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Executive Summary

In the last few years Alberta has been impacted bysewmountaimderived flooding (2013) and

drought (20152019) that have caused flood damages exceeding $6 billion and drought damages

to tourism, ecosystem health, and food and energy production (unestimated at this pdin¢se

water crises suggestthdt K S NXf Al oAf AGe YR alFfSade 2F 1 f£0oS)
therefore risks associated with climate change and extreme weather need to be reassessed and

the potential to manage mountain watersheds for water resilienagxamined.To addresshis,

the overarching research question for this projectige the Canadian Rocky Mountains a reliable

future source of streamflow®@nderlining this question are three swuestiongthat form the

Objectives of this project:

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

i) Will the hydrological systems of the Rocky Mountains enhance or dampen the effects
of climate change ah 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 t@anadian Rockies Hydrological Observatory (CRHO)
which wasoperated during and by this studyo 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 docation of modelling and process hydrology studies led to rapid
uptake of new scientific information into models.

Mountain forest evapotranspiratiowas divided into eapotranspiration and tree transpiration

in a subalpine forestand examined ovewet and drysummers. The drier summer resulted in
higher transpiration and evapotranspiration levels, with no recharge to groundwaben
surface water inputs during the growing seasohhis means thatuscessive years of summer
droughts could impact successional growth of subalpine forests as juvenile trees rely on soil
moisture which was low in a drought yealt was also noted that wdblown snow trapped by
vegetation is an important input to summer growth and water supply ofalpne forests, both

at treeline and lower elevationand so variation in winter snowpacks has great importance for
summer evapotranspiration from subalpine forests.

Storm runoff celeritywas examineds a function of soils and topographyhe results sugge

that warmer winters will result in shallower winter snowpacks and colder soils due to reduced
insulation from the winter snowpack this will impact infiltration to frozen soils and possibly
increase spring runoff celerity

Snowmelt dynamicwas studiel through new observations such as usirgpabination of LIDAR
measurements from UAVs and remote sensing from satetlitgsiantify snowpacks. UANbrne



LiDAR can measusnow depthaccurately even under forest canopies and so can be used to
inform andevaluate snow modelsAn 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 soidiyne-
averaged wind flows. This will improve alpsgbalpine snow modelling accuradgn improved
understanding and ability to simulate water flow through heterogeneous snowpacks is providing
the basis to reformulate operational hydrological modelstlsat they are more accurate in
simulating runoff timing during raion-snow floods.

Sudies of wetlands in alpine, subalpine, and foothill locations highlight the differences in
hydrological functions of wetland, such as evapotranspiration, contribdkivg 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 whergigh elevations wetlands have seasonal importance.
Importantly- mountain wetlands supplgrucialbaseflow during drought conditiorend keaver
dammed wetlands provide important reduction in flood streamflow peaks, even in the highest
flow conditions orrecordsuch as thelune 2013flood.

Groundwater storage, flow paths and hydraulic response tumeerstandingwas improved
based on intensive field studigbat characterized entributions to streamflow, baseflow and
wetlands characterizedComplex sysims 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 resultand others noted above haveformed hydrological modéding

in the Cold Rgions 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 impactof 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, CRHVhydrological predictions driven with the Environment and @tign
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 mBasiglacier components help
CRHM tandicate 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 pea&visa month earlier

than historical values and glacier melt extends further into the falagnosis 0€CRHM outputs
shows that Igh 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% icemejt+ 280% firnmelt+

106% rainfalrunoff and vsible changes ithe transition season, with earlier spring melt and
increased fall rainfaflunoff.



Climate change has been anticipated to impact the hydrologMarinot Cre& Research Basin

which has shown itself hydrologically resilient to substantial climate changes since the 1960s.
Using CRHMYRSNJ || GodzaAySaa | a dzadzZ ¢ Of AYlF&S OKIyY
and receives 16% more precipitation, which letmla 40 mm decline in seasonal peak snowpack,

84 mm decrease in snowmelt volume, and 49 days shorter snowcover duratianwill lead to

earlier runoff of from 12% to 27% in most ecozones, whereas the treeline ecozone has a small
(3%) decrease in runofblume 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% so loses its hydrological resilience.

Climate changandforestdisturbancesmpacts forthe Bow and Elbowivers were investigated

using CRHMsetup with almost 300(hydrological response unitsbove Calgary. CRHM was
found to predict annual streamflows adequatdlyr these rivers The modé was run with a
business as usual climate scenario to produce a likely climate of the Rt it comparison to

the early 23 C. It was then rturbed to simulate land cover disturbances from wildfire, pine
beetle and forest harvesting for the redeand future climate of the basin&nnual streamflow
volumetric changes for climate change were modesth increases of 2% for the Bow River and

7% for the Elbow River at Calgary, with higher increases in low flow ydadow and moderate
severity widfire, 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 volllmaesvere wildfire
scenario increasestreanflows at Calgaryn the Bow by 34% and the Elbow by 59%. With the
combination of severe wildfire and climate changgeantlows on the Bow and Elbow at Calgary

are predicted toincrease by 42% and 70% respectivelyhis 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 thed&nts 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 Technicalnd ModellingReport

1.1 Project Description

In the last few years Alberta has been impacted by severe mourined flooding (2013) and
drought (20152019 that have caused flood damages exceeding $6 billion and drought damages
to tourism, ecosystem health, and food and energy production (unestimated at this pdin¢se

gl GSNI ONR&ASE adaA3ISald GKFG GKS NBf A labrigkfahdi @ | YR
therefore risks associated with climate change and extreme weather need to be reassessed and
the potential to manage mountain watersheds for water resilienagxamined. Mountain water

supply in Alberta is strongly influenced by snowpack dyica. Whereas floods are driven
primarily by keavy rains, particularly when theyccur on snow, low flows are controlled by
release of water from snomand rainfed groundwater, lake/wetland and glacier stores
(Pomeroy et al., 2015; Shook and Pomeroy, 20Marshall et al., 2011; Pazurkas and Hayashi,
2015; Buttle et al., 2016)Snowrtontrolled hydrological systems are particularly sensitive to
climate warming and the trends in the last 50 years show an average winter warming®6fia.5

the Bow River hedwaters (DeBeer et al. 2015%nowpacks 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 Pon20g). Whilst
observations ofheadwatersmountain streamflow show a remarkable resiliency and stability
under recent climate change and mild experimental forest disturbance (Harder et al. 2015;
Whitfield and Pomeroy2016), recent results from numericalrsulations suggest considerable
vulnerability potential for future dowrstream water supplies (Pomeroy et al., 2012; @03ang

and Pomeroy2016 Rasouli et al2019).

Notable impacts are:

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

i) 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 2dtod whencanopy 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 waer 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 forestssoils, snow, glaciers, frozen ground, permafrost,
groundwater, lakes, wetlands and strong seasonaltjich 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 foresare 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 managingdrests 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 imgdacts
precisiommanagement of forested watersheds for multiple uses.

This project leverages the experience of a consortium of university and Alberta Agriculture and
Forestryscientists to develop an improved quantification of forest and high mountaiteiwa
supply resilience andulnerability inthe Canadian Rockies. Thasbeen accomplished through

the provision of benchmarkasgainst which assessments can be made and future water risks and
management strategies identified.tikes advantage of a uniguopportunity to better quantify
mountain hydrological resilience amtdiinerability by coupling mountairesearch basifindings

with advances in hydrological modellinghe project is determining how climate, headwater
basin forest cover and topographyrdeol streamflow generation and how this varies across the
Bow and Elbow river headwaters. It is aéssessing whether these basins enhance or dampen
the effects of climate change, floods and drougbtsdownstream streamflow, and how forest
management ca be used as a tool to promote wate¥source resiliency to climate change and
extreme weather events.

The overarching research question for this projectAse the Canadian Rocky Mountains a
reliablefuture source of streamflowA&t present, thisknowledge gap makes the implementation
of all water policies and infrastructure proposals in Alberta highly uncertain. Underlining this
guestion are threessub-questiongthat form the Objectives of this project:

iv) How do the physical characteristics (foreswver, 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 dostream streamflow and water
resources?

Vi) Canforest 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 eanfspatial and temporal scales to control
streamflow generationOne challenges to accelerate the improvement in understanding
snowmelt and glaciemelt processes in complex terrain, snowmelt runoff in disturbed forests,
evapotranspiration and runoff nmocesses over forested hillslopes, surfapeundwater
interactions in mountain headwaters including mountain wetlands and streamflow generation
processes by intensive and detailed hydrological process observatiossidy sites in the
Canadian Rockies #iplogical Observatory (CRHO). New advances from this understaaging
incorporated into the objecbriented, distributed Cold Regions Hydrological Médglplatform
(CRHM). Advancing CRHM through code improvement anceaer-expandinglibrary 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 C@e&e the performance of new
model structureswas satisfactory, CRHM then be used to simulate thaydrology of much
larger areas and timeframes than the field experiments all®y.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 unigque opportiip 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 Studied Bxata 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
1.5Wetland storage and drainage
1.6 Groundwater storage, flow paths anddnaulic 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 modeltinin mountain terrain
2.3 CRHM Glacier development and testing
2.4 Canadian Hydrological Model (CHM) development

Task 3: Assemble Basin and Past/Future Climate Informatidviddelling
3.1 Assemble basin information for modelling
3.2 Assemble climateformation for modelling
3.3Validation 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 suppgilience and vulnerability for the duration
of this study.



1.2 ExperimentaApproach and Results

Literature Review
Water supplies from runoff in the eastward flowing Canadian Rockies drainages have been
declining (St. Jacquesal.,2010)andare predictedto dropfurther justasincreasinglemandis
projecteddueto rising population and greater consumption from downstream agriculture and
industry (Mannix et al., 2010). TiganadiarRockiesretypicalof manycoldregionsmountain
rangesin that they have substantialsnow accumulationn the winter and melt in springand
summer,providingwater for drier regionsdownstream during times of important agricultural
and human consumptiodemand.

Mountain hydrological cycling in this regiorsensitive 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 runff (Stewartet al.,2004)andlowerannualstreamflowq St.Jacquest al.,2010).
Theseclimatechangesave been associated with increasing rates of forest disturbance due to
wildfire (Fauria and Johnson, 2006), insect infestation (Aukema et al., 2808)disease
(Woods et al., 2005). The hydrological cycle in mountain environments can be substantially
altered by forest disturbance, leading to increased snow accumula@hsnowmeltrates
(PomeroyandGray,1995;Boon,2009;BurlesandBoon,2011;Pomeroyet al., 2012; Ellis et al.,
2013), enhanced surface runoff and peak flow (Whitaker et al., 2002; Pomeroy et al;, 2012
Pomeroy et al., 2016a)band changing groundwater regimes (Rex and Dubé, 2006).

Needleleaf forest cover dominates many coldimns mountain basinsvhere 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 (Ponmr 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, 199%g\t¢0, 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 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 Pomgrd 996; Reba et al., 2011). As a result, energy to melt
ddzom Ol y2LkR ay2¢ Ad R2YAYIFIGSR o6& NIYRAFGAZ2Y
shortwave transmissiothrough the canopyand enhancementof longwave emissionfrom
canopiesand trunks (Link et al., 2004; Sicart et al., 2004; Essery et al., 2008; Boon, 2009;
Pomeroy et al., 2009; Ellis et al., 2012; Varhola e2@l.0).



Elevationexerts a strong influence on air temperature, precipitation depth and phasein
mountain basins (Storf,967; Marks et al., 2012Harder and Pomeroy, 20},2vhile slope and
aspect are the additional factors controlling the patteaisnowaccumulatiorandsnowmeltin

the mountain environments(Goldingand Swanson1986; Pomeroy et al., 2003; DeBeer and
Pomeoy, 2009; MacDonald et al., 2010; Ellis et al., 2011; Marsh et al., 2012). At high elevations
above treeline, snow is redistributed by wind (F6hn and Meister, 1983; Doorschot et al., 2001;
Bernhardt et al., 2009), of which some is lost via sublimatidheéatmosphere (MacDonald et
al.,201Q Musselman et al., 20}5

Temperate zone models have great difficulty in simulating the hydrologicalcycle of cold

mountain regiongSwanson1998),andthere remainsa needfor a modelthat is suitablefor

river basinsoriginating in the Canadian Rockies. Cold regions hydrological processes have been
represented in hydrological modessichasARHYTHNZhanget al., 2000),VIC(Bowlinget al.,

2004), and GENESY@acDonaldet al., 2011). However, the Cold RegionsHydrological
Modellingplatform (CRHMbpffersamore completerange of processes for the Canadian Rockies

(i.e. blowing snow, interception and sublimation of snow, energy balamoevmelt, slope
radiation,canopyinfluenceon radiation,canopygapeffect 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 hydrologicatycle 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. InsightF N2 Y FASE R Ay@SadAadalradrazya KIFI@S fFNBST
expectation that an improved understandinfithe underlyinghydrologicaprocessewill yield

benefits in terms of prediction capability and so new algorithms from field studiese a
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 emi$gin canopies
(Pomeroyet al., 2009), estimating snow surfacetemperature (Elliset al., 2010), calculating
ay2e6YStid SySNHSOGAOa Ay F2NBad 3ArLa FyrR OfS
evapotranspiration, hillslope hydrology and groundwa®ee y I YA O&a oCly3 S | P;
2ymay 2 s hidBHe@Stiands®rage of overland flow in organic soil layers on hillslopes
(Pomeroyet al., 2016;Fangand Pomeroy2016. CRHM also now accounts for canopy gap
radiative transfer and unloading of tercepted snow in a mass and energy module for
needleleaf forests (Ellis et al., 2010, 2013). Other recent additions are modulesnfdating

blowing snow and sublimationaffected by local wind and topographyin the alpine treeline
environment(MacDonalcet al., 2010),improvedsimulationfor alpinesnowmeltand snowmelt

runoff (DeBeer and Pomeroy, 2010) and improved soil system representation for runoff
generation (Dornes et al., 2008a; Fang et al., 20003).

A physically based hydrological moaeorporating many of the new algorithms outlined above
wasassembledisingCRHMo simulateforestsnowhydrologyin aheadwaterbasinof Canadian
Rockies, resulting ipredictions for snow accumulation, melt, and snowmelt runoff (Pomeroy
et al., 2012). @rrent model developmentfocuson incorporating a more physically realistic soil
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and groundwateisystemin the modelandsimulatingd N2 dzy R ¢ | (i \Bakelrirkedadtibns O S
on hillslopesto improve simulation of sbimoisture, evapotranspirationpaseflow, 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 examinitige impactsof landuseandclimate changeon basin

runoff response.Suchatool alsoprovides a basis for identifyimggionalizedparameterizations

for modelling similar, but ungauged, basins in the region or similar cold mountain environments
(Dornes et al., 2008b) as well as hefpiidentify those physical processes most critical in
O2yiNRBftfAYy3a (GKS I NBASmalOlrfS KeRNRfz23& 2F (GKS
of CRHM is that it may be evaluated using multiple objectives to avoid equifipedityems
(Bevanand Freer, 2001) by allowing a much more powerful evaluationof the model as a
representation of many aspects of thgdrological cycle (Dornes et é2008b).

Results ofExperiments

Task 1: Basin Process Studies and Data Collection

1.1 Canadian Rockies Hydroiocal Observatory

The Canadian Rockies Hydrological Observatory (CRHO) was used as the base of field and
modelling studies for this proje¢Eig. 1) This comprises primarily the Bow and Elbow river basins

(Fig. 1) TheCanadian Rizkies Hydrological Observatory obtamssted 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 highadensity
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 locatedha 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 cliamténydrometric 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 vegetatin 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 gan 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 forestvapotranspiration and water source investigation

Dr. Pél NP ygfa@uate student Lindsey Langfocussed on quantifying subalpine forest
transpiration of two ceoccurring tree species, subalpine fir and Engelmann spruce throughout
the growing season of twbydrologically varying summef2016 and 2017)The contrasts in
years allowed for insight into fir and spruce water use behaviour, showing that trees transpired
more throughout the drier summe(Fig. 2. Results indicated the sustained, large spring
snowpack in 2017 helped encourage early growing sealwast transpiration of a higher
magnitude than 2016, the wet summer. This research also helped to quantify the relative
proportion of forest transpiration to total evapotranspiratigrhelping to better undrstandthe
summer growing seasamater budget In 2016, there was a positive gain of water to the system,
replenishing groundwater and soil moisture stoégg. 3. In 2017, there was a net loss of water

to the system, allowing no recharge during Juld &ugust(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 foresia the Canadian Roms, and could place further stress on these species in
the event of a wildfire or biological pests.
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Figure 2. Cumulative transpiration (Over the examined growing season, from JureSept 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 sowpack.
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wet growing season from June;Sept 25 at Fortress Mountain, Kananaskis, AB.
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Hgure 4. Foresttranspiration plotted against entirefeststandevapotranspiration for the 2017
dry growing season from June;Sept 25 at Fortress Mountain, Kananaskis, AB
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In conjunction with the hydrometeorobicatbased forest transpirationnvestigation, stable

water isotopes were used to help tell the storytbé sources fosubalpineforestwater use. By

dza A y 3 Ah2 (- 2ARSsdbalpine tree water sources were partitioned using a Bayesian
mixing model, MixSIAR, for three pointstbé 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 sed&om 9. Groundwater was the second

most important surce, being most valuable during spring snowmelt ahthe beginning of the
growing season as trees emerged from senescence. Like the hydrometeorological study, younger
treeswere found torely on soil moisture more than older trees. There were minidiié¢rences
between species, although fir treesedmore groundwateioverthe 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, allowirigein 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 locaionprising7/0% of

the local forest population.

Spruce Fir

120%

100%

80% |

60% |

40% |

20% |

0%

100% |

80% [

60% |

40% [

Relative contribution of water
sources (%)

20% |

0%

Young Old

| OSoil Water BSnow B Precipitation .Groundwater|

Figue 5 Relative source water contributions to xylem water for entire growing se&20h7)
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. Petroneand PomeroQ raduate student Jessicda A f f Al Yazy Qa NB&SlI NOK
advancement of the treeline under climate change predictions, by focusing on how treeline
expansion, in the fan of tree islands and krummholmteracts with alpine snowpacks and
influencesthe evapotranspiration (ET) of a southicing 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 wiedds.

Using atmometers, potential evapotranspiration (PET) @sisnatedwithin three closedcanopy

tree islands andhree surrounding opercanopy plots with scattered krummholz patchi{&sg. §.

PET measurements were compared with dominant growth confiadtors, including
temperature, wind speed, snowpack and microtopography. Positive feedbacks are anticipated
between growth controls and the progression or stability of tree islands and krummholz.

Closed Open

[}

E3Open 1
E3Open 2
- EZOpen 3

EdTree Isalnd 1

EdTree Island 2
ESTree Island 3
July August July August
Month

PET(mm/day)

N
.

Figure 6. Potential evapotranspiration (PEEgtimatesfor 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 ogmmopy plots, where exposure to wind and net radiation was
increased and broatkafed vegetation was present. PET rates in closed canopy tree islands were
considerably lowerlikely as a result of lower wind speeds and lower net radiatioa tothe
presence of stunted ubalpine firs andvery little broadleafed 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 withter and springsnowpack and

snow coverageBy trapping windblown snow, shading snow from solexdirance and reducing
turbulent transfer, theysustaineda snowpack that lasted later intthe springsnowmelt period,
resulting in increased moisture supply and continued growth. Canopy intercepagrgreater

within Tree Islands 1 and 2, further upslopehere patchediad a dense understory of branch
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offshoots thatlay justover the ground and reduckthroughfall. Higher interception rates within
the denser tree islands coultave causedhigher rates of evaporation from the surface of the
trees. Theseresults suggest thathe presence of trees above the existing treelingth the
potential for expansion under current and projectetimate conditions, could result in more
water being evaporated at higher elevations and poteihtidecreased downstream flgs.

100% 1/ 1 BT OB M T O
90% -
80% -
70% -
60% -

50% - i B m B

40% -

30% - — .~

20% - || S ]

10% - ]

O% T T T T T T T T 1

185 192 197 204 207 212 215 219 228
Day of Year

OPrecipitation ®Treelsland3 OTreelsland2 OTree Island 1

Interception and Precipitation
(mm/day)

Figure 7. The relative proportios of interception and precipitatiorin 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 twgraduate 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 andfield process based studies in order to understand these
variables.

Infiltration into frozen soils and runoff generation in forested mountain catchments

5NX /I NB & sudlentHeskh& debnii Examined infiltration into frozen soils and their
impact on runoff generation within forested mountain basins with both seasiwoaén 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 mddeoStudio. 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 textyse and precipitéion. 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 soila)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 deeased 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.
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Figure 8. Soil temperature (&) and unfroen water content (ef) 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

ENX /FNBeQad tK5 aGdRSYy( ichafpé & dhe rounfaih wSEukingA v S R
multiple novel new techniques including deep learning (DL) algorithms combined with classical
hydrometric analysis. In this work, Mr. Tang has worked with western NorthN#m® | Q&
hydrometric data (Fig.)%0 use deep leanmg 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 technigues to classify hydrometric regimes and
then detect shifs 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 theirgeneral 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 towardslrainf

driven regime) and the DL algorithm confidence scores will change to refle¢FtgislO) The
AYLISGdza 2F (GKAA 2NN NRRA GR2 yRIAS 250 KYSMlj deByaz yi
understand mountain hydrological processes, as we have reliedyogarMannKendall type

analyses and other subjective metrics for some time.
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Figure 9. Hydrometric stations utilized for DL algorithms in western North America.
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scores with time are used to assess change in flow regimes.

1.4 Snowmelt dynamics at forest edges

5NX t 2YSRa®ral &ellaws, ®riiNicholas Wayand @r. Phillip Hardeland Research
Scientist Dr. Joseph Shea focussed on measuring mountain snowpacks using remote sensing from
Unmanned Aerial &hicles (UAVs) and satelliteff. is challenging to calculate mountain
snowpacks in western Canada because méentain and sparse or neexistent precipitation
measuements. Remotely sensed measurements of snow depth provide complementary
approaches to the sparse network of grouoloservations and snow survey® meet the needs

of catchment scale researclglacier mass balance, river basin scale data assimilation for
streamflow predictions requires multiscale measurements with varying temporal return periods.
No single platform availablenithe region can provide thisAn integrated mountain snow
measuremehnmethodology 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 wWIIDAR anadameras permitting structure from motion
estimation of the surface. Analysis of seasonal snow depth is also possible in sites of very high
winter accumulation using higresolution (< 1m) optical satellite imagedmethodologywas
developedto collect these samples, results of initial measuretsesnd 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 CaAadeample
of a UAVLIDAR derived snow depth map féortress Ridgan Kananaskis is shown in Fig 11
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Figure 11. Snow depth map for 13 February 2019 derived from {akhe laser altimetry (LIDAR)
over Fortress Ridge in the Fortress Research Basin, Kananaskis (Phillip Harder).

5NX t 2YSNEP stuwent add\ieRRattioctsral Fellow Dr. Nikolas Aksamit focussed on
studies of alpine blowing snow mechaniddlowing 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 nostationary energy and momentum cascade. In cold regions,
snow redistribution by these turbulent motions impacts hydrology, glaciolagglanche safety,

and civil engineering. Blowing snow models typically rely on relatingdiweeaged turbulence
statistics, which may oversimplify the complexity of the flow, especially in complex mountainous
terrain, to steadystate snow transport. The rpsent research sought to improve the
understanding of the dominant structures aimospheric surface laydurbulence relevant to

snow transport, as well as characterize the short timescale response of blowing snow to specific
eddy structures. A fundamealk experiment was designed utilizing higbeed videography of
laser illuminated neasurface blowing snow saltation coupled with adjacent 3D sonic
anemometer wind measurements at two heights. The experiments were conducted at Fortress
Mountain Snow Labotary 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 gnchronized with instantaneous wind velocities, as well as time series of volumetric
averages of blowing snow density in the first 30 mm above the surfdicgrspeed blowing snow
video and measurements revealed the importance of the ofberrlooked crep 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 andcépn wind events were coupled to
blowing snow responses on sglecond timescales, with each quadrant event playing a unique
role in transport initiation and sustaining snow fluxes. Finally, largeflequency turbulent
motions, hypothesized to follow &op-down characterization, were found to modulate the
amplitude of nearsurface turbulence, as well as directly contribute to blowing snow fl(ies

13). The role of intermittent coherent turbulent structures challenges the ability of time
averaged turbilence statistics to represent the complexity of wisdow coupling, especially in
mountainous terrain. The strong relationship found between lasgale turbulence modulating
eddies and neasurface turbulence, also challenges the efficacy of applyingdgisiate
laboratory-derived flux relationships to modé&fansport in the surface layer
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Figure 12. Held site location and recording apparatus setup with meteorological measurements,
Fortress Mountain, Kananaskis, Albertaanada The red mark indicates the location of the
blowing snow measurement devices as viewed fromwiest with respect to the upwind fetch.
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10 Raw Wind and Blowing Snow
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Figure 13.Figure showingmodulation of windsnow coupling measured with ultrasonic
anemometry and PTV analysis afdailluminated alpine blowing snow particlebligh frequency
wavelet coherence between wind and snow is also modulated by-srgketurbulenceevents
Turbulent sveep motions are responsible fothe strongest coupling, with decoupling occurring
duringtheir absence

5N t 2YSNREQa 3NJI R dzkdockralFéllder BryNicolds Yerouxiskided the 2 & (

flow of meltwater through snowpacks and the impact of snowpack heterogeneities on flow and
energy dynamics. Accurate estimation of snowmelt runfofis 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 impving 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 snowmk models that represent lateral and preferential flows, as well as full capillary
hysteresis to examine the potential to improve snowmelt hydrological modelling. Iredearch

the primary objective is to improve understanding and prediction of wdtev through snow by
investigating the formation of preferential flow paths and the coupling of heat and mass fluxes
within snow. Of particular interess theprediction of capillary pressure at macroscale, as it is of
great importance for simulating preffential 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 terrdifig. 14) The numerical model simulates
horizontal andateral 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 sacggor 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 malad coupled to the energy balance at the
snow surface; the transfer of heat by topograptigven airflow affected the estimated snow
surface temperature by transporting thermal energy from the warm sisov interface to the
upper snowpack. Comparisons thle modeled meltwater flow predictions against snowmelt
field data revealed limitations in the current theories of water flow through snow, such as the
use of a singl@alued capillary entry pressure that is limited to higgnsity 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 pressursle@. 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
snowmeltderived streamflow prediction.
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Figure 14 Rainon-snow simulation of a coarse over a fine particle size snowpack from a 2D finite
element snowmelt model.
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1.5Wetland 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 heatiev vulnerability by
informing how these sensitive ecosystems contribute. Dr. Westbrook, Dr. Petrone and a various
graduate students designeskveralresearch projects taddress these questions.

Dr. WestbrooR d&etland studies airedto 1) characterizelte dominant hydrological functions of

a mountain valley bottom fen peatland during drought conditions; identify the primary controls
2P0SN) GKS FSyQa KeRNRf23IAOIE TFdzyOlA2YyaT o0
ponds during flood conditionsand 4) determine beaver dam persistence after the Alberta 2013
flood. The first two objectives were achieved through the work@iduatestudent, Stephanie
Streich, who started the project in September 2016. Thedtlbjective was completed by
undergraduate student, Amanda Ronnquist, who was recruited in June 201&. félhowing
highlights the completed work of each objectivie NP t S (i NRQ/sfufeiit Dyfdn dHiah NJ
investigated a high subalpine wetland in comparison.

Hydrological Function of a Motain Fen Peatland Under Dry Conditions

The study was conducted in a low elevation fen peatland unofficially called Sibbald fen. The fen
is ~0.71 km? and situated in a vaHegttom position, typical of many peatlands throughout the
Eastern Slopes (Morrisat 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 cetnpos
primarily of sedgeGarexutriculata), switching to peat composed mainly phagnunspp. at
0.50-1.30 m below the peat surfag®vang et al. 2016)Underlying the peat is marine clay and
alluvium. The fen is supplied by five streams several of whicle@temeral, and is drained by

one perennial stream, Bateman Creek.

As Sibbald fen has been an active research site since(088brook and Bedartlaughn 2016)
several longerm installations have been put in place in it to gather hydrometric data (B)g
These were used to detail the water balance for the fen during the very dry summer of 2017.
{LISyO0SQa oHnnTO KERNRf23IAOLIE FdzyOGAz2zy VY2RSH
using the water balance values. As well, ground frostmasitored every 12 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 evapotransed 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 hydrolbdiozction 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 domm 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
GKFgSRZ (KS 7T Sfleykal fRrtdh pecayhé comribution. With very little
precipitation and consistent rates of evapotranspiration each day, the fen water table dropped
YSINI& M Y 0& GKS SyR 2F GKS 3INRBgAYy3I aSlazyo
maintained baseflow in Bateman Creek, whereas some of the inflowirgasts to the fen ran

dry (Fig. 1). The larger rainstorm that occurred when the ground was thawed transiently
switchedhydrological function to recharge, but did not cause the fen to generateffu
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Figure 15Map 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 &ibbald 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 frostree.

Thisresearch 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 hygical
function. A followup 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 Maria Elisa Sanchez Garces). Results should provide ndsvstamding 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 Junel3 August 2017. Streamflow was scaled to the area of the peatland (0.71
km?2).

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 NbrAmerica. 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 val®ytom positions throughout the Eastern
SlopeqMorrison et aJ 2015) where watedrainedfrom 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 experimamtwWhichone 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-$tagding
hypotheses: one, that beaver ponds have limitibobbd 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-vatteyn wetland that

has been studied for a decade (Sibbald fen, describeavebwas 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 antdeaver ponds in 2012 (i.e. pflwod) via image analysis

and field verification (Morison et aR015). Determined herein was pebod beaver dam
O2yRAGAZ2ya | ONRPaa 71 m: 2dudly ard hsNfattwas/the &xientlofftteQa 1 d
postflood (Juy 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 categaszed

Wo NBIF OKSRQY WLISNEAAGSRQY 2NJ WLISNBAAGSR odzi |

of all the dams within a site.

Dam Persistence
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Figure 18 Persistence of beaver dam cascade systems throughout Kananaskis Country as
inventoried following the Alerta 2013 flood.

The analyses indicate that the majority of beaver dams across Kananaskis Country, including at
Sibbaldfen, survived the flood (Fig. 182% of the beaver dam cascade systems studied
persisted, 32% were breached, and 26% persisted buéaéected). This was surprising given
that beaver dam failures are common during high intensity rainstorms when landscapes have
limited water infiltration capacity (Butler and Malans@®05), such as was the case in the study
area at the time of the flod (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 survieed th
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 @asgatem, particularly

if it has a high dammed water volume (Gurn&®98), can create a water or watsediment
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surge great enough to have a domino effect wherein downstream beaver dams also fail (Marston
1994; Butler and Malansr2005). Thus, we wersurprised 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 watersedimentsurge, 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 the2PQJune 2013 event. The four largest beaver
ponds in the peatland collectivelyosed 1.9 x 16m?3 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.)1&arly in the storm event, all three beaver ponds quickly-over
filled. Only one of the three monitored beaver damgond 53¢ failed during the rain event. The
other two dams developed some holes, but did not rupture. Arillbng section of the dam at
pond 53 failed on 20 June between 11:15 and 11:30 am after five hoursagy lmain (44 mm,
intensities of 7.5 10.0 mm/hr). The pond lost 7474%uf water over 5.0 hrs. The outburst flood
Y20Af AT SR GKS G¢2 o0SI@SNI t2R3ISa Ay (KS8n LRYyRZ
breach, and blocks of peat from a depth previousdyed as ~4100 years before present (Janzen
and Westbrook, 2011). Floodwaters rushed over top of the downstream without rupturing

it. Despite sustaining a considerable breach, pond 53 did not fully drain. The pond continued to
retain water after the brach, and had a secondary peak in level following the I8l in the rain
event, transiently storing 18% of its capacity.
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Figure 19.Hydrographs (top) of the three instrumented beaver ponds at Sibbald fen (Pords 52
54) and the groundwater well (GW welbcated 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%nfbetween 19 June at 1:00 pm and 22
June at 4:00 pm. Since beaver ponds in Sibbald store an average of 473 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 beer ponds would be needed, and for 10% flood reduction, 4
beaver ponds would be needed.

Overall thesefindings suggest that beaver ponds could prove useful in flood reduction, even for
large floods such as happened in Alberta in 2013. The journal mapiugcrcurrently being
finalized and will be submitted in July 2019. Folapvresearch 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 prj¢éAmanda Ronnquist).

Dr. Westbrook has initiated followp 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 newdenstanding 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 evapanspiration and shading dynamics of a subalpine wetland

5 NI t §dgradiaig Su@ent Dylan HrachHocussed on understanding the influencing of
shading and complex topography on the classification, climate and energy balance of a subalpine
wetland. Thigs beingaccomplished by characterizing the soil, vegetation and microclimate of

Hours of Shade per Day at Bonsai Wetland, Kananaskis, AB
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Figure 20Shading from a 400m tall headwall on a 2100 masl subalpine wetland over the summer
growing season. Hours of available sunlight, and photosynthetic driving raditgithe 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 baléfige 20) In addition, the turbulent
fluxesof CO2 and H2@re beingused 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 seas

Shading of the wetland changes significantly over the growing season fromg Jungust. In

June, there is-# hours of shade per day within the wetland boundary (greeig. 21). Shade
increases from SW to NE. In July, there-4sdf shade per ay 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 is8hours of shade within the wetland boundary. Shade increases from

N to S. Maximum daily ET ected on July 1%, with 3.9 mm. The highest period of ET occurred
following the end of snowmelt, and was fromiyl 5" to the 20", with a total of 44.3 mm during

this period. This was 28% didé cumulative growing season Hi¥at occurred in a two week
period.
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Figure21. Graphshowing ET and Potential B&asonal progressiofor the subalpine wetland
over the growing season.

Dr. Petronerecruited three new students in early 2019 to continue work developed from both
Dr.2 SatdoNB21 FyR t S NRunyoaredn caitBniz6t ywétlandsRhip Rtddgrd a
Abby Wang will study three subalpine wetlands over an altitudinal gradighin the Kananaskis
region while MSc candidates Sheryl Chau and Julia Hathaway will focomberscale 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 studemtlead the groundwater contribution taskihe objectives of the
groundwater component of this study ate 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 streamgroundwater exchange processes on distribution and extent of thermal refugia, and 4)
develop practical tools to estimate groundwater contribution, whigre applicable to many
headwater streams in the Eastern Slopes. The first two objectives were achieved through the
work of graduatestudent, Craig Christiansen. Two otlgraduate studentavere recruited to

work on the last two objectives, and their woikstill in progress. This report will highlight the

completed work by Christensen.
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Figure 22Map of Bonsai Lake Basin near Fortress Mountain showing bedrock lithology, surficial
geology, and hydrology. White lettering notes the abbreviated names oitest 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 withtanada. 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 pycal 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 parigsl 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.

Hydrogeologlcal and geophyS|caI inveatigns showed that the streams flowmg through the
YSIFR2¢6 6SNB af2aAy3a adNBlIYaédd ¢KSNBEF2NBX aLINA
recharging the groundwater under the meadow and sustaining evapotranspiration by meadow
vegetation. Detailedgeophysical 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 groupdnetrating radar (GPR) (Christensen 2017). Geophysatal
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 Rocliasacterized by hard quartzite bedrock,
where talus slopes have relatively simple internal structure (e.g., Muir et al. 2011; Harrington et
al. 2018). Théindings of the present study indicatee important effects of underlying bedrock
geology on hydrogaogical characteristics of alpine landforms such as talus.

Figure 2. 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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number. Line S1 has two segments: S1W at the west and S1Edaghdir photos from Alberta
Environment and Parks (2013)

Hydrological and geophysical datiaowed that Bonsai Lake (Fig) 22a seasonal water body, or

a surface expression of the water table within the moraine aquifer. A large spring complex on the
north side ofthe lake (SP6 and SP7 in Fig) B5the 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 isstalertirely provided by
groundwater discharge and hence, is a good indicator of groundwater retention capacity of
watersheds (Paznekas and Haya&fil6). Winter baseflow expressed #we basinaverage
runoff in the rivers originating in the Rockies ranffesn 0.1 to 0.4 mm/d (Paznekas and Hayashi
2016). Winter baseflow of the stream draining the Bonsai Lake watershed durine2PQ¥6nas

0.7-1 mm/d, much higher than the common range in the Rockies, indicating a uniquely high
capacity of the watershed tetore groundwater and release it slowly during the fall and winter
months

Synthesizing all geophysical, geologi@nd hydrological data, Fig. 2Bows the conceptual
model of the aquifer system in the watershed. Talus slopes receive rainfall and siftomanter

from the bedrock cliffs above, much of which is funneled through couloirs (Bjg.which
provides the first step of groundwater retention. Groundwater from the talus slopes is
transferred to the meadow, and to the moraine complex, within whicimgai Lake is located.
The moraine provides the second step of groundwater retention, before it is release to the
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of water during dryand cold periods, and sushs 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 strage of glacier melt, snowmelt, and rain.

Building on the concepal model (Fig. 28s the development o numerical groundwater model
of the basin by graduate studentesse Heand a detailed study of the interaction between
groundwater and the strea originating from the Bonsai Lake bady graduate student
Benjamin Roeksy. These studies will be completed when the studentsddéfenr theses in
December 2019.
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Figure 26.Conceptual model developed by Craig Christiansen of hydrogeological processes in
alpine headwater basins.
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Task 2: Develop and ImproweHydrological Model Based on Process Studies

2.1 Cold Regions Hydrological Model (CRHM) setup on Upper Bow RiveraBadiesting at
Fortress Mountain Basin and Marmot Creek

5N t2YSNRPE&Qa NBaSEHNODK AGK NBaSEHNOK 2FFAOSN
hydrological model for Marmot Creek Research Basin (MCRB) using the Cold Regions Hydrological
Modelling platbrm (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 raion-snow flow through snowpacks, subsurface storage and
evapotranspiration panaeterisations based on research in this project (Pomeroy et al., 2016;
Fang and Pomeroy, 2016; Fang et al., 2019). Marmot Creek Researcf-Baskmni) is located

in the Front Ranges of the Canadian Rockies (Fig. 27). It is composed of ecozones$roemging
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, PenmManteith evapotranspiration,
infiltration to frozen and unfrozen soils, hillslope hydrology, streamflow routing and groundwater
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Figure 27.Location and contour map of the Marmot Creek Research Basin (MCRB), showing
hydrometeorological stations, hydrometric statipand 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 wagarameterised without calibration from streamflow. Nearface outputs

from the 4km resolution Weather Research and Forecasting (WRF) model, run and bounded by
ERAInterim reanalysis data, were bias corrected using the quantile delta mapping methlod wit
respect to meteorological data from meteorological stations located from valley bottom to
mountaintop in MCRB during October 2088ptember 2013. The bias corrected WRF outputs
during the current period (CTRL, 1 October 2005 to 30 September 2013)tareddariod (PGW,

1 October 2091 to 30 September 2099) were used to drive CRHM model simulations to assess
OKIy3aSa Ay al Nxy2i / NBS{1Qa KeRNRf23eod a2 RSt
representation of both the snowpack regime at several el®ret and landcovers (Fig. 28) and
good representation of the basin streamflow regime (Fig. 29).
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Figure 28Comparisons of the observed and WRRHM simulated snow accumulation (SWE) for
20072013 at the sheltered, midlevation Upper Forest/Clearinghd the windblown, high
elevation Fisera Ridge sites in MCRB. (a) Mature spruce forest, (b) forest clearing, (c) ridge top,
(d) upper alpine soutliacing slope, (e) lower upper alpine sodtiting slope, and (f) larch forest
treeline.
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Figure 29.Compaisons of the observed and WRIRHM simulated daily streamflow for 2005
2013 for Marmot Creek.

' YRSNJ I GodzaAySaa | & dzadzZté F2NOAYy3I a0Syl NA?2
in PGW, the MCRB warms up on average by@and receives 16% more precipitation over the
218 C, which leads to a 40 mm decline in seasonal peak snowpack, 84 mm decrease in snowmelt
volume, and 49 days shorter snowcover duratigng.30). The alpine snow season will be
shortened by almost one mai, 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 ecoZuoesng 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 loagewfree seasons and more
rainfall. Runoff will begin earlier in all ecozones, but as resultariability in surface and
subsurface hydrology, forested and alpine ecozones generate larger runoff volumes, ranging
from 12% to 27%, whereas the treelineoeone has a small (3%) decrease in runoff volume due

to decreased melt volumes from smaller snowdrifts (Big. 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 rainfalldominated runoff generation.
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Figure 30Simulated anual mean snow accumulation (SWE) for WRF CTRL and PGW. (a) Alpine,
(b) treeline, (c) upper forest, (d) forest clearing blocks, (e) forest circular clearingfaoitiy, (f)

forest circular clearing soutfacing, (g) lower forest ecozones, and (h) Mar@otek 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 AGW represents the annual mean and the shadow
represents the standard deviation of the eighiaiter year streamflow discharge.
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Figure32. Change in monthly mean discharge due to pseudo global warming simulation of
RCP8.5 for Marmot Creek ResearchiBas

2.2 Hydrological model of Fortress Mountain Basin

5N t2YSNReQa Ay@SadAadalrdAazy &dzllLl2 NalgRe woe& NB & ¢
sources of meteorological forcing for simulating snowpack and streamflow in the headwater
basins of Canadian Bky Mountains: intensively observed station dasad the2.5-km Global
Environmental Multiscale (GEM) outpavailable as a forecast product from Environment and
Climate Change Canada. The purpose was to answer the quesdiomuenerical 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 misrepetgenof local
winds and seasonal precipitatioBtreamflow was better simulated using station data than with
GEM output, which missed the timing and magnitude of seasonal foa. 33. The poor
streamflow simulation using GEM output is attributed toderestimation of latdying
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 representativa longer period, but it is clear that
GEM 2.5 km data requires bias mmting before it can be used to drive hydrological models in
the region
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Figure33. Simulations of Bonsai Creek in Fortress Mountain area, with a CRHM model driven by
station data and driven by GEM atmospheric model data.

5NX | St 3 &2 6 graddaRe student Balé &Rebichaud found thadwpacks 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 usesMountain 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 Reitlkiespond

to climatic changes. Helen Creek Research Basin is a small, high elevation alpine basir?,(~2.5 km
2600 m mean elevation) in the Canadian Rockies with complex terrain, a relict rock glacier and
an alpine lake. The Cold Regions HydrologicaldMimg 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 understaing of alpine hydrology, field research in the basin, and studies

in the surrounding regions. Observations taken during-ye& control period were used to
evaluate model predictions of snow accumulation, ablation and streamflow. The model
adequately snulated 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

Largescalewind fluxes influencing evapotranspiration in complex mountainous terrain

5N t2YSNRE& | yR 5 NIMina BohadiRagegab@used Erbmodelingzisiy/ (
primary using the WRF modd&imulations were performed using WRF (Weather Research and
Forecating) 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 spKiee 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 dience, 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 diffrent 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 frexpst

terrain in terrain following coordinate of WRIFig 34).
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Figure34. Figureshowing 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
(dataprofiles reached less than 300 m AGL).

2.4CRHM Glacier development and testing

5N t2YSNRE&Qa 3INI Rdzl dNske and dr§) PriadghananyaNdaufdAhat3n | dzo N
glacierized alpine catchments, glaciers are typically conceptualized as acting to buffer inter
annual hydrological variabilityy accumulating snow during wet/cool ysaand 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 flowasge 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 significanth\ 5 RdzOSR 'y R OF dzaS a3t OASNI YSt G R
at the complex interactions between winter snow accumulation, seasonal meteorology and
glacier melt to generate streamflow, and ultimately, provide a hydrological buffering effect in
yearswith 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
ISYSNIGA2YZ YR (KS LINRPOS&aSa. Hepefht Nidengedf (1 KA &
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 observationshelexamnation focusses on recetritydrological
extremes of flood and droughexperienced in the Canadian Rockieer 20132017. During this

period, strong positive and negative anomalies in snowpack accumulation, and summer
precipitation and air temperature occrgd 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, Canda ranges between 2168190 m a.s.l. and has an area of 5.ZKhmedistributed,
physicallybased Cold Region Hydrological Modelling Platform, including a newly developed
glacierhydrology module, was used simulatesnow accumulation and redistributigprocesses,

glacier meltand mass balancand streamflow generationCRHM 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 swiéaee change to include the
expansion of a prglacial lake and debrsovered 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 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 period,
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Figure 35 Contributions of runoff from snowmelt, icemelt, firnmelt and rainfalhoff 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
trangtion from snow to ice dominated streamflow. These changes are linked to increase in
GSYLISNI dzNBasx gA0GK &adzYYSNJ GSYLISNI GdzNB +FyR FI f
values. However, this increased fall melt is somewhat balance with coldeggpmperatures,

which results in spring precipitation to accumulate as snow on the glacier. Simulations are
showing that igh flow years have 34% more annual streamflow than low flow years, the source

of extra streamflow in high flow years is from: ©¥43nowmelt + 80% icemelt+ 280% firnmelt

+ 106% rainfall runoféind vsible changes in transition season, with earlier spring melt and
increased fall rainfallunoff (Fig. 3%

2.5Canadian Hydrological Model (CHM) development

5NX t 2YSNEP atwant GhilMardhl faulsd thét despite debate in the rainfatoff
hydrology literature about the merits of physibased and spatially distributed models,
substantial work in cold regions hydrology has shown improved predictive capacity by including
physcsbased process representations, relatively higbolution semi and fullydistributed
discretizations, and use of physically identifiable parameters with limited calibration3@j}ig.
While there is increasing motivation for modelling at hypesoluton (< 1 km) and snowrift
resolving scales (~1 m to 100 m), the capabilities of existingregldn hydrological models are
computationally limited at these scales. The Canadian Hydrological Model (CHM) was designed
to be applied generally, but it hasfocus for application where caoleggion processes play a role

Unstructured mesh m High : 3109 0 225 45 9 135 18

= B Low: 1188

Figure 36Example 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 hptlrgical 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
snov 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 accessedwsre 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

3.1Modelling Objectives

The objective of the modellgn 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 ehancement 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 thepotential 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
Regdgons 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 Hydrologidabdelling platform (CRHM) was used to set up a hydrological
model for Bow River and Elbow River basins above Calgary. CRHM is anradopéet!, modular

and flexible platform for assembling physically based hydrological models. With CRHM, the user
constructs a purposéuilt 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 hydrologicgyaase 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, metetogical data availability and the objective flux

or state for prediction selects physical complexity. Pomeroy et al. (2007) provide a full
description of CRHM.
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CRHM offers a full suite of streamflow generation processes for Canadian Rockiestaiits

(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 switface 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;di@anald 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 reent 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 sed in snow accumulation, snowmelt, and streamflow prediction and climate change
impact studies in the mountains of Spain (Lépéareno et al., 2013), western China (Zhou et al.,
2014), Germany (Weber et al., 2016), USA (Rasouli et al., 2019) and Qigitegial., 2015).

3.2CRHM 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 digitainelevat
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.¢ lanthe Ewironment and Climate

[/ KFy3aS [/ FYyFRFEQ&a 069/ / /0 2F3GSNJ {dzZNBSe 2F /|yl RI
domains: Upper Bow River at Banff and Upper Bow River between Banff and Calgary were
created (Fig37). Upper Bow River at Banff model domain Approximate 2,192.2 kéfor 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 5,63 .#ofahbasin area. For the

Elbow River at Calgary model domaine tiotal area is about 1,191.9 Kmat the ECCC Water
Survey of Canada streamflow gauge (05BJ010). In additiorhasifis were delineated and
aggregated corresponding to their stream segments during the stream segmentation process in
GIS terrain preprocesy) analysis. There are 50, 92, and 25Isabins for Upper Bow River at

Banff, Upper Bow River between Banff and Calgary, and Elbow River at Calgary model domains,
respectively. A subasin map for Bow River and Elbow River basins above Calgary isigshown
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 kigs38 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 foest for these domains (Fig. Y0 In addition, the water course in Alberta drainage
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network inventory was used to determine river channel valley HRU. FloveclodrHRU
determination are shown in Appendix 2.

As there are higher glacier and alpine rock coveragélseiiJpper Bow River at Banff domain,

more details were considered for HRU determination (Figure A2). For glacier HRU, seven
elevation bands, aspectd north-facing, soutHacing, and eastacing, and slope gradients of
gentle slope, medium slope, and steep slope were taken into consideration. For rock HRU, upper
and lower elevation, aspects of norfhcing, soutifacing, and eastacing, and slope gdients

of gentle slope, medium slope, and steep slope were taken into consideration. For alpine tundra,
alpine sparse forest, and valley shrubland HRUS, slope/aspects offaomtly, southacing, and
eastfacing were considered. For all forests, opeater, 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 HRdetermination. For glacier, rock, and alpine tundra HRUSs,
slope/aspects of nortacing, soutkfacing, and eastacing 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 sdbasins: glacier mountain basin, ngiacier mountain basin, foothill

plain ba#, and agriculture basin. A glacier mountain basin is absisin with at least glacier

and rock HRUs in addition to other HRUSs; a-glatier mountain basin is a stasin with rock

HRU but without glacier HRU in addition to other HRUs. A foothill p&sin is a subasin 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 divebsesisulypes

are similar to those subasinsbaS R 2y aSO2NBIA2Yy (eLSa¢ Ay GKS
Smoky River Basin (52,000%rfPomeroy et al., 2013). The shhasin name, subasin type, sub

basin HRU numbers, and sbhsin area for Bow River and Elbow River basins above Calgary are
providedin Appendix 3.
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Bow River and Elbow River basins above Calgary N
Model Domains and Streamflow Gauges é"
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Figure 37 Bow River and Elbow River basins above Calgary model domains and streamflow
gauges.

Elevation (m)

High : 3492
Low : 1043
0 10 20 40 60 Kilometres

Figure 38 Resampled 20 m Canadian digital elevation model (cdem) for Bow River and Elbow
River basins above Calgary.
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Figure39. Aspect of slopes for Bow River and Elbow River basins above Calgary, derived from the
20 m cdem.
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Figure 4. Slope angle for Bow River and Elbow River basins above Calgary, derived from the 20
m cdem.
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Figure 41Land cover for Bow River and Elbow Rbasins 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 fBow 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 raila), adjusting temperature with
environmental lapse rate and precipitation with elevation and winduced 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 energypalance snowmelt module, and the summer net radiatroodule.

3). Sunshine hour module: estimates sunshine hours from shortwave irradiance to a level surface
and maximum sunshine hours, generating inputs to the endajgince snowmelt module and

the summer net radiation module.

4). Slope radiation modulesstimates 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 sed 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 ersaance snowmig
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 endrgfance snowmelt module.

7). Canopy module (Ellis et al., 2010): estimates the subarid rainfall intercepted by the forest
canopy and updates the sttanopy 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), sif@rest 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, 208@)ulates the intetHRU wind redistribution of
snow transport and blowing snow sublimation losses throughout the winter period.

9). Energybalance snowmelt module (Marks et al., 1998): this is a version of the SNOBAL model
developed to simulate the mass@ 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 thelRiter
snow transport by gravity along steep slope, and this is topographic driven distributsmowt

11). Glacier module: estimates icemelt from glacier ice, firnmelt from firn layers and snowmelt
from snowpack above glacier or firn layers based on enbaggnce model, then movement of
icemelt, firnmelt and snowmelt through glacier ice, firn an@wpack are handled by a simple

lag and route method.

12). Summer net radiation module (Granger and Gray, 1990): calculates the +wevall
radiation from shoriwave radiation for input to the evaporation module for sndwe
conditions.

13). InfiltrationY 2 Rdzf SY DN} @ Q& LI NI} YSGNRO ay26YStiaG AYyTA
SadAYlIGSa ayz2evYStid AYyFALGNIGAZ2Y AyG2 FNRBISY
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 moistaessfor 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 maule.

15). Evaporation module: Penma#onteith (RM) evapotranspiration algorithm (Monteith,
1965) with a Jarvistyle resistance formulation (Verseghy, 1991) estimates actual
evapotranspiration from unsaturated surfaces. ThéViPmethod includes stomatabnd
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 vegetati@n lgaf 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 expressiqRriestley 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
andare 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 foulklng subsurface flow and
simulating groundwatesurface water interactions using physicdiigsed parameters and
principles on hillslopes. This module was revised from an original soil moisture balance routine
developed by Leavesley et al. (1983) amodified 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 ard surface depressions as well as a reaface 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 dl6)2t 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 tvsoils 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 Fgure
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Figure 42Module 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 anavyjgoeen line) and

soil moisture content, ground surface temperature and water (black line).
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