% increase in streamflow volumes. The severe wildfire 
scenario increased streamflows at Calgary on the Bow by 34% and the Elbow by 59%.  With the 
combination of severe wildfire and climate change, streamflows on the Bow and Elbow at Calgary 
are predicted to increase by 42% and 70% respectively.  This combination of future basin 
conditions is considered likely over the next century and puts Calgary at considerable risk of 
damage from high flows that will contribute to these high annual water yields. 
 
 
The investigators wish to acknowledge the students and researchers who have contributed to this 
report and particularly to Xing Fang and Lindsey Langs who made substantial contributions to the 
writing and presentation of this final report. 
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Final Technical and Modelling Report 

1.1 Project Description 
In the last few years Alberta has been impacted by severe mountainπderived flooding (2013) and 
drought (2015-2019) that have caused flood damages exceeding $6 billion and drought damages 
to tourism, ecosystem health, and food and energy production (unestimated at this point).  These 
ǿŀǘŜǊ ŎǊƛǎŜǎ ǎǳƎƎŜǎǘ ǘƘŀǘ ǘƘŜ ǊŜƭƛŀōƛƭƛǘȅ ŀƴŘ ǎŀŦŜǘȅ ƻŦ !ƭōŜǊǘŀΩǎ Ƴƻǳƴǘŀƛƴ ǿŀǘŜǊǎ ŀǊŜ at risk, and 
therefore risks associated with climate change and extreme weather need to be reassessed and 
the potential to manage mountain watersheds for water resiliency reπexamined. Mountain water 
supply in Alberta is strongly influenced by snowpack dynamics. Whereas floods are driven 
primarily by heavy rains, particularly when they occur on snow, low flows are controlled by 
release of water from snowπ and rainπfed groundwater, lake/wetland and glacier stores 
(Pomeroy et al., 2015; Shook and Pomeroy, 2015; Marshall et al., 2011; Pazurkas and Hayashi, 
2015; Buttle et al., 2016).  Snowπcontrolled hydrological systems are particularly sensitive to 
climate warming and the trends in the last 50 years show an average winter warming of 2.5 oC in 
the Bow River headwaters (DeBeer et al. 2015).  Snowpacks at lower elevations have declined by 
as much as 50% over this period in the Kananaskis Valley, yet streamflows have been at most 
mildly affected (Harder et al., 2015; Pomeroy et al., 2015; Whitfield and Pomeroy, 2016).    Whilst 
observations of headwaters mountain streamflow show a remarkable resiliency and stability 
under recent climate change and mild experimental forest disturbance (Harder et al. 2015; 
Whitfield and Pomeroy, 2016), recent results from numerical simulations suggest considerable 
vulnerability potential for future downπstream water supplies (Pomeroy et al., 2012; 2016; Fang 
and Pomeroy, 2016; Rasouli et al., 2019).  
 
Notable impacts are:  

i) Peak flow timing advancing by one month and late summer flows declining 
substantially in mountain streams subject to observed and anticipated climate 
warming;    

ii) Up to a 25% increase in peak flow from snowmelt due to deforestation of mountain 
headwaters; and    

iii) Up to a doubling of peak flows in a simulation of the 2013 flood when canopy removal 
is coupled with soil compaction.  

 
Given the dependence of Alberta water users on the timing and magnitude of high and low 
streamflows and the vulnerability of floodplain communities to peak flows, the conditions that 
promote water supply resilience and the conditions that result in vulnerability bear further 
investigation at larger river basin scales. 
 
Key to assessing water futures under climate change is a more thorough understanding of the 
hydrological importance of forests, soils, snow, glaciers, frozen ground, permafrost, 
groundwater, lakes, wetlands and strong seasonality.  Much of the mountain headwater 
catchments are forest covered and subject to a variety of federal, provincial and private 
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management regimes. These forests are used for a wide range of purposes including 
environmental conservation, recreational, cultural, watershed source area protection and 
wood/fibre products. The forests also support hundreds of forest dependent communities. The 
potential for managing forests for water supply objectives has been a long term goal in Alberta 
(Golding and Swanson, 1986) and with recent advances in Alberta mountain forest disturbance 
hydrology (Ellis et al., 2013; Pomeroy et al., 2012) there is potential to model the impacts of 
precisionπ management of forested watersheds for multiple uses.    
 
This project leverages the experience of a consortium of university and Alberta Agriculture and 
Forestry scientists to develop an improved quantification of forest and high mountain water 
supply resilience and vulnerability in the Canadian Rockies. This has been accomplished through 
the provision of benchmarks against which assessments can be made and future water risks and 
management strategies identified. It takes advantage of a unique opportunity to better quantify 
mountain hydrological resilience and vulnerability by coupling mountain research basin findings 
with advances in hydrological modelling. The project is determining how climate, headwater 
basin forest cover and topography control streamflow generation and how this varies across the 
Bow and Elbow river headwaters. It is also assessing whether these basins enhance or dampen 
the effects of climate change, floods and droughts on downstream streamflow, and how forest 
management can be used as a tool to promote water resource resiliency to climate change and 
extreme weather events. 
 
The overarching research question for this project is: Are the Canadian Rocky Mountains a 
reliable future source of streamflow? At present, this knowledge gap makes the implementation 
of all water policies and infrastructure proposals in Alberta highly uncertain. Underlining this 
question are three sub-questionsςthat form the Objectives of this project:  
 

iv) How do the physical characteristics (forest cover, soil type, geology, etc.) of mountain 
headwater basins influence runoff generation? How does this vary across the region? 

v) Will the hydrological systems of the Rocky Mountains enhance or dampen the effects 
of climate change and extreme events on downstream streamflow and water 
resources? 

vi) Can forest manipulations impact the hydrological resiliency of these systems? 
 
Answering these questions requires an improved physical understanding of all mountain 
hydrological processes that integrate across a range of spatial and temporal scales to control 
streamflow generation. One challenge is to accelerate the improvement in understanding 
snowmelt and glacierπmelt processes in complex terrain, snowmelt runoff in disturbed forests, 
evapotranspiration and runoff processes over forested hillslopes, surfaceπgroundwater 
interactions in mountain headwaters including mountain wetlands and streamflow generation 
processes by intensive and detailed hydrological process observations at study sites in the 
Canadian Rockies Hydrological Observatory (CRHO). New advances from this understanding are 
incorporated into the object-oriented, distributed Cold Regions Hydrological Modelling platform 
(CRHM).    Advancing CRHM through code improvement and an ever-expanding library of C++ 
process modules is a moderate challenge, followed by testing of new model structures against 
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detailed observations at research basins such as Marmot Creek.  Once the performance of new 
model structures was satisfactory, CRHM is then be used to simulate the hydrology of much 
larger areas and timeframes than the field experiments allow.  By applying CRHM to the Bow 
River above Calgary and then modifying the climate and land cover for the model, virtual 
experiments are conducted that provide an unique opportunity to assess the range and 
probability of various water futures for this basin.    
 
Three main tasks were developed to answer the main project questions, with a series of sub-
tasks to highlight specific areas of interest. 
 
Task 1: Basin Process Studies and Data Collection 

1.1 Canadian Rockies Hydrological Observatory 
1.2 Mountain forest evapotranspiration 
1.3 Storm runoff celerity as a function of soils and topography 
1.4 Snowmelt dynamics at forest edges 
1.5 Wetland storage and drainage 
1.6 Groundwater storage, flow paths and hydraulic response time 

 
Task 2: Develop and Improve Hydrological Model Based on Process Studies 

2.1 Cold Regions Hydrological Model (CRHM) setup on Upper Bow River Basin and testing 
at Fortress Mountain Basin and Marmot Creek 
2.2 Evapotranspiration modelling in mountain terrain 
2.3 CRHM Glacier development and testing 
2.4 Canadian Hydrological Model (CHM) development 

 
Task 3: Assemble Basin and Past/Future Climate Information for Modelling 
 3.1 Assemble basin information for modelling 
 3.2 Assemble climate information for modelling 
 3.3 Validation of numerical weather model results with archived climate data 
 
The research questions and tasks framed process based investigations and modelling analysis for 
the understanding of Rocky Mountain water supply resilience and vulnerability for the duration 
of this study. 
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1.2 Experimental Approach and Results 

Literature Review 
Water supplies from runoff in the eastward flowing Canadian Rockies drainages have been 
declining (St. Jacques et al., 2010) and are predicted to drop further just as increasing demand is 
projected due to rising population and greater consumption from downstream agriculture and 
industry (Mannix et al., 2010). The Canadian Rockies are typical of many cold regions mountain 
ranges in that they have substantial snow accumulation in the winter and melt in spring and 
summer, providing water for drier regions downstream during times of important agricultural 
and human consumption demand. 
 
Mountain hydrological cycling in this region is sensitive to climate variations. It is suggested that 
the rising number of winter days with air temperature above the freezing point (Lapp et al., 
2005) and decreases in spring snowcover extent (Brown and Robinson, 2011) are resulting in 
earlier spring runoff (Stewart et al., 2004) and lower annual streamflows (St. Jacques et al., 2010). 
These climate changes have been associated with increasing rates of forest disturbance due to 
wildfire (Fauria and Johnson, 2006), insect infestation (Aukema et al., 2008), and disease 
(Woods et al., 2005). The hydrological cycle in mountain environments can be substantially 
altered by forest disturbance, leading to increased snow accumulation and snowmelt rates 
(Pomeroy and Gray, 1995; Boon, 2009; Burles and Boon, 2011; Pomeroy et al., 2012; Ellis et al., 
2013), enhanced surface runoff and peak flow (Whitaker et al., 2002; Pomeroy et al., 2012; 
Pomeroy et al., 2016a, b), and changing groundwater regimes (Rex and Dubé, 2006). 
 
Needleleaf forest cover dominates many cold regions mountain basins, where snowmelt is the 
most important annual hydrological event (Gray and Male, 1981). Needleleaf forest foliage 
substantially reduces snow accumulation, with declines ranging from 30% to 50% compared to 
adjacent clearing sites (Pomeroy et al., 2002; Gelfan et al., 2004). The losses of snow 
accumulation in forests are attributed to the interception of snow by the evergreen needleleaf 
canopy (Lundberg and Halldin, 1994; Pomeroy and Gray, 1995; Hedstrom and Pomeroy, 1998; 
Gelfan et al., 2004). This intercepted snow is exposed to high rates of turbulent transfer and 
radiation input and sublimates rapidly (Pomeroy et al ., 1998) resulting in greatly reduced snow 
accumulation on the ground at the time of snowmelt (Pomeroy and Gray, 1995). However, snow 
unloading response to energy inputs adds uncertainty about the partition of snowfall between 
interception and unloading by the forest canopies, and further development of these algorithms 
for mountain slopes and forests is needed (Rutter et al., 2009). Besides interception effects, 
needleleaf forest cover also affects energy exchanges to snow and therefore the timing and 
duration of snowmelt. The forest canopy dampens turbulent energy fluxes when compared with 
open snowfields (Harding and Pomeroy, 1996; Reba et al., 2011). As a result, energy to melt 
ǎǳōπ ŎŀƴƻǇȅ ǎƴƻǿ ƛǎ ŘƻƳƛƴŀǘŜŘ ōȅ ǊŀŘƛŀǘƛƻƴ ŦƭǳȄŜǎΣ ǿƘƛŎƘ ƛƴ ǘǳǊƴ ŀǊŜ ŀƭǘŜǊŜŘ ōȅ ŜȄǘƛƴŎǘƛƻƴ ƻŦ 
shortwave transmission through the canopy and enhancement of longwave emission from 
canopies and trunks (Link et al., 2004; Sicart et al., 2004; Essery et al., 2008; Boon, 2009; 
Pomeroy et al., 2009; Ellis et al., 2012; Varhola et al., 2010). 
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Elevation exerts a strong influence on air temperature, precipitation depth and phase in 
mountain basins (Storr, 1967; Marks et al., 2012; Harder and Pomeroy, 2012), while slope and 
aspect are the additional factors controlling the patterns of snow accumulation and snowmelt in 
the mountain environments (Golding and Swanson, 1986; Pomeroy et al., 2003; DeBeer and 
Pomeroy, 2009; MacDonald et al., 2010; Ellis et al., 2011; Marsh et al., 2012). At high elevations 
above treeline, snow is redistributed by wind (Föhn and Meister, 1983; Doorschot et al., 2001; 
Bernhardt et al., 2009), of which some is lost via sublimation to the atmosphere (MacDonald et 
al., 2010; Musselman et al., 2015). 
 
Temperate zone models have great difficulty in simulating the hydrological cycle of cold 
mountain regions (Swanson, 1998), and there remains a need for a model that is suitable for 
river basins originating in the Canadian Rockies. Cold regions hydrological processes have been 
represented in hydrological models such as ARHYTHM (Zhang et al., 2000), VIC (Bowling et al., 
2004), and GENESYS (MacDonald et al., 2011). However, the Cold Regions Hydrological 
Modelling platform (CRHM) offers a more complete range of processes for the Canadian Rockies 
(i.e. blowing snow, interception and sublimation of snow, energy balance snowmelt, slope 
radiation, canopy influence on radiation, canopy gap effect on snow, infiltration to frozen soils) 
and the process algorithms have been extensively field tested in this environment. CRHM is a 
modular model assembling system that allows appropriate hydrological processes to be linked 
for simulating the hydrological cycle across a range of scales (Pomeroy et al., 2007). The 
underlying philosophy is to use CRHM to create a model of appropriate physical and spatial 
complexity for the level of understanding and information available for the basin being 
modelled. Insights ŦǊƻƳ ŦƛŜƭŘ ƛƴǾŜǎǘƛƎŀǘƛƻƴǎ ƘŀǾŜ ƭŀǊƎŜƭȅ ƎǳƛŘŜŘ /wIaΩǎ ŘŜǾŜƭƻǇƳŜƴǘΣ ǿƛǘƘ ǘƘŜ 
expectation that an improved understanding of the underlying hydrological processes will yield 
benefits in terms of prediction capability and so new algorithms from field studies are 
incrementally incorporated as modules in the platform. For example, new algorithms recently 
added to CRHM include those for estimating shortwave radiation through forest canopies on 
slopes (Ellis and Pomeroy, 2007), calculating enhanced longwave emissions from canopies 
(Pomeroy et al., 2009), estimating snow surface temperature (Ellis et al., 2010), calculating 
ǎƴƻǿƳŜƭǘ ŜƴŜǊƎŜǘƛŎǎ ƛƴ ŦƻǊŜǎǘ ƎŀǇǎ ŀƴŘ ŎƭŜŀǊƛƴƎǎ ό9ƭƭƛǎ Ŝǘ ŀƭΣ нлмоύΤ ǊŜǎƛǎǘŀƴŎŜπǘȅǇŜ 
evapotranspiration, hillslope hydrology and groundwater ŘȅƴŀƳƛŎǎ όCŀƴƎ Ŝǘ ŀƭΦΣ нлмоύ ŀƴŘ Ǌŀƛƴπ
ƻƴπǎƴƻǿ ǇǊƻŎŜǎǎŜǎ and detention storage of overland flow in organic soil layers on hillslopes 
(Pomeroy et al., 2016; Fang and Pomeroy, 2016). CRHM also now accounts for canopy gap 
radiative transfer and unloading of intercepted snow in a mass and energy module for 
needleleaf forests (Ellis et al., 2010, 2013). Other recent additions are modules for simulating 
blowing snow and sublimation affected by local wind and topography in the alpine treeline 
environment (MacDonald et al., 2010), improved simulation for alpine snowmelt and snowmelt 
runoff (DeBeer and Pomeroy, 2010) and improved soil system representation for runoff 
generation (Dornes et al., 2008a; Fang et al., 2010; 2013). 
 
A physically based hydrological model incorporating many of the new algorithms outlined above 
was assembled using CRHM to simulate forest snow hydrology in a headwater basin of Canadian 
Rockies, resulting in predictions for snow accumulation, melt, and snowmelt runoff (Pomeroy 
et al., 2012). Current model developments focus on incorporating a more physically realistic soil 



11 
 

and groundwater system in the model and simulating ƎǊƻǳƴŘǿŀǘŜǊπǎǳǊŦŀŎŜ water interactions 
on hillslopes to improve simulation of soil moisture, evapotranspiration, baseflow, and 
groundwater storage. A comprehensive model addressing all major processes in the basin 
hydrological cycle that can be parameterised based on field and remote sensing measurements 
is a powerful and robust tool for examining the impacts of land use and climate change on basin 
runoff response. Such a tool also provides a basis for identifying regionalized parameterizations 
for modelling similar, but ungauged, basins in the region or similar cold mountain environments 
(Dornes et al., 2008b) as well as helping identify those physical processes most critical in 
ŎƻƴǘǊƻƭƭƛƴƎ ǘƘŜ ƭŀǊƎŜπǎŎŀƭŜ ƘȅŘǊƻƭƻƎȅ ƻŦ ǘƘŜ ǊŜƎƛƻƴ όtƛŜǘǊƻƴƛǊƻ Ŝǘ ŀƭΦΣ нллтύΦ !ƴƻǘƘŜǊ ŀŘǾŀƴǘŀƎŜ 
of CRHM is that it may be evaluated using multiple objectives to avoid equifinality problems 
(Bevan and Freer, 2001) by allowing a much more powerful evaluation of the model as a 
representation of many aspects of the hydrological cycle (Dornes et al., 2008b). 
 
 

Results of Experiments 

Task 1: Basin Process Studies and Data Collection 
1.1 Canadian Rockies Hydrological Observatory 
The Canadian Rockies Hydrological Observatory (CRHO) was used as the base of field and 
modelling studies for this project (Fig. 1).  This comprises primarily the Bow and Elbow river basins  
(Fig. 1).  The Canadian Rockies Hydrological Observatory obtains nested experimental study sites 
such as Marmot Creek Research Basin, Fortress Mountain Research Basin, and Peyto Glacier 
Research Basin.  The research basins benefit from being nested within a relatively high density of 
federal and provincial meteorological, snow and hydrological monitoring stations as well as the 
35 USask hydrometeorological stations, including some with sophisticated monitoring of 
radiation, turbulent transfer and snow properties that are located at the research basins.  This 
CFI funded facility provides an unprecedented outdoor laboratory to make advances in the 
understanding and prediction of mountain hydrology. 
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Figure 1. Map of the Canadian Rockies Hydrological Observatory climate and hydrometric station 
locations used within this study located in the Canadian Rocky Mountains, Alberta. 
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1.2 Mountain forest evapotranspiration 
A key component to the understanding of mountain water resiliency is the understanding of 
subalpine vegetation and its role in the annual water budget. Presently, there is limited 
understanding of the quantity of water evaporated and transpired from these systems. 
Understanding the way water moves in mountain headwaters through forests and vegetation 
helps to gain an understanding of the overall vulnerability and resiliency of mountain 
headwaters. A series of studies were completed by graduate students under the supervision of 
Dr. Petrone to better understand this important component. 
 
Subalpine forest evapotranspiration and water source investigation 
Dr. PeǘǊƻƴŜΩǎ graduate student Lindsey Langs focussed on quantifying subalpine forest 
transpiration of two co-occurring tree species, subalpine fir and Engelmann spruce throughout 
the growing season of two hydrologically varying summers (2016 and 2017). The contrasts in 
years allowed for insight into fir and spruce water use behaviour, showing that trees transpired 
more throughout the drier summer (Fig. 2). Results indicated the sustained, large spring 
snowpack in 2017 helped encourage early growing season forest transpiration of a higher 
magnitude than 2016, the wet summer. This research also helped to quantify the relative 
proportion of forest transpiration to total evapotranspiration, helping to better understand the 
summer growing season water budget. In 2016, there was a positive gain of water to the system, 
replenishing groundwater and soil moisture stores (Fig. 3). In 2017, there was a net loss of water 
to the system, allowing no recharge during July and August (Fig. 4). If there are successive years 
of summer drought, younger trees may struggle to get enough water to sustain growth due to 
limited internal storage capacities and shallower rooting systems. This may alter the natural 
succession of forests in the Canadian Rockies, and could place further stress on these species in 
the event of a wildfire or biological pests. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.  Cumulative transpiration (T) over the examined growing season, from June 5 ς Sept 24 
of both study years, 2016 and 2017. Of importance is the departure from similar early season 
totals on June 18, where T in 2017 surpasses that of 2016 due to a prolonged and more 
substantial winter snowpack. 
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Figure 3.  Forest transpiration plotted against entire forest-stand evapotranspiration for the 2016 
wet growing season from June 5 ς Sept 25 at Fortress Mountain, Kananaskis, AB. 
 
 
 
 
 
 

Figure 4.  Forest transpiration plotted against entire forest-stand evapotranspiration for the 2017 
dry growing season from June 5 ς Sept 25 at Fortress Mountain, Kananaskis, AB 
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In conjunction with the hydrometeorological-based forest transpiration investigation, stable 
water isotopes were used to help tell the story of the sources for subalpine forest water use.  By 
ǳǎƛƴƎ ƛǎƻǘƻǇŜǎ ʵ18h ŀƴŘ ʵ2H, subalpine tree water sources were partitioned using a Bayesian 
mixing model, MixSIAR, for three points of the growing season. It was found that soil moisture 
was the most important water source for all trees, across both species and between two age 
classes (young, old), throughout the entire growing season (Fig. 5). Groundwater was the second 
most important source, being most valuable during spring snowmelt and at the beginning of the 
growing season as trees emerged from senescence. Like the hydrometeorological study,  younger 
trees were found to rely on soil moisture more than older trees. There were minimal differences 
between species, although fir trees used more groundwater over the growing season, compared 
to spruce. This suggests that the rooting structure of fir may be better adapted to decreases in 
soil moisture during summer drought periods, allowing them to access deeper groundwater. 
Population abundance and succession may play a part in their successful adaption to access 
varied water sources, as fir were the most populous at the research location, comprising 70% of 
the local forest population.  
 

Figure 5.  Relative source water contributions to xylem water for entire growing season (2017) 
length generated by MixSIAR BMM, partitioned by a) species (spruce, fir) and b) tree age (young, 
old). Standard deviations for each source depicted by error bars. 
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Treeline tree patch growth patterns and evapotranspiration 
Dr. Petrone and PomeroyΩǎ graduate student Jessica ²ƛƭƭƛŀƳǎƻƴΩǎ ǊŜǎŜŀǊŎƘ ŀŘŘǊŜǎǎŜŘ the 
advancement of the treeline under climate change predictions, by focusing on how treeline 
expansion, in the form of tree islands and krummholz, interacts with alpine snowpacks and 
influences the evapotranspiration (ET) of a south-facing mountain ridge at Fortress Mountain in 
Kananaskis, Alberta. Open and closed canopy meteorological stations, atmometers and 
interception troughs were used to assess patterns in ET based on seasonal, vegetation and 
topographic changes. Additionally, snow surveys and a vegetation community analysis were 
performed to determine snow and growth patterns on a slope controlled by high wind speeds. 
Using atmometers, potential evapotranspiration (PET) was estimated within three closed-canopy 
tree islands and three surrounding open-canopy plots with scattered krummholz patches (Fig. 6). 
PET measurements were compared with dominant growth control factors, including 
temperature, wind speed, snowpack and microtopography. Positive feedbacks are anticipated 
between growth controls and the progression or stability of tree islands and krummholz.  

 

Figure 6.  Potential evapotranspiration (PET) estimates for both closed and open study plots 
across the growing season. PET was higher in open areas, compared to within the tree islands. 
 
Higher PET was measured in open-canopy plots, where exposure to wind and net radiation was 
increased and broad-leafed vegetation was present. PET rates in closed canopy tree islands were 
considerably lower, likely as a result of lower wind speeds and lower net radiation due to the 
presence of stunted subalpine firs and very little broad-leafed understory growth (Fig. 7). 
However, PET in closed canopy tree islands was shown to increase with stand density upslope. 
Krummholz and tree islands had a unique relationship with winter and spring snowpacks and 
snow coverage. By trapping windblown snow, shading snow from solar irradiance and reducing 
turbulent transfer, they sustained a snowpack that lasted later into the spring snowmelt period, 
resulting in increased moisture supply and continued growth. Canopy interception was greater 
within Tree Islands 1 and 2, further upslope, where patches had a dense understory of branch 
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offshoots that lay just over the ground and reduced throughfall. Higher interception rates within 
the denser tree islands could have caused higher rates of evaporation from the surface of the 
trees. These results suggest that the presence of trees above the existing treeline, with the 
potential for expansion under current and projected climate conditions, could result in more 
water being evaporated at higher elevations and potentially decreased downstream flows. 

 

Figure 7. The relative proportions of interception and precipitation in the water budget, at 
different points of sampling throughout the summer growing season. 
 
1.3 Storm runoff celerity as a function of soils and topography 
Dr. Carey and a team of two graduate students focused on understanding storm runoff 
generation as a function of variable soils and topography. These studies combined simple models 
and analyses of climate data and in-field process based studies in order to understand these 
variables. 
 
Infiltration into frozen soils and runoff generation in forested mountain catchments 
5ǊΦ /ŀǊŜȅΩǎ ƎǊŀŘǳŀǘŜ student Heather Bonn examined infiltration into frozen soils and their 
impact on runoff generation within forested mountain basins with both seasonal frozen soils and 
permafrost. The ground thermal and moisture regime along a topographic gradient was 
measured along with detailed surface observations and soil property information to set up and 
test a commercial finite element heat and mass transfer model GeoStudio. Once set up, the 
driving factors and influence of simple climate change scenarios on soil thermal and moisture 
regimes were assessed.  
 
While some challenges exist, GeoStudio was able to simulate the patterns of ground temperature 
and moisture, although some parts of the water balance were poorly represented due to the 
simplicity of model formulation at the surface. Once the model was set up, simple delta change 
scenarios were evaluated by increasing and decreasing the temperature and precipitation. Fig. 8 
shows how changes in temperature and the percentage of precipitation influence soil thermal 
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and moisture regimes. While increases in temperature and precipitation are relatively obvious 
(earlier melt, slightly warmer and wetter winter soils), a slightly cooler and drier scenario provides 
interesting results. Snowmelt completes earlier in a drier cooler scenario largely from a reduced 
snowpack, and soils achieve a much colder state, again more because of the decline in the 
snowpack than the decreased temperatures. This suggests that the greatest influence on winter 
thermal and moisture regimes is snow depth than air temperatures. This will strongly influence 
runoff generation processes in the spring.  

 

Figure 8. Soil temperature (a-c) and unfrozen water content (d-f) sensitivity from baseline model 
(a,d) to warmer and wetter (b,e) and cooler and drier (c,f) climate scenarios. 
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Hydrological change in runoff generation in the mountain West 
5ǊΦ /ŀǊŜȅΩǎ tƘ5 ǎǘǳŘŜƴǘ ±ƛŎǘƻǊ ¢ŀƴƎ ŜȄŀƳƛƴŜŘ ƘȅŘǊƻƭƻƎƛŎŀƭ change in the mountain west using 
multiple novel new techniques including deep learning (DL) algorithms combined with classical 
hydrometric analysis. In this work, Mr. Tang has worked with western North AmeǊƛŎŀΩǎ 
hydrometric data (Fig. 9) to use deep learning to assess shifts in hydrograph regimes using annual 
daily hydrographs. Deep learning algorithms are powerful new tools to detect hydrological 
change in mountain region, and can use various techniques to classify hydrometric regimes and 
then detect shifts associated with ecosystem change over time.  
 
Results suggest that DL algorithms are effective at classifying hydrograph based on pattern 
recognition in their shapes. Once trained, these algorithms can be used to evaluate when changes 
occur in their general shape, and hence indicate when they flow regime is changing in a subtle 
manner. The power of DL is that they provide confidence scores in classification, so as 
hydrographs change with time, they can shift regimes (i.e. from a snowmelt towards rainfall 
driven regime) and the DL algorithm confidence scores will change to reflect this (Fig. 10). The 
ƛƳǇŜǘǳǎ ƻŦ ǘƘƛǎ ǿƻǊƪ ƛǎ ǘƻ ŘŜǾŜƭƻǇ ƴŜǿ Ψƴƻƴ-ǘǊŀŘƛǘƛƻƴŀƭΩ ǘŜŎƘƴƛǉǳŜǎ ǘƻ ŘŜǘŜŎǘ ŎƘŀƴƎŜ ŀƴŘ 
understand mountain hydrological processes, as we have relied overly on Mann-Kendall type 
analyses and other subjective metrics for some time.  

Figure 9. Hydrometric stations utilized for DL algorithms in western North America. 
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Figure 10. A confusion matrix from DL algorithm. Annual daily hydrographs along the diagonal 
ŀǊŜ ƛƴ ŀ ƎƛǾŜƴ ŎƭŀǎǎΦ ¢ƘƻǎŜ ƻǳǘǎƛŘŜ ǘƘŜ ŘƛŀƎƻƴŀƭ ΨŎƻƴŦǳǎŜΩ ǘƘŜ ŀƭƎƻǊƛǘƘƳΩǎ ŎƭŀǎǎƛŦƛŎŀǘƛƻƴΦ /ƻƴŦǳǎƛƻƴ 
scores with time are used to assess change in flow regimes. 

 
1.4 Snowmelt dynamics at forest edges 
5ǊΦ tƻƳŜǊƻȅΩǎ tƻǎǘ-Doctoral Fellows, Dr. Nicholas Wayand and Dr. Phillip Harder, and Research 
Scientist Dr. Joseph Shea focussed on measuring mountain snowpacks using remote sensing from 
Unmanned Aerial Vehicles (UAVs) and satellites. It is challenging to calculate mountain 
snowpacks in western Canada because of uncertain and sparse or non-existent precipitation 
measurements. Remotely sensed measurements of snow depth provide complementary 
approaches to the sparse network of ground observations and snow surveys. To meet the needs 
of catchment scale research, glacier mass balance, river basin scale data assimilation for 
streamflow predictions requires multiscale measurements with varying temporal return periods.  
No single platform available in the region can provide this. An integrated mountain snow 
measurement methodology has been devised that ranges from seasonal airborne laser altimetry 
measurements made over many hundreds of square km to more frequent surveys over small 
catchments using UAVs equipped with LiDAR and cameras permitting structure from motion 
estimation of the surface. Analysis of seasonal snow depth is also possible in sites of very high 
winter accumulation using high-resolution (< 1m) optical satellite imagery. A methodology was 
developed to collect these samples, results of initial measurements and a roadmap of how the 
air- and spaceborne snow observations will be integrated into research programmes, and snow 
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data assimilation schemes to support improved hydrological forecasting for Canada.  An example 
of a UAV-LiDAR derived snow depth map for Fortress Ridge in Kananaskis is shown in Fig 11.   
 

 
 
Figure 11.  Snow depth map for 13 February 2019 derived from UAV-borne laser altimetry (LiDAR) 
over Fortress Ridge in the Fortress Research Basin, Kananaskis (Phillip Harder). 
 
5ǊΦ tƻƳŜǊƻȅΩǎ ƎǊŀŘǳŀǘŜ student and then Post-doctoral Fellow Dr. Nikolas Aksamit focussed on 
studies of alpine blowing snow mechanics.  Blowing snow in mountainous terrain is a complex 
nonlinear phenomenon driven by turbulent eddies with length scales ranging from millimetres 
to kilometres. Turbulent motions across a wide spectrum of sizes are superimposed on each 
other, interacting through a non-stationary energy and momentum cascade. In cold regions, 
snow redistribution by these turbulent motions impacts hydrology, glaciology, avalanche safety, 
and civil engineering. Blowing snow models typically rely on relating time-averaged turbulence 
statistics, which may oversimplify the complexity of the flow, especially in complex mountainous 
terrain, to steady-state snow transport. The present research sought to improve the 
understanding of the dominant structures in atmospheric surface layer turbulence relevant to 
snow transport, as well as characterize the short timescale response of blowing snow to specific 
eddy structures. A fundamental experiment was designed utilizing high-speed videography of 
laser illuminated near-surface blowing snow saltation coupled with adjacent 3D sonic 
anemometer wind measurements at two heights. The experiments were conducted at Fortress 
Mountain Snow Laboratory in the Canadian Rockies of Alberta during nighttime blowing 
snowstorms (Fig. 12). Novel applications of particle tracking velocimetry and binarization 
algorithms to blowing snow recordings allowed extraction of time resolved snow particle 
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velocities synchronized with instantaneous wind velocities, as well as time series of volumetric 
averages of blowing snow density in the first 30 mm above the surface.  High-speed blowing snow 
video and measurements revealed the importance of the often-overlooked creep mode of 
transport to both transport initiation and flux. Blowing snow velocity and flux profiles were found 
to be temporally variable and dependent on instantaneous wind speed, with dominant modes of 
transport varying during turbulent gusts. Sweep and ejection wind events were coupled to 
blowing snow responses on sub-second timescales, with each quadrant event playing a unique 
role in transport initiation and sustaining snow fluxes. Finally, large low-frequency turbulent 
motions, hypothesized to follow a top-down characterization, were found to modulate the 
amplitude of near-surface turbulence, as well as directly contribute to blowing snow fluxes (Fig 
13). The role of intermittent coherent turbulent structures challenges the ability of time-
averaged turbulence statistics to represent the complexity of wind-snow coupling, especially in 
mountainous terrain. The strong relationship found between large-scale turbulence modulating 
eddies and near-surface turbulence, also challenges the efficacy of applying steady-state 
laboratory-derived flux relationships to model transport in the surface layer. 
  

 
Figure 12. Field site location and recording apparatus setup with meteorological measurements, 
Fortress Mountain, Kananaskis, Alberta, Canada. The red mark indicates the location of the 
blowing snow measurement devices as viewed from the west with respect to the upwind fetch. 
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Figure 13. Figure showing modulation of wind-snow coupling measured with ultrasonic 
anemometry and PTV analysis of laser-illuminated alpine blowing snow particles.  High frequency 
wavelet coherence between wind and snow is also modulated by large-scale turbulence events.  
Turbulent sweep motions are responsible for the strongest coupling, with decoupling occurring 
during their absence. 
 
5ǊΦ tƻƳŜǊƻȅΩǎ ƎǊŀŘǳŀǘŜ ǎǘǳŘŜƴǘ ŀƴŘ ǘƘŜƴ tƻǎǘ-doctoral Fellow, Dr. Nicolas Leroux studied the 
flow of meltwater through snowpacks and the impact of snowpack heterogeneities on flow and 
energy dynamics.  Accurate estimation of snowmelt runoff is of primary importance in 
streamflow prediction for water management and flood forecasting in cold regions. Lateral flow, 
preferential flow pathways, and distinctive wetting and drying water retention curves in porous 
media have proven critical to improving soil water flow models; the most sophisticated physically 
based snowmelt models only account for 1D matrix flow and employ a single drying water 
retention curve for both drying and wetting snowpacks. Thus, there is an immediate need to 
develop snowmelt models that represent lateral and preferential flows, as well as full capillary 
hysteresis to examine the potential to improve snowmelt hydrological modelling. In this research, 
the primary objective is to improve understanding and prediction of water flow through snow by 
investigating the formation of preferential flow paths and the coupling of heat and mass fluxes 
within snow. Of particular interest is the prediction of capillary pressure at macroscale, as it is of 
great importance for simulating preferential flow in porous media. A novel 2D numerical model 
is developed that enables an improved understanding of energy and water flows within deep 
heterogeneous snowpacks on flat and sloping terrains (Fig. 14). The numerical model simulates 
horizontal and lateral water flow through snow matrix and preferential flow paths and accounts 
for hysteresis in capillary pressure, internal energy fluxes, melt at the surface, and internal 
refreezing. Implementing a water entry pressure for initially dry snow was necessary for the 
formation of preferential flow paths. By coupling the simulation of preferential flow with heat 
transfer, ice layer formation was realistically simulated when water infiltrated an initially cold 
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snowpack. Heat convection was added to the model and coupled to the energy balance at the 
snow surface; the transfer of heat by topography-driven airflow affected the estimated snow 
surface temperature by transporting thermal energy from the warm snow-soil interface to the 
upper snowpack. Comparisons of the modelled meltwater flow predictions against snowmelt 
field data revealed limitations in the current theories of water flow through snow, such as the 
use of a single-valued capillary entry pressure that is limited to high-density snow. This suggested 
further concepts that would improve the representation of capillary pressure in snow models. 
This improved model, which considers a dynamic capillary pressure, gave better results than 
models based on previous theories when simulating capillary pressure overshoot. The research 
demonstrates how heterogeneous flow through snow can be modelled and how this research 
model furthers understanding of snowmelt flow processes and potential improvements in 
snowmelt-derived streamflow prediction. 
 

 
 
Figure 14.  Rain-on-snow simulation of a coarse over a fine particle size snowpack from a 2D finite 
element snowmelt model. 
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1.5 Wetland storage and drainage 
Wetlands preform important ecosystem services by regulating and storage large quantities of 
water, especially during and after large precipitation events. Understanding their hydrological 
function is important to the overall understanding of mountain headwater vulnerability by 
informing how these sensitive ecosystems contribute. Dr. Westbrook, Dr. Petrone and a various 
graduate students designed several research projects to address these questions. 
 
Dr. WestbrookΩǎ wetland studies aimed to 1) characterize the dominant hydrological functions of 
a mountain valley bottom fen peatland during drought conditions; identify the primary controls 
ƻǾŜǊ ǘƘŜ ŦŜƴΩǎ ƘȅŘǊƻƭƻƎƛŎŀƭ ŦǳƴŎǘƛƻƴǎΤ оύ ŜǾŀƭǳŀǘŜ ǿŀǘŜǊ ǎǘƻǊŀƎŜ ǊŜǘŜƴǘƛƻƴ ŎŀǇŀŎƛǘȅ ƻŦ ōŜŀǾŜǊ 
ponds during flood conditions; and 4) determine beaver dam persistence after the Alberta 2013 
flood. The first two objectives were achieved through the work of graduate student, Stephanie 
Streich, who started the project in September 2016. The third objective was completed by 
undergraduate student, Amanda Ronnquist, who was recruited in June 2017. The following 
highlights the completed work of each objective. 5ǊΦ tŜǘǊƻƴŜΩǎ ƳŀǎǘŜǊΩs student Dylan Hrach 
investigated a high subalpine wetland in comparison. 
 
Hydrological Function of a Mountain Fen Peatland Under Dry Conditions 
The study was conducted in a low elevation fen peatland unofficially called Sibbald fen. The fen 
is ~0.71 km² and situated in a valley-bottom position, typical of many peatlands throughout the 
Eastern Slopes (Morrison et al. 2015). The fen is surrounded by forested foothills reaching 1650 
m, and the watershed area is 9.3 km². Peat is thinnest (<0.5 m) at the northern edge of the fen, 
and deepest (up to 6.5 m) towards its center. The upper 0.5 m of peat is mainly composed 
primarily of sedge (Carex utriculata), switching to peat composed mainly of Sphagnum spp. at 
0.50-1.30 m below the peat surface (Wang et al. 2016). Underlying the peat is marine clay and 
alluvium. The fen is supplied by five streams several of which are ephemeral, and is drained by 
one perennial stream, Bateman Creek.  
 
As Sibbald fen has been an active research site since 2006 (Westbrook and Bedard-Haughn 2016), 
several long-term installations have been put in place in it to gather hydrometric data (Fig. 15). 
These were used to detail the water balance for the fen during the very dry summer of 2017. 
{ǇŜƴŎŜΩǎ όнллтύ ƘȅŘǊƻƭƻƎƛŎŀƭ ŦǳƴŎǘƛƻƴ ƳƻŘŜƭ ǿŀǎ ŀǇǇƭƛŜŘΣ ǿƛǘƘ ƳƻŘƛŦƛŎŀǘƛƻƴΣ ŀǘ ŀ Řŀƛƭȅ ǘƛƳŜ ǎǘŜǇ 
using the water balance values. As well, ground frost was monitored every 1-2 weeks during the 
2017 field season until the ground fully thawed to evaluate its regulatory effect on fen 
hydrological function. 
 
The observations reveal that Sibbald fen regulated runoff in four different ways during the study: 
it transmitted, contributed, stored and evapotranspired water (Fig. 16). Shifts in hydrological 
function were driven primarily by the presence/absence of seasonal ground frost and timing of 
rainfall events. In the spring and early summer, the dominant hydrological function of the 
peatland was transmission. When frozen, the fen released very little water from its internal 
stores. Rainstorms during this time led to a temporary switch in hydrological function to 
contribution. The evapotranspiration function was dominant only for a brief period in late June 
and early July when rainfall was low and the ground was still partially frozen, even though 
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evapotranspiration accounted for the largest loss of storage from the system. Once the ground 
ǘƘŀǿŜŘΣ ǘƘŜ ŦŜƴΩǎ ŘƻƳƛƴŀƴǘ Ƙȅdrological function became contribution. With very little 
precipitation and consistent rates of evapotranspiration each day, the fen water table dropped 
ƴŜŀǊƭȅ м Ƴ ōȅ ǘƘŜ ŜƴŘ ƻŦ ǘƘŜ ƎǊƻǿƛƴƎ ǎŜŀǎƻƴΦ ¢ƘŜ ǊŜƭŜŀǎŜ ƻŦ ǘƘŜ ŦŜƴΩǎ ƛƴǘŜǊƴŀƭƭȅ ǎǘƻǊŜŘ ǿŀǘŜǊ 
maintained baseflow in Bateman Creek, whereas some of the inflowing streams to the fen ran 
dry (Fig. 17). The larger rainstorm that occurred when the ground was thawed transiently 
switched hydrological function to recharge, but did not cause the fen to generate runoff.  

Figure 15. Map of Sibbald fen near Sibbald Flats showing hydrometric instrumentation. The wells 
shown are the approximate locations of frost measurements taken on each survey day. 
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Figure 16. Daily distribution of wetland hydrological function at Sibbald fen (c). Changes in 
dominant function occur in response to rainfall events (a) and changes in ground thaw (not 
shown) and water storage (b). Ground frost was present in the fen until the first week of July. 
Afterward, the fen was frost-free. 
 
This research highlights the mechanisms by which mountain peatlands supply baseflow during 
drought conditions, which will prove useful to modelling regional baseflow. Also better 
understood is the importance of frozen ground and rainfall in regulating fen hydrological 
function. A follow-up study of ground frost presence in Rocky Mountain fens at different 
elevations, and how frozen ground influences fen peat (carbon) accumulation is underway (PhD 
student María Elisa Sanchez Garces). Results should provide new understanding of the 
sustainability of fens at high and low elevation, and determine which are expected to be most 
jeopardized by climate change.  
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Figure 17. Total inflow (Qin) from all inlet streams and outflow (Qout) in Bateman Creek for 
Sibbald fen, 1 June-13 August 2017. Streamflow was scaled to the area of the peatland (0.71 
km²). 
 
Flood Attenuation Offered by Beaver Ponds 
There is growing interest in using beaver to help restore ecosystem resilience to floods and 
droughts, especially in western North America. The problem with the concept of relying on 
beaver ponds to attenuate floods is that they, when full, should offer little storage of floodwaters. 
Beaver commonly live in wetlands situated in valley-bottom positions throughout the Eastern 
Slopes (Morrison et al, 2015) where water drained from the alpine zone funnels through before 
reaching the populated lowlands. The Alberta 2013 flood triggered the largest recorded flood in 
the Rockies west of Calgary, Alberta. It provides a natural experiment from which one can learn 
more about the ways in which green infrastructure, using the example of beaver dams, function 
in mountain environments during floods. The opportunity was used to test two long-standing 
hypotheses: one, that beaver ponds have limited flood attenuation capacity; and two, that 
beaver dams commonly breach during large flood events.   
 
The study was carried out at two spatial scales. At the local scale, the valley-bottom wetland that 
has been studied for a decade (Sibbald fen, described above) was instrumented with a 
meteorological station, stream gauge, groundwater well, and three beaver pond level recorders 
at the time of the flood (Fig. 18). All instrumentation survived the flood. Regionally, we had 
fortuitously inventoried wetlands and beaver ponds in 2012 (i.e. pre-flood) via image analysis 
and field verification (Morison et al, 2015). Determined herein was post-flood beaver dam 
ŎƻƴŘƛǘƛƻƴǎ ŀŎǊƻǎǎ тп҈ ƻŦ aƻǊǊƛǎƻƴ Ŝǘ ŀƭΦΩǎ тфмн ƪƳ2 study area, as that was the extent of the 
post-flood (July 2013) ortho photographs (0.30 m resolution) provided by Alberta Environment 
and Parks. The area assessed included 74 sites with beaver dam sequences known to be intact in 
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the Morrison et al. study. The sites with sequences of beaver dams were categorized as 
ΨōǊŜŀŎƘŜŘΩΣ ΨǇŜǊǎƛǎǘŜŘΩΣ ƻǊ ΨǇŜǊǎƛǎǘŜŘ ōǳǘ ŀŦŦŜŎǘŜŘΩΦ /ŀǘŜƎƻǊƛŜǎ ǿŜǊŜ ōŀǎŜŘ ƻƴ ǘƘŜ ŎƻƭƭŜŎǘƛǾŜ ǎǘŀǘǳǎ 
of all the dams within a site. 
 
 

 
Figure 18.  Persistence of beaver dam cascade systems throughout Kananaskis Country as 
inventoried following the Alberta 2013 flood. 
 
The analyses indicate that the majority of beaver dams across Kananaskis Country, including at 
Sibbald fen, survived the flood (Fig. 18; 42% of the beaver dam cascade systems studied 
persisted, 32% were breached, and 26% persisted but were affected). This was surprising given 
that beaver dam failures are common during high intensity rainstorms when landscapes have 
limited water infiltration capacity (Butler and Malanson, 2005), such as was the case in the study 
area at the time of the flood (Pomeroy et al. 2016). Regionally, there was spatial clustering of 
sites where beaver dam sequences persisted or failed during the flood event that was unrelated 
to pond water retention capacity or the amount of rainfall received. Beaver dams survived the 
flood mostly intact in valleys that were broad and flat, or where beaver dammed groundwater 
seepage. Higher than average dam failure rates were observed for beaver dam complexes 
situated in steep, narrow valleys. The failure of one beaver dam in a cascade system, particularly 
if it has a high dammed water volume (Gurnell, 1998), can create a water or water-sediment 
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surge great enough to have a domino effect wherein downstream beaver dams also fail (Marston, 
1994; Butler and Malanson, 2005). Thus, we were surprised by the failure of often only the 
upstream dam in a cascade sequence for sites in the persisted but affected category (26% of all 
sites). The detailed study at Sibbald revealed that pond fullness, in addition to the magnitude of 
the water-sediment surge, appears to be important in determining the fate of dams in a cascade 
sequence when an upstream beaver dam fails. 
 
Sibbald fen received 194.6 mm of rain during the 19-22 June 2013 event. The four largest beaver 
ponds in the peatland collectively stored 1.9 x 104 m3 of water when filled to their dam crests. 
Water level loggers from the three instrumented beaver ponds (W52, W53 and W54) indicate 
pond levels were dynamic (Fig. 19). Early in the storm event, all three beaver ponds quickly over-
filled. Only one of the three monitored beaver dams ς pond 53 ς failed during the rain event. The 
other two dams developed some holes, but did not rupture. A 10-m long section of the dam at 
pond 53 failed on 20 June between 11:15 and 11:30 am after five hours of heavy rain (44 mm, 
intensities of 7.5 ς 10.0 mm/hr). The pond lost 7474 m3 of water over 5.0 hrs. The outburst flood 
ƳƻōƛƭƛȊŜŘ ǘƘŜ ǘǿƻ ōŜŀǾŜǊ ƭƻŘƎŜǎ ƛƴ ǘƘŜ ǇƻƴŘΣ ŀƭƭ ǘƘŜ ŘŀƳΩǎ ǿƻƻŘȅ ƳŀǘŜǊƛŀƭ ŀƭƻƴƎ ǘƘŜ мл-m 
breach, and blocks of peat from a depth previously dated as ~4100 years before present (Janzen 
and Westbrook, 2011). Floodwaters rushed over top of the downstream dam without rupturing 
it. Despite sustaining a considerable breach, pond 53 did not fully drain. The pond continued to 
retain water after the breach, and had a secondary peak in level following the 6-hr lull in the rain 
event, transiently storing 18% of its capacity.  

 
Figure 19.  Hydrographs (top) of the three instrumented beaver ponds at Sibbald fen (Ponds 52-
54) and the groundwater well (GW well) located near the meteorological station during the 
Alberta 2013 flood event. The hyetograph (bottom) shows hourly rain received 
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Stormflow volume at Sibbald was estimated as 1.69 x 105 m3 between 19 June at 1:00 pm and 22 
June at 4:00 pm. Since beaver ponds in Sibbald store an average of 4750 m3, 35 ponds would be 
needed to provide 100% flood reduction (i.e. to hold all of the stormflow from the 2013 event). 
For 50% flood reduction, 18 beaver ponds would be needed, and for 10% flood reduction, 4 
beaver ponds would be needed. 
 
Overall, these findings suggest that beaver ponds could prove useful in flood reduction, even for 
large floods such as happened in Alberta in 2013. The journal manuscript is currently being 
finalized and will be submitted in July 2019. Follow-up research on the conditions under which 
beaver ponds can offer enhanced hydrological resilience to floods is being carried out as part of 
a new Alberta Innovates funded MSc project (Amanda Ronnquist). 
 
Dr. Westbrook has initiated follow-up research goals that started late 2018 to determine whether 
the groundwater source of subalpine wetlands is local (recently recharged snowmelt water) or 
regional. Results hope to provide a new understanding of the sustainability of fen wetlands at 
higher and low elevations and which could be most jeopardized by climate change. This 
continued work will be tackled by new PhD student Maria Elisa Sanchez and MSc student Selena 
Schut. 
 
Seasonal evapotranspiration and shading dynamics of a subalpine wetland 
5ǊΦ tŜǘǊƻƴŜΩs graduate student Dylan Hrach focussed on understanding the influencing of 
shading and complex topography on the classification, climate and energy balance of a subalpine 
wetland. This is being accomplished by characterizing the soil, vegetation and microclimate of  

Figure 20. Shading from a 400m tall headwall on a 2100 masl subalpine wetland over the summer 
growing season. Hours of available sunlight, and photosynthetic driving radiation, to the wetland 
at varying points of the growing season. 
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the wetland in question, in addition to determining how the complex topography of a mountain 
headwall influences shading and the surface energy balance (Fig. 20). In addition, the turbulent 
fluxes of CO2 and H2O are being used to generate an understanding of water use efficiency of 
vegetation within the wetland. Of particular importance is considering how shading creates a 
microclimate that influences the turbulent fluxes throughout the growing season.  
 

Shading of the wetland changes significantly over the growing season from June ς August. In 
June, there is 1-4 hours of shade per day within the wetland boundary (green, in Fig. 21). Shade 
increases from SW to NE. In July, there is 1-4 of shade per day in the wetland boundary, shade 
also increases from SW to NE. Following the summer solstice, there is a rapid increase of shading 
hours. In August, there is 3-8 hours of shade within the wetland boundary. Shade increases from 
N to S. Maximum daily ET occurred on July 17th, with 3.9 mm. The highest period of ET occurred 
following the end of snowmelt, and was from July 5th to the 20th, with a total of 44.3 mm during 
this period. This was 28% of the cumulative growing season ET that occurred in a two week 
period. 
  
 

Figure 21. Graph showing ET and Potential ET seasonal progression for the subalpine wetland 
over the growing season. 
 
Dr. Petrone recruited three new students in early 2019 to continue work developed from both 
Dr. ²ŜǎǘōǊƻƻƪ ŀƴŘ tŜǘǊƻƴŜΩǎ ǊŜŎŜƴǘ ŦƛƴŘƛƴƎǎ on mountain catchment wetlands. PhD student 
Abby Wang will study three subalpine wetlands over an altitudinal gradient within the Kananaskis 
region, while MSc candidates Sheryl Chau and Julia Hathaway will focus on smaller scale wetlands 
process, with the goal of scaling up the processes they see to larger areas, helping to model 
wetland processes in mountain headwater regions. 
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1.5 Groundwater storage, flow paths and hydraulic response time 
Dr. Masaki and his students lead the groundwater contribution task. The objectives of the 
groundwater component of this study are to 1) identify unique headwater aquifer systems that 
represent common conditions of the Eastern Slopes; 2) quantify the hydrogeological response of 
these systems to water inputs by glacier melt, snowmelt, and rainfall; 3) characterize the effects 
of stream-groundwater exchange processes on distribution and extent of thermal refugia, and 4) 
develop practical tools to estimate groundwater contribution, which are applicable to many 
headwater streams in the Eastern Slopes. The first two objectives were achieved through the 
work of graduate student, Craig Christiansen. Two other graduate students were recruited to 
work on the last two objectives, and their work is still in progress. This report will highlight the 
completed work by Christensen. 

 
Figure 22. Map of Bonsai Lake Basin near Fortress Mountain showing bedrock lithology, surficial 
geology, and hydrology. White lettering notes the abbreviated names of the West Cone (WC), 
Central Cone (CC), Upper East Cone (UEC), Lower East Cone (LEC), and Eastern Talus Slope (ETS), 
and the red arrows denote the drainage direction within the headwall couloirs. Red star in the 
inset map shows the location of the site within Canada. Bedrock spatial data from McMechan 
(2012). 
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The study was conducted in a headwater catchment unofficially called the Bonsai Lake 
watershed, partially coinciding with the evapotranspiration study area within the project. The 
watershed consists of typical alpine landforms of exposed bedrock, talus slope and cone, moraine 
(Fig. 1, Fig. 2). Bedrock geology is mainly characterized by older and harder Devonian limestone 
in the southern part, and younger and softer Jurassic shale (Fig. 1). Several springs (marked SP in 
Fig. 3) occur on talus slopes, and the groundwater discharging from these springs provides 
baseflow to a stream flowing through an alpine meadow (Fig. 1), where evapotranspiration study 
was conducted. 
 
Hydrogeological and geophysical investigations showed that the streams flowing through the 
ƳŜŀŘƻǿ ǿŜǊŜ άƭƻǎƛƴƎ ǎǘǊŜŀƳǎέΦ ¢ƘŜǊŜŦƻǊŜΣ ǎǇǊƛƴƎǎ ŘƛǎŎƘŀǊƎƛƴƎ ŀǘ ǘƘŜ ōƻǘǘƻƳ ƻŦ ǘŀƭǳǎ ǎƭƻǇŜǎ ŀǊŜ 
recharging the groundwater under the meadow and sustaining evapotranspiration by meadow 
vegetation.  Detailed geophysical imaging was conducted on talus, meadow, and moraine (see 
Fig. 3 for location of survey lines) using electrical resistivity tomography (ERT), seismic refraction 
tomography (SRT), and ground-penetrating radar (GPR) (Christensen 2017). Geophysical data 
revealed that the talus deposits are up to 60 m thick and include internal layers of fine sediments 
embedded in coarse gravels and boulders. This is in contrast to previous hydrogeological studies 
conducted in the Main Range of the Canadian Rockies characterized by hard quartzite bedrock, 
where talus slopes have relatively simple internal structure (e.g., Muir et al. 2011; Harrington et 
al. 2018). The findings of the present study indicate the important effects of underlying bedrock 
geology on hydrogeological characteristics of alpine landforms such as talus. 
 

 
Figure 24.  An oblique photo (facing southwest) of the talus deposits in the study area taken on 
July 26, 2018. Orange lines outline the three of the four talus cones. (The Lower East cone is 
obscured by trees). Also noted are important springs (blue circles), waterfalls (blue dashed lines), 
and couloirs above the Upper East and Central Cones (red arrows). 
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Figure 25.  Map showing the locations of geophysical lines and other sensors. Note that ERT lines 
ŀǊŜ ƭŀōŜƭŜŘ ά9·έΣ {w¢ ƭƛƴŜǎ ƭŀōŜƭŜŘ ά{·έΣ ŀƴŘ Dtw ƭƛƴŜǎ ƭŀōŜƭŜŘ άw·έΣ ǿƛǘƘ ά·έ ōŜƛƴƎ ǘƘŜ ƭƛƴŜ 
number. Line S1 has two segments: S1W at the west and S1E to the east. Air photos from Alberta 
Environment and Parks (2013). 
 
Hydrological and geophysical data showed that Bonsai Lake (Fig. 22) is a seasonal water body, or 
a surface expression of the water table within the moraine aquifer. A large spring complex on the 
north side of the lake (SP6 and SP7 in Fig. 25) is the headwater of the stream draining the 
watershed. This stream is a tributary of Galatea Creek, which in turn is a tributary of Kananaskis 
River. Winter baseflow of streams in the Canadian Rockies is almost entirely provided by 
groundwater discharge and hence, is a good indicator of groundwater retention capacity of 
watersheds (Paznekas and Hayashi, 2016). Winter baseflow expressed as the basin-average 
runoff in the rivers originating in the Rockies ranges from 0.1 to 0.4 mm/d (Paznekas and Hayashi, 
2016). Winter baseflow of the stream draining the Bonsai Lake watershed during 2016-2017 was 
0.7-1 mm/d, much higher than the common range in the Rockies, indicating a uniquely high 
capacity of the watershed to store groundwater and release it slowly during the fall and winter 
months. 
 
Synthesizing all geophysical, geological, and hydrological data, Fig. 26 shows the conceptual 
model of the aquifer system in the watershed. Talus slopes receive rainfall and snowmelt water 
from the bedrock cliffs above, much of which is funneled through couloirs (Fig. 24), which 
provides the first step of groundwater retention. Groundwater from the talus slopes is 
transferred to the meadow, and to the moraine complex, within which Bonsai Lake is located. 
The moraine provides the second step of groundwater retention, before it is release to the 
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ǎǘǊŜŀƳΦ ¢ƘŜǊŜŦƻǊŜΣ ǘƘŜ ŀƭǇƛƴŜ ƭŀƴŘŦƻǊƳ ŎƻƳǇƭŜȄ ƛƴ ǘƘŜ ǿŀǘŜǊǎƘŜŘ ǎŜǊǾŜǎ ŀ άƎŀǘŜ ƪŜŜǇŜǊέ ŦǳƴŎǘƛƻƴ 
of water during dry and cold periods, and sustains baseflow in the headwater stream. This is a 
common setting in many other mountain ranges in Canada and elsewhere, and alpine landforms 
consisting of coarse sediments (talus, moraine, rock glacier) are expected to play an important 
role in temporary storage of glacier melt, snowmelt, and rain. 
 
Building on the conceptual model (Fig. 26) is the development of a numerical groundwater model 
of the basin by graduate student Jesse He, and a detailed study of the interaction between 
groundwater and the stream originating from the Bonsai Lake basin by graduate student 
Benjamin Roeksy. These studies will be completed when the students defend their theses in 
December 2019. 

Figure 26. Conceptual model developed by Craig Christiansen of hydrogeological processes in 
alpine headwater basins. 
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Task 2: Develop and Improve a Hydrological Model Based on Process Studies 
 

2.1 Cold Regions Hydrological Model (CRHM) setup on Upper Bow River Basin and testing at 
Fortress Mountain Basin and Marmot Creek 
5ǊΦ tƻƳŜǊƻȅΩǎ ǊŜǎŜŀǊŎƘ ǿƛǘƘ ǊŜǎŜŀǊŎƘ ƻŦŦƛŎŜǊ ·ƛƴƎ CŀƴƎ ŜȄǇƭƻǊŜŘ ǳǎŜ ƻŦ ŀ ǇƘȅǎƛŎŀƭƭȅ ōŀǎŜŘ 
hydrological model for Marmot Creek Research Basin (MCRB) using the Cold Regions Hydrological 
Modelling platform (CRHM) for climate change research.  The model was originally developed 
several years ago (Pomeroy et al., 2012; Fang et al., 2013) and recently improved to 
accommodate rain-on-snow flow through snowpacks, subsurface storage and 
evapotranspiration parameterisations based on research in this project (Pomeroy et al., 2016; 
Fang and Pomeroy, 2016; Fang et al., 2019). Marmot Creek Research Basin (~9.4 km2) is located 
in the Front Ranges of the Canadian Rockies (Fig. 27).  It is composed of ecozones ranging from 
montane forests to tundra to alpine exposed rock and includes both large and small clearcuts.  
The CRHM model includes blowing and intercepted snow redistribution, sublimation, energy-
balance snowmelt, slope and canopy effects on melt, Penman-Monteith evapotranspiration, 
infiltration to frozen and unfrozen soils, hillslope hydrology, streamflow routing and groundwater  

Figure 27. Location and contour map of the Marmot Creek Research Basin (MCRB), showing 
hydrometeorological stations, hydrometric station, and WRF grid centroid, and ecozones of the 
MCRB:  alpine, treeline, upper forest, forest clearing blocks, forest circular clearings, and lower 
forest. Note that the size and areas of circular clearings in Twin Creek are not to scale. 
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components and was parameterised without calibration from streamflow.   Near-surface outputs 
from the 4-km resolution Weather Research and Forecasting (WRF) model, run and bounded by 
ERA-Interim reanalysis data, were bias corrected using the quantile delta mapping method with 
respect to meteorological data from meteorological stations located from valley bottom to 
mountaintop in MCRB during October 2005-September 2013.  The bias corrected WRF outputs 
during the current period (CTRL, 1 October 2005 to 30 September 2013) and future period (PGW, 
1 October 2091 to 30 September 2099) were used to drive CRHM model simulations to assess 
ŎƘŀƴƎŜǎ ƛƴ aŀǊƳƻǘ /ǊŜŜƪΩǎ ƘȅŘǊƻƭƻƎȅΦ  aƻŘŜƭ ǘŜǎǘǎ ŀƎŀƛƴǎǘ ōŀǎƛƴ ƻōǎŜǊǾŀǘƛƻƴǎ ǎƘƻǿŜŘ ƎƻƻŘ 
representation of both the snowpack regime at several elevations and landcovers (Fig. 28) and 
good representation of the basin streamflow regime (Fig. 29).  
 
 

 
Figure 28. Comparisons of the observed and WRF-CRHM simulated snow accumulation (SWE) for 
2007-2013 at the sheltered, mid-elevation Upper Forest/Clearing and the wind-blown, high-
elevation Fisera Ridge sites in MCRB. (a) Mature spruce forest, (b) forest clearing, (c) ridge top, 
(d) upper alpine south-facing slope, (e) lower upper alpine south-facing slope, and (f) larch forest 
treeline. 
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Figure 29. Comparisons of the observed and WRF-CRHM simulated daily streamflow for 2005-
2013 for Marmot Creek. 
 
¦ƴŘŜǊ ŀ άōǳǎƛƴŜǎǎ ŀǎ ǳǎǳŀƭέ ŦƻǊŎƛƴƎ ǎŎŜƴŀǊƛƻ Υ ǊŜǇǊŜǎŜƴǘŀǘƛǾŜ ŎƻƴŎŜƴǘǊŀǘƛƻƴ ǇŀǘƘǿŀȅ уΦр όw/tуΦрύ 
in PGW, the MCRB warms up on average by 4.7 °C and receives 16% more precipitation over the 
21st C, which leads to a 40 mm decline in seasonal peak snowpack, 84 mm decrease in snowmelt 
volume, and 49 days shorter snowcover duration (Fig. 30).  The alpine snow season will be 
shortened by almost one month, but at lower elevations, there are large decreases in peak 
snowpack (~50%) as well as a shorter snow season.  Losses of peak snowpack will be much greater 
in clearcuts than under forest canopies. In alpine and treeline ecozones blowing snow transport 
and sublimation will be suppressed by higher threshold wind speeds for transport, in forest 
canopies sublimation losses from intercepted snow will decrease due to faster unloaded and drip, 
and for all ecozones evapotranspiration will increase due to longer snow-free seasons and more 
rainfall.  Runoff will begin earlier in all ecozones, but as result of variability in surface and 
subsurface hydrology, forested and alpine ecozones generate larger runoff volumes, ranging 
from 12% to 27%, whereas the treeline ecozone has a small (3%) decrease in runoff volume due 
to decreased melt volumes from smaller snowdrifts (Fig. 31).  The shift in timing in streamflow is 
notable, with higher flows in spring months and lower flows in late summer and higher flows in 
fall (Fig. 32).  Overall, Marmot Creek basin annual streamflow discharge will increase by 18% with 
PGW, but its streamflow generation efficiency will not change despite the basin shifting towards 
a rainfall-dominated runoff generation.   
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Figure 30. Simulated annual mean snow accumulation (SWE) for WRF CTRL and PGW. (a) Alpine, 
(b) treeline, (c) upper forest, (d) forest clearing blocks, (e) forest circular clearing north-facing, (f) 
forest circular clearing south-facing, (g) lower forest ecozones, and (h) Marmot Creek basin. Line 
represents the annual mean and the shadow represents the standard deviation of the eight-
water year SWE. 
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Figure 31. Simulated annual mean (a) Marmot Creek hourly streamflow discharge and (b) 
cumulative discharge for WRF CTRL and PGW. Line represents the annual mean and the shadow 
represents the standard deviation of the eight-water year streamflow discharge. 
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Figure 32.  Change in monthly mean discharge due to pseudo global warming simulation of 
RCP8.5 for Marmot Creek Research Basin. 
 
2.2 Hydrological model of Fortress Mountain Basin 
5ǊΦ tƻƳŜǊƻȅΩǎ ƛƴǾŜǎǘƛƎŀǘƛƻƴ ǎǳǇǇƻǊǘŜŘ ōȅ ǊŜǎŜŀǊŎƘ ŀǎǎƻŎƛŀǘŜ ·ƛƴƎ CŀƴƎ ǿŀǎ ǘƻ Ŝvaluate two 
sources of meteorological forcing for simulating snowpack and streamflow in the headwater 
basins of Canadian Rocky Mountains: intensively observed station data, and the 2.5-km Global 
Environmental Multiscale (GEM) output available as a forecast product from Environment and 
Climate Change Canada.  The purpose was to answer the question: can numerical weather 
prediction model outputs be a viable alternative for forcing hydrological process models in 
mountain basins?  Snowpack simulations using GEM 2.5km output had some success for 
evergreen forests, but were poor for alpine ridges, likely due to GEM misrepresentation of local 
winds and seasonal precipitation. Streamflow was better simulated using station data than with 
GEM output, which missed the timing and magnitude of seasonal flow (Fig. 33).  The poor 
streamflow simulation using GEM output is attributed to underestimation of late-lying 
snowpacks in the alpine drift area due to an inability to simulate snow transport. 2015 was an 
exceptional drought year and so may not be representative of a longer period, but it is clear that 
GEM 2.5 km data requires bias correcting before it can be used to drive hydrological models in 
the region.   



43 
 

 
Figure 33.  Simulations of Bonsai Creek in Fortress Mountain area, with a CRHM model driven by 
station data and driven by GEM atmospheric model data.   
 
5ǊΦ IŜƭƎŀǎƻƴ ŀƴŘ tƻƳŜǊƻȅΩs graduate student Hailey Robichaud found that snowpacks in the 
Canadian Rockies provide large amounts of freshwater for downstream environmental and socio-
economic demands. Modifications to the snowpack storage can have severe implications for 
these uses. Mountain streamflow and snow accumulation and ablation have been studied in 
Europe and in the Canadian Rockies; however there is a lack of understanding of how hydrological 
processes in the complex terrain of high alpine catchments in the Canadian Rockies will respond 
to climatic changes. Helen Creek Research Basin is a small, high elevation alpine basin (~2.5 km2, 
2600 m mean elevation) in the Canadian Rockies with complex terrain, a relict rock glacier and 
an alpine lake. The Cold Regions Hydrological Modelling platform was used to create an alpine 
hydrological model to simulate the dominant hydrological processes of this basin, in order to 
understand the recent hydrological regime. The model was constructed and parameterized 
based on the current understanding of alpine hydrology, field research in the basin, and studies 
in the surrounding regions. Observations taken during a 2-year control period were used to 
evaluate model predictions of snow accumulation, ablation and streamflow. The model 
adequately simulated snowpacks and streamflow, and provided a diagnosis of the processes 
controlling these regimes. The results help to understand the hydrology of alpine basins in the 
Canadian Rockies.  
 
2.3 Evapotranspiration modelling in mountain terrain 
Large-scale wind fluxes influencing evapotranspiration in complex mountainous terrain 
5ǊΦ tƻƳŜǊƻȅ ŀƴŘ 5ǊΦ tŜǘǊƻƴŜΩǎ tƘ5 ǎǘǳŘŜƴǘ Mina Rohanizadegan focused on modeling using 
primary using the WRF model. Simulations were performed using WRF (Weather Research and 
Forecasting) model at high resolution (90 m horizontal, and 20 m vertical) and were evaluated 
against data collected at various locations in Kananaskis valley located in Rocky mountains of 
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Canada. The measurements were made using atmospheric sounding by Kite-sonde, SODAR, and 
several automatic micrometeorological stations located in both high altitude ridge tops and 
valley bottoms, providing regular measurements of the main atmospheric variables, such as air 
temperature, humidity, atmospheric pressure, solar irradiance, wind speed and direction. 
 
The simulations were first generated for a lower resolution setting at 180 m with a PBL scheme 
(YSU) to provide comparisons with higher resolution LES for July 19, 2016. The LES simulations 
were then performed at two different sets; one with general smoothing and the other with the 
use of a local filtering technique (selective smoothing of terrain at angles only above 45 degree) 
to alleviate the problems (model instability/contamination by unrealistic flow) arising from steep 
terrain in terrain following coordinate of WRF (Fig. 34). 
 

Figure 34. Figure showing wind speed for LES_LF at 90 m resolution and LES_meso at 900 m 
resolution versus SODAR reliable data profiles reached 300 m AGL versus SODAR less reliable 
(data profiles reached less than 300 m AGL). 

 
 
2.4 CRHM Glacier development and testing 
5ǊΦ tƻƳŜǊƻȅΩǎ ƎǊŀŘǳŀǘŜ ǎǘǳŘŜƴǘǎ /ŀǊƻƭƛƴŜ !ǳōǊȅ-Wake and Dhiraj Pradhananga found that in 
glacierized alpine catchments, glaciers are typically conceptualized as acting to buffer inter-
annual hydrological variability by accumulating snow during wet/cool years, and releasing more 
meltwater in dry/warm years. This glacier compensation effect is considered particularly 
important in late summer, when other sources of runoff are low. However, glacier meltwater 
does not always augment streamflow during low flow years. It can also accentuate high flow 
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years, with no clear relationship with either increased winter accumulation or warmer summer 
temperatures. This is coincident with recent research showing that during cold years, glacier 
meltwater can be significantly ǊŜŘǳŎŜŘ ŀƴŘ ŎŀǳǎŜ άƎƭŀŎƛŜǊ ƳŜƭǘ ŘǊƻǳƎƘǘέΦ .ƻǘƘ ǘƘŜǎŜ ǊŜǎǳƭǘǎ Ƙƛƴǘǎ 
at the complex interactions between winter snow accumulation, seasonal meteorology and 
glacier melt to generate streamflow, and ultimately, provide a hydrological buffering effect in 
years with extreme conditions.  To understand how glacier hydrology might change in future 
climates and glacial configurations, it is important to understand the drivers of glacier meltwater 
ƎŜƴŜǊŀǘƛƻƴΣ ŀƴŘ ǘƘŜ ǇǊƻŎŜǎǎŜǎ ƎƻǾŜǊƴƛƴƎ ǘƘƛǎ άƎƭŀŎƛŜǊ ōǳŦŦŜǊƛƴƎέ ŜŦŦŜŎǘ.  Here, the influence of 
snow accumulation and seasonal weather on glacier mass balance and streamflow generation 
were examined through a combination of distributed, physically based glacier hydrology 
modelling and intensive field observations.  The examination focusses on recent hydrological 
extremes of flood and drought experienced in the Canadian Rockies over 2013-2017. During this 
period, strong positive and negative anomalies in snowpack accumulation, and summer 
precipitation and air temperature occurred resulting in record peak streamflow and record 
negative glacier mass balances.  The research site is the glacierized catchment of Peyto Glacier 
Research Basin. Peyto Glacier, an outlet glacier of the Wapta Icefield in Banff National Park, 
Alberta, Canada ranges between 2100-3190 m a.s.l. and has an area of 5.3 km2. The distributed, 
physically based Cold Region Hydrological Modelling Platform, including a newly developed 
glacier-hydrology module, was used to simulate snow accumulation and redistribution processes, 
glacier melt and mass balance and streamflow generation. CRHM includes an energy balance 
representation of glacier and snowmelt, snow redistribution by blowing snow and avalanching. 
It also includes glacier mass balance and dynamics and surface cover change to include the 
expansion of a pro-glacial lake and debris-covered area.  Preliminary model results indicate an 
increase in runoff between historical values and recent years at the PGRB. This increasing trend 
suggest the glacier is still able to provide a significant contribution to streamflow and buffer low 
water years. However, the melt patterns are changing; snowmelt peak is now a month earlier 
than historical values and glacier melt extends further into the fall. For the 2013-2017 period,  

Figure 35. Contributions of runoff from snowmelt, icemelt, firnmelt and rainfall-runoff for high 
and low streamflow years in Peyto Glacier Research Basin.   
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there is a strong variation in the timing of the beginning and end of melt, as well as the in 
transition from snow to ice dominated streamflow. These changes are linked to increase in 
ǘŜƳǇŜǊŀǘǳǊŜǎΣ ǿƛǘƘ ǎǳƳƳŜǊ ǘŜƳǇŜǊŀǘǳǊŜ ŀƴŘ Ŧŀƭƭ ŎƻƴǎƛǎǘŜƴǘƭȅ ǳǇ ǘƻ п ɕ/ ǿŀǊƳŜǊ ǘƘŀƴ ƘƛǎǘƻǊƛŎŀƭ 
values. However, this increased fall melt is somewhat balance with colder spring temperatures, 
which results in spring precipitation to accumulate as snow on the glacier.  Simulations are 
showing that high flow years have 34% more annual streamflow than low flow years, the source 
of extra streamflow in high flow years is from: + 13% snowmelt,  + 80% icemelt, + 280% firnmelt, 
+ 106% rainfall runoff and visible changes in transition season, with earlier spring melt and 
increased fall rainfall-runoff (Fig. 35) 
 
2.5 Canadian Hydrological Model (CHM) development 
5ǊΦ tƻƳŜǊƻȅΩǎ ƎǊŀŘǳŀǘŜ ǎtudent Chris Marsh found that despite debate in the rainfall-runoff 
hydrology literature about the merits of physics-based and spatially distributed models, 
substantial work in cold regions hydrology has shown improved predictive capacity by including 
physics-based process representations, relatively high-resolution semi- and fully-distributed 
discretizations, and use of physically identifiable parameters with limited calibration (Fig. 36). 
While there is increasing motivation for modelling at hyper-resolution (< 1 km) and snow-drift 
resolving scales (~1 m to 100 m), the capabilities of existing cold-region hydrological models are 
computationally limited at these scales.  The Canadian Hydrological Model (CHM) was designed 
to be applied generally, but it has a focus for application where cold-region processes play a role  

Figure 36: Example of variable resolution triangulation mesh as produced by Mesher for a region 
west of Calgary in the Canadian Rocky Mountains. The triangular edges are shown as grey lines 
overlain on the original DEM. 
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in hydrology. Key features include the ability to capture spatial heterogeneity in the surface 
discretization in an efficient manner; to include multiple process representations; to be able to 
change, remove, and decouple hydrological process algorithms; to work both at a point and 
spatially distributed; the ability to scale to multiple spatial extents and scale; and to utilize a 
variety of forcing fields (boundary and initial conditions).  CHM has been deployed with a full 
snow model including avalanching to provide spatially detailed snowpack forecasts for the 
Canadian Rockies west of Calgary.  It is driven by the GEM atmospheric model to provide 2 day 
and 6 day forecasts which can be publically accessed here www.snowcast.ca .  Future modelling 
in the region will focus on deploying CHM. 
 

Task 3: Assemble Basin and Past/Future Climate Information for Modelling 

Modelling Approach and Results 
3.1 Modelling Objectives 
The objective of the modelling components of this study are to determine how forest cover 
controls streamflow generation in the Bow River and Elbow River basins.  It assesses whether 
forest management, including soil compaction control, can be used as tool to promote water 
resource enhancement and evaluates impact on floods.  More specifically, the objectives are to: 
 

1) Evaluate the impacts of forest harvesting and other forest disturbances on drainage basin 
hydrology in Bow River and Elbow River basins above Calgary. 

2) Examine the potential hydrological impact of current forest and soil disturbances on 
hydrology including floods and droughts for Bow River and Elbow River basins above 
Calgary. 

3) Set up hydrological model for Bow River and Elbow River basins above Calgary using Cold 
Regions Hydrological Modelling platform (CRHM) to predict basin streamflow.  The 
hydrological model will have forest disturbance scenarios applied to it to assess impacts 
of these scenarios on basin streamflow.   

 
CRHM background 
The Cold Regions Hydrological Modelling platform (CRHM) was used to set up a hydrological 
model for Bow River and Elbow River basins above Calgary.  CRHM is an object-oriented, modular 
and flexible platform for assembling physically based hydrological models.   With CRHM, the user 
constructs a purpose-built model from a selection of possible basin spatial configurations, spatial 
resolutions and physical process modules of varying degrees of physical complexity.  Basin 
discretization is performed via dynamic networks of hydrological response units (HRUs) whose 
number and nature are selected based on the variability of basin attributes and the level of 
physical complexity chosen for the model. The user in light of hydrological understanding, 
parameter availability, basin complexity, meteorological data availability and the objective flux 
or state for prediction selects physical complexity.  Pomeroy et al. (2007) provide a full 
description of CRHM. 
 

http://www.snowcast.ca/
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CRHM offers a full suite of streamflow generation processes for Canadian Rockies and foothills 
(i.e. wind redistribution of alpine snow, snow avalanching on steep alpine slopes, snow 
interception, sublimation, drip and unloading from forest canopies, infiltration to frozen and 
unfrozen soils, overland and detention flow, hillslope sub-surface water redistribution, and 
evapotranspiration from forests, clearings and alpine tundra).  Physically based algorithms in 
CRHM have been developed from field studies in the boreal forest and Canadian Rockies 
(Pomeroy et al., 2009; Ellis et al., 2010; MacDonald et al., 2010; Harder and Pomeroy, 2013; 
DeBeer and Pomeroy, 2017) and have been extensively evaluated in mountain headwater basins 
(Fang et al., 2013; Pomeroy et al., 2013; Pomeroy et al., 2016; Rasouli et al., 2019).   CRHM was 
evaluated in the recent Earth System Models Snow Model Intercomparison Project (ESM-
SnowMIP) and performed relatively well in modelling snowmelt at forest and alpine sites in 
Canada, France, USA, Japan, Finland and Switzerland (Krinner et al., 2018).  In addition, CRHM 
was used in snow accumulation, snowmelt, and streamflow prediction and climate change 
impact studies in the mountains of Spain (López-Moreno et al., 2013), western China (Zhou et al., 
2014), Germany (Weber et al., 2016), USA (Rasouli et al., 2019) and Chile (Krogh et al., 2015). 
 
3.2 CRHM setup and parameterization 
Model domain delineation 
GIS terrain preprocessing analysis was conducted to delineate model basins for the Bow and 
Elbow river drainage basins above Calgary using a resampled 20 m Canadian digital elevation 
model (cdem).  Three model domains were generated for simulating basin streamflow for Bow 
River and Elbow River basins above Calgary.  For the Bow River above Calgary, the total basin 
area delineated for modelling is approximately 7,823.6 km2 at the Environment and Climate 
/ƘŀƴƎŜ /ŀƴŀŘŀΩǎ ό9///ύ ²ŀǘŜǊ {ǳǊǾŜȅ ƻŦ /ŀƴŀŘŀ ǎǘǊŜŀƳŦƭƻǿ ƎŀǳƎŜ όлр.IллпύΣ ŀƴŘ ǘǿƻ ƳƻŘŜƭ 
domains: Upper Bow River at Banff and Upper Bow River between Banff and Calgary were 
created (Fig. 37).  Upper Bow River at Banff model domain has approximate 2,192.2 km2 for total 
basin area at the ECCC Water Survey of Canada streamflow gauge (05BB001), while the Upper 
Bow River between Banff and Calgary domain has about 5,631.4 km2 total basin area.  For the 
Elbow River at Calgary model domain, the total area is about 1,191.9 km2 at the ECCC Water 
Survey of Canada streamflow gauge (05BJ010).  In addition, sub-basins were delineated and 
aggregated corresponding to their stream segments during the stream segmentation process in 
GIS terrain preprocessing analysis.  There are 50, 92, and 25 sub-basins for Upper Bow River at 
Banff, Upper Bow River between Banff and Calgary, and Elbow River at Calgary model domains, 
respectively.  A sub-basin map for Bow River and Elbow River basins above Calgary is shown in 
Appendix 1. 
 
HRU determination 
Elevation, aspect, slope, and land cover GIS layers were used and intersected in ArcGIS to 
determine hydrological response units or HRU.  Elevation, aspect, and slope were extracted from 
the 20 m cdem and are shown in Figures 38 to 39.  Land cover was obtained from open access 
Alberta Biodiversity Monitoring Institute (ABMI) land cover polygon circa 2000, and available pine 
forest coverage from Alberta forest species (AVIE) inventory for the Upper Bow River between 
Banff and Calgary and the Elbow River at Calgary model domains was used to separate pine and 
spruce forest for these domains (Fig. 40).  In addition, the water course in Alberta drainage 
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network inventory was used to determine river channel valley HRU.  Flowcharts of HRU 
determination are shown in Appendix 2. 
 
As there are higher glacier and alpine rock coverages in the Upper Bow River at Banff domain, 
more details were considered for HRU determination (Figure A2).  For glacier HRU, seven 
elevation bands, aspects of north-facing, south-facing, and east-facing, and slope gradients of 
gentle slope, medium slope, and steep slope were taken into consideration.  For rock HRU, upper 
and lower elevation, aspects of north-facing, south-facing, and east-facing, and slope gradients 
of gentle slope, medium slope, and steep slope were taken into consideration.  For alpine tundra, 
alpine sparse forest, and valley shrubland HRUs, slope/aspects of north-facing, south-facing, and 
east-facing were considered.  For all forests, open water, river valley, developed and exposed 
HRUs, elevation, aspect, and slope were not used in determining these HRUs.  While for the 
Upper Bow River between Banff and Calgary and Elbow River at Calgary model domains, fewer 
criteria were considered for HRU determination.  For glacier, rock, and alpine tundra HRUs, 
slope/aspects of north-facing, south-facing, and east-facing were taken into consideration.  For 
the rest of HRUs, elevation, aspect, and slope were not considered.  In total, there are 1,512, 
1,068, and 257 HRUs for Upper Bow River at Banff, Upper Bow River between Banff and Calgary, 
and Elbow River at Calgary model domains, respectively.    
 
There are four types of sub-basins: glacier mountain basin, non-glacier mountain basin, foothill 
plain basin, and agriculture basin.  A glacier mountain basin is a sub-basin with at least glacier 
and rock HRUs in addition to other HRUs; a non-glacier mountain basin is a sub-basin with rock 
HRU but without glacier HRU in addition to other HRUs.  A foothill plain basin is a sub-basin that 
has forest HRUs but does not have glacier, rock and cropland HRUs.  An agriculture basin is a sub-
basin that has cropland HRUs but without glacier and rock HRUs.  These diverse sub-basin types 
are similar to those sub-basins basŜŘ ƻƴ άŜŎƻǊŜƎƛƻƴ ǘȅǇŜǎέ ƛƴ ǘƘŜ ǇǊŜǾƛƻǳǎ /wIa ƳƻŘŜƭƭƛƴƎ ŦƻǊ 
Smoky River Basin (52,000 km2) (Pomeroy et al., 2013). The sub-basin name, sub-basin type, sub-
basin HRU numbers, and sub-basin area for Bow River and Elbow River basins above Calgary are 
provided in Appendix 3.  
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Figure 37. Bow River and Elbow River basins above Calgary model domains and streamflow 
gauges. 

 
Figure 38. Resampled 20 m Canadian digital elevation model (cdem) for Bow River and Elbow 
River basins above Calgary. 
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Figure 39. Aspect of slopes for Bow River and Elbow River basins above Calgary, derived from the 
20 m cdem. 
 

Figure 40. Slope angle for Bow River and Elbow River basins above Calgary, derived from the 20 
m cdem. 
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Figure 41. Land cover for Bow River and Elbow River basins above Calgary, derived from the ABMI 
land cover polygon with update for pine forest from AVIE inventory. 
 
Module structure 
A set of physically based modules was constructed in a sequential manner to simulate the 
dominant hydrological processes for Bow River and Elbow River basins above Calgary. Figure 6 
shows the schematic setup of these modules, which include: 
1). Observation module: reads the meteorological data (temperature, wind speed, relative 
humidity, vapour pressure, precipitation, and radiation), adjusting temperature with 
environmental lapse rate and precipitation with elevation and wind-induced undercatch, and 
providing these inputs to other modules. 
2). Solar radiation module (Garnier and Ohmura, 1970): calculates the theoretical global 
radiation, direct and diffuse solar radiation, as well as maximum sunshine hours based on 
latitude, elevation, ground slope, and azimuth, providing radiation inputs to the sunshine hour 
module, the energy-balance snowmelt module, and the summer net radiation module. 
3). Sunshine hour module: estimates sunshine hours from shortwave irradiance to a level surface 
and maximum sunshine hours, generating inputs to the energy-balance snowmelt module and 
the summer net radiation module. 
4). Slope radiation module: estimates shortwave irradiance to a slope using measurement of 
shortwave irradiance on a level surface. The measured shortwave irradiance from the 
observation module and the calculated direct and diffuse shortwave irradiance from the 
radiation module are used to calculate the ratio for adjusting the shortwave irradiance on the 
slope. 
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5). Longwave radiation module (Sicart et al., 2006): estimates longwave irradiance using 
measured or estimated shortwave irradiance.  This is input to the energy-balance snowmelt 
module. 
6). Albedo module (Verseghy, 1991): estimates snow albedo throughout the winter and into the 
melt period and also indicates the beginning of melt for the energy-balance snowmelt module. 
7). Canopy module (Ellis et al., 2010): estimates the snowfall and rainfall intercepted by the forest 
canopy and updates the sub-canopy snowfall and rainfall and calculates shortwave and longwave 
sub-canopy irradiance. This module has options for open environment (no canopy adjustment of 
snow mass and energy), small forest clearing environment (adjustment of snow mass and energy 
based on diameter of clearing and surrounding forest height), and forest environment 
(adjustment of snow mass and energy from forest canopy). 
8). Blowing snow module (Pomeroy and Li, 2000): simulates the inter-HRU wind redistribution of 
snow transport and blowing snow sublimation losses throughout the winter period. 
9). Energy-balance snowmelt module (Marks et al., 1998): this is a version of the SNOBAL model 
developed to simulate the mass and energy balance of deep mountain snowpacks. This module 
estimates snowmelt and flow through snow by calculating the energy balance of radiation, 
sensible heat, latent heat, ground heat, advection from rainfall, and the change in internal energy 
for snowpack layers consisting of a top active layer and layer underneath it. 
10). Gravitational snow transport module (Bernhardt and Schulz, 2010): simulates the inter-HRU 
snow transport by gravity along steep slope, and this is topographic driven distribution of snow. 
11). Glacier module: estimates icemelt from glacier ice, firnmelt from firn layers and snowmelt 
from snowpack above glacier or firn layers based on energy-balance model, then movement of 
icemelt, firnmelt and snowmelt through glacier ice, firn and snowpack are handled by a simple 
lag and route method. 
12). Summer net radiation module (Granger and Gray, 1990): calculates the net all-wave 
radiation from short-wave radiation for input to the evaporation module for snow-free 
conditions. 
13). Infiltration ƳƻŘǳƭŜΥ DǊŀȅΩǎ ǇŀǊŀƳŜǘǊƛŎ ǎƴƻǿƳŜƭǘ ƛƴŦƛƭǘǊŀǘƛƻƴ ŀƭƎƻǊƛǘƘƳ ό½Ƙŀƻ ŀƴŘ DǊŀȅΣ мфффύ 
ŜǎǘƛƳŀǘŜǎ ǎƴƻǿƳŜƭǘ ƛƴŦƛƭǘǊŀǘƛƻƴ ƛƴǘƻ ŦǊƻȊŜƴ ǎƻƛƭǎΤ !ȅŜǊǎΩ ƛƴŦƛƭǘǊŀǘƛƻƴ ό!ȅŜǊǎΣ мфрфύ ŜǎǘƛƳŀǘŜǎ 
rainfall infiltration into unfrozen soils based on soil texture and ground cover.  
Both infiltration algorithms link moisture content to the soil column in the hillslope module.  
Surface runoff forms when snowmelt or rainfall exceeds the infiltration rate. 
14). Fall soil moisture module: this is a module to set the fall soil moisture status for running the 
multiple-year simulation. The amount of soil moisture and the maximum soil moisture storage in 
the soil column are used to estimate the fall soil moisture status, which provides the initial fall 
soil saturation for the infiltration module. 
15). Evaporation module: Penman-Monteith (P-M) evapotranspiration algorithm (Monteith, 
1965) with a Jarvis-style resistance formulation (Verseghy, 1991) estimates actual 
evapotranspiration from unsaturated surfaces.  The P-M method includes stomatal and 
aerodynamic resistances which control water vapour transfer to the atmosphere, representing 
the diffusion path lengths through vegetation and the boundary layer, respectively.  Stomatal 
resistance varies with the biophysical properties of vegetation (i.e. leaf area index, plant height, 
rooting zone) and is affected by four environmental stress factors: light limitation, vapour 
pressure deficit, soil moisture tension or air entry pressure, and air temperature.  Priestley and 
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Taylor evaporation expression (Priestley and Taylor, 1972) estimates evaporation from saturated 
surfaces such as wetland, open water, and river channel valley. Both evaporation algorithms 
modify moisture content in the interception store, ponded surface water store and soil column 
and are restricted by water availability to ensure continuity of mass, and the Priestley and Taylor 
evaporation also updates moisture content in the wetland, open water, and river channel. 
16). Hillslope soil module: this recently developed module is for calculating sub-surface flow and 
simulating groundwater-surface water interactions using physically-based parameters and 
principles on hillslopes.  This module was revised from an original soil moisture balance routine 
developed by Leavesley et al. (1983) and modified by Dornes et al. (2008) and Fang et al. (2010) 
and now calculates the soil moisture balance, groundwater storage, subsurface and groundwater 
discharge, depressional storage, and runoff for control volumes of two soil layers, a groundwater 
layer and surface depressions as well as a near-surface detention layer. The detention layer is a 
new interface between the soil and atmospheric processes and allows the surface runoff to flow 
through a porous medium as a transient flow pathway (Pomeroy et al., 2016). It was incorporated 
to address temporary snow damming (Fang et al., 2013) and water storage in loose organic 
material in the alpine tundra (Beke, 1969) and forest floor (Keith et al., 2010).  In addition, 
thawing and freezing fronts are allowed in two soils layers, in which moisture movement is 
restricted where portion of soil has freezing front presented and is free where portion of soil has 
thawing front presented.  A conceptual representation of this module is shown in Figure 42. 
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Figure 42. Module structure of physically based hydrological model for Bow River and Elbow River 
basins above Calgary showing process and data modules and flow of variables dealing with 
radiation (red line), meteorology (blue line), evaporation, sublimation and snow (green line) and 
soil moisture content, ground surface temperature and water (black line). 
 
 
 
 
 
 
 
 
 
 
 
 


