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[bookmark: _Toc479064239]Changing Cold Regions Network
[bookmark: _Toc479064240]Overview
The Changing Cold Regions Network (CCRN) is a collaborative research network that brings together the unique expertise of a team of over 40 Canadian university and government scientists, representing 8 universities and 4 federal government agencies. The network is funded for 5 years (2013-18) through the Climate Change and Atmospheric Research (CCAR) Initiative of the Natural Sciences and Engineering Research Council of Canada (NSERC). 
[image: ]CCRN integrates existing and new experimental data with modelling and remote sensing products to understand, diagnose and predict changing land, water and climate, and their interactions and feedbacks, for this important region.  CCRN uses a network of world class Water, Ecosystem, Cryosphere, and Climate (WECC) observatories to study the detailed connections among changing climate, ecosystems and water in the permafrost regions of the Sub-arctic, the Boreal Forest, the Western Cordillera, and the Prairies.  CCRN integrates these and other data to understand the changing regional climate and its effects on large-scale Earth system change and the region's major rivers - the Saskatchewan, Mackenzie and Peace-Athabasca.
The programme and its objectives are organized around five inter-related and inter-dependent Themes that address Earth system change and its numerical description and prediction at local, large river basin and regional climate system scales. The themes are as follows:  
Theme A: Observed Earth System Change in Cold Regions - Inventory and Statistical Evaluation, documents and evaluates observed change, including hydrological, ecological, cryospheric, and atmospheric components, in the cold regions of interior northwestern Canada over a range of scales.
Theme B: Improved Understanding and Diagnosis of Local-Scale Change, improves our knowledge of local-scale change by developing new and integrative knowledge of Earth system processes, incorporating these processes into a suite of process-based integrative models, and using the models to better understand Earth system change.
Theme C: Upscaling for Improved Atmospheric Modelling and River Basin-Scale Prediction, improves large-scale atmospheric and hydrological models for weather, climate, and river basin-scale modelling and prediction of the changing Earth system and its feedbacks.
Theme D: Analysis and Prediction of Regional and Large-Scale Variability and Change, focusses on the driving factors for the observed trends and variability in large-scale aspects of the Earth system, their representation in current models, and the projections of regional-scale effects of Earth system change on climate, ecology, land, and water resources.
Theme E: Network Outreach and Engagement, engages a community of partners and users, including the public, local stakeholder groups, provincial and federal policy/decision makers, national and international research organizations, and other relevant groups, and disseminates the improved knowledge and tools within this extended community.
[bookmark: _Toc479064241]Resources 
CCRN WECC observatories list and descriptions 

Synthesis and information products 

CCRN data and data access, including real-time data streaming 

List of CCRN publications

[bookmark: _Toc479064242]Focused Research Projects
Observed Climatic and Environmental Change in Western Canada
As part of Theme A's objectives, the network has focused on summarizing and synthesizing the recent past changes in climate, landcover, terrestrial ecosystems, and water cycling across Western Canada. The synthesis has been published in Hydrology and Earth System Sciences (HESS) and an information brochure was developed to highlight the key aspects of the changes that have been observed, along with some of the recent extreme events that have affected the region.
HESS publication can be found here. 
Information brochure can be found here. 

2013 Alberta Flood
In late June 2013, intense rain fell for several days over a large area of the southern Canadian Rocky Mountain front ranges and foothills in Alberta, causing widespread flooding with severe and costly damages to many communities, mass evacuations, and loss of life. Shortly after, CCRN set out to examine the chain of events leading to this disaster, focusing on atmospheric conditions and flood meteorology, hydrological and land surface processes associated with the flood, water management and operational decision making aspects, and computer modelling and simulation of various aspects of the flood to improve future prediction of similar events.  
The following link provides a summary of CCRN’s research efforts in response to this massive flood, including a workshop on “Extreme Weather and Hydrology – Lessons Learned from the Western Canadian Floods of 2013 and Others”, publications and media coverage. 
Summary of CCRN research on flood
CCRN Flood Workshop overview 

2014 Northwest Territories Extreme Fire Year (and other fires)
In 2014, the Northwest Territories (NWT) experienced the worst fire season on record. Hot and dry conditions throughout fall 2013 to summer 2014 led to 385 wildfires burning 3.4 million ha of northern boreal forest. The fires were predominately around the Great Slave Lake region, impacting a majority of the NWT residents. A 2-day workshop was organized to discuss priorities and planning for research in response to the widespread 2014 NWT fires. 
Extreme fire years were experienced in subsequent years. A record-breaking fire year occurred in Saskatchewan in 2015 causing thousands to evacuate and a costly fire year occurred at Fort McMurray in AB in 2016 and is one of the costliest natural disasters to affect Western Canada. The frequency of these extreme fire years has prompted researchers to study the impacts and causes of these events as all three fire years had unique characteristics. This information will be available in the coming years, but below are a few resources already published and available.
2014 Northwest Territories Fires Workshop
Presentations
Boreal wildfire (skip to slide 15)
Atmospheric conditions associated with the extreme 2014 wildfire season in the Northwest Territories
Large-scale climatic settings for the 2016 Fort McMurray wildfire
Publication
Kochtubajda, B., R. Stewart and B. Tropea, 2016: Lightning and weather associated with the extreme 2014 wildfire season in Canada’s Northwest Territories. 24th Intl. Lightning Detection Conf. and 6th Intl. Lightning Meteor. Conf, San Diego, April 18-19.

Special Observing and Analysis Period (SOAP) – Oct 1, 2014 – Sept 30, 2015 
CCRN has conducted a Special Observation and Analysis Period (SOAP) across all of the WECC observatories during the period 1 October, 2014 to 30 September, 2015.  This involved coordinated and enhanced field activities, site instrumentation, and observational programmes at all of the sites.  The main purpose of this activity was to collect and archive a high-quality and consistent dataset of fine-scale hydrological, ecological, meteorological, and cryospheric process observations for a common period across our study region.  The detailed observations will be complemented by regional climate model outputs and full resolution products over the WECC observatories to be archived as part of the SOAP initiative.  This will allow for quantification and comparison of energy and water balances for the 2014-2015 hydrological year at WECC observatories and small watersheds across the domain, and will provide a high-quality dataset that can be used for model process algorithm development and testing.
In October 2016, a workshop was held in Saskatoon to review observations and insights from the SOAP and to plan common network scientific activities and data management/archiving.  This led to plans to publish SOAP datasets as a collection of papers in a special issue of the journal Earth System Science Data, and plans to write a synthesis paper describing the hydrometeorological conditions over the year and the regional impacts on different sectors.
CCRN – Special Observing and Analysis Period Presentation 
SOAP Workshop: Overview and Presentations 

[bookmark: _Toc479064243]CCRN Research in Canada’s National Parks
CCRN conducts research within five National Parks of Canada across the interior of Western Canada, including: Banff, Jasper, Yoho, Nahanni, and Prince Albert National Parks. The location of the WECC observatories in the National Parks provides a unique opportunity for researchers to conduct longer term studies in natural areas protected from development and other landscape-altering activities. Although the research efforts and objectives vary across the WECC observatories, there are some overlapping goals which allow for comparison within a region. For example, the Athabasca Glacier in Jasper National Park and Peyto Glacier in Banff National Park are evaluated against one another to identify similarities and differences in glacial retreat and impacts of climate change on glaciers in the Canadian Rockies. 
The following document highlights CCRN’s research efforts at the individual WECC observatories within the five National Parks of Canada. The overview includes a brief description and history of the WECC observatories, the research efforts made by CCRN, key researchers and some important resources.


[bookmark: _Toc479064244]Canadian Rockies Hydrological Observatory (CRHO)
Description 
The Canadian Rockies Hydrological Observatory (CRHO) was established in 2012 and includes 35 high elevation snow and weather observations stations and streamflow stations in the headwaters of the Saskatchewan River Basin in Alberta. Three of the CRHO research sites are located within or nearby National Parks:
· Athabasca Glacier (Jasper National Park) 
· Peyto Glacier (Banff National Park)
· Marmot Creek Research Basin (near Banff National Park)
These three stations are also part of the CCRN WECC observatories and are described in the document below. 
Research Objectives
The CRHO aims to improve the understanding of and capacity to predict the changes in water yield from headwater basins where cold climate processes predominate. It will examine the water supply response to climate variability in a range of mountain headwater ecohydrological site types, incorporating the transient responses of both climate forcing and cryospheric and basin hydrological response. Particular attention will be paid to how snowpacks, glaciers, groundwater, wetlands, forests and frozen soils interact and modulate the response of water supply to variability in climate. An important component will be on downscaling climate model products over complex mountain terrain. The project will support improved water resource modelling and management over larger river basins such as the Saskatchewan River Basin by contributing advanced mountain headwater hydrological modelling capability and future flows under downscaled climate scenarios. It will do so by strengthening the hydrological and glaciological science foundation for estimating water resource impacts from future climate scenarios and by testing and improving hydrological models that can be used for current and future water resource assessments. 
Resources
CRHO Website
YouTube video highlighting CRHO research efforts


Primary Researchers 
John Pomeroy (hydrologist, University of Saskatchewan) – john.pomeroy@usask.ca 
Warren Helgason (hydrologist, University of Saskatchewan) – warren.helgason@uask.ca
Cherie Westbrook (hydrologist, University of Saskatchewan) – cherie.westbrook@usask.ca 
[bookmark: _Toc479064245]Jasper National Park
[bookmark: _Columbia_Icefield/Athabasca_Glacier][bookmark: _Toc479064246]Columbia Icefield/Athabasca Glacier
[image: ]Description
The Columbia Icefield is the largest icefield in the Canadian Rockies at over 200 km2 and is located within the Banff and Jasper National Parks. Straddling the border of Alberta and British Columbia, the Columbia Icefield has numerous large outlet valley glaciers which are the headwater regions for three major river systems in North America which flow into three different oceans: Saskatchewan River (Hudson Bay/Atlantic Ocean), Columbia River (Pacific Ocean) and Mackenzie River (Arctic Ocean). The Columbia Icefield is a source of water for ecosystem functioning, hydro-power production, irrigation, groundwater recharge, and transboundary objectives. 
Research Objectives
The research efforts are focused on quantifying the form and flow of the icefield in its outlet glaciers, as well as its past and current geometry. Currently, researchers are working towards developing regional glacier dynamic modelling capabilities and glacier hydrology studies. More recently, on-site meteorological stations were installed at high elevations on the Athabasca Glacier.  Key activities include: 
· Observation of glacier meteorology with two met stations (on and off the ice, and at different elevations; John Pomeroy)
· Focused micro-meteorology campaign run in 2015 (Warren Helgason & Jono Conway)
· History of glaciology work to examine mass balance and flow characteristics – extension of work from Peyto Glacier to conduct a more regional analysis (Mike Demuth)
· Modelling reconstruction of past and potential futures of Athabasca Glacier (Rituparna Nath & Shawn Marshall)
· Incorporation of glacier dynamics into the Cold Regions Hydrological Model (CRHM; Dhiraj Pradhananga & John Pomeroy)
Primary Researchers
Mike Demuth (glaciologist, Geological Survey of Canada/University of Victoria) – mike.demuth@canada.ca
John Pomeroy (hydrologist, University of Saskatchewan) – john.pomeroy@usask.ca 
Warren Helgason (hydrologist, University of Saskatchewan) – warren.helgason@uask.ca
Shawn Marshall (glaciologist, University of Calgary) – shawn.marshall@ucalgary.ca
Key Results
Athabasca Glacier Retreat:
· In ~1824, the Athabasca Glacier terminus was near the location of the Icefield Center. Since then it has retreated ~2 km. 
· The glacier can exhibit a horizontal, down-valley surface velocity of 7-25 cm per day, or 25-100 m per year.
· The long-term average in annual length loss is 12 m/year (over 170 years), but has been considerably more in recent years (15-20 m/year). 
Modelling:
· MSc candidate Rituparna Nath (supervisor: Shawn Marshall) is working on reconstructing the past (back to ~1850) and potential futures of the Athabasca Glacier using modelling techniques. See poster below in publications.   
· Glacier dynamics are now being incorporated into models (specifically Cold Regions Hydrological Model; CRHM; John Pomeroy group)
Glacier Response to Climate Change (general analysis for Canadian glaciers):
· Local to regional warming due to changes in albedo, loss of latent energy buffer and loss of cold air flows down glacial valleys
· Rapid disintegration, fragmentation of many glaciers
· Lower parts of many glaciers will be gone within decades or less (longer probably for larger glaciers)
· Upland icefields may persist longer but in a diminished state
· Increased, then reduced glacial inputs to streamflow (likely already declining in the south during July/Aug; currently increasing in Sept/Oct)
· Meltwater runoff will be flashier as firn/snow decline
· Streamflow will become more pluvial (rainfall) regime (high elevations)
· Reduced buffering capacity for summer streamflow
· Progressively warmer streams
Resources
Real-time Data – Athabasca Glacier Moraine 
Real-time access to the meteorological station at the Athabasca Glacier moraine can be found here: http://giws.usask.ca/telemetry/ (Telemetry Sites menu > AB Remote Stations > Athabasca). 

Deglaciation Animations
Garry Clarke, Professor Emeritus at UBC, has developed deglaciation animations based on work published in Nature Geoscience in 2015 (see link to publication below). The following is a link to the directory where you can view deglaciation animations for a range of glaciers in the Rocky Mountains under various emission scenarios as well as using different Generalized Circulation Models (GCMs): http://couplet.unbc.ca/data/RGM_archive/RGM_movie_archive/ . A description on how to maneuver the directory is available here: 


Publications
Andrius Paznekas & Masaki Hayashi (2016) Groundwater contribution to winter streamflow in the Canadian Rockies, Canadian Water Resources Journal / Revue canadienne des ressources hydriques, 41:4, 484-499, DOI: 10.1080/07011784.2015.1060870
Clarke, G. K., Jarosch, A. H., Anslow, F. S., Radić, V., & Menounos, B. (2015). Projected deglaciation of western Canada in the twenty-first century. Nature Geoscience, 8(5), 372-377, DOI: 10.1038/ngeo2407
Demuth, M.N. et al. (2012) Recent and past-century volume, mass and morphometric changes of the Columbia Icefield, Canada: http://www.usask.ca/hydrology/downloads/Demuth_et_al_2012.pdf 
Demuth, M.N. et al. (2012) State and Evolution of Canada’s Glaciers: http://www.usask.ca/hydrology/downloads/Demuth_et_al_2012b.pdf 
Marshall, S. J., White, E. C., Demuth, M. N., Bolch, T., Wheate, R., Menounos, B., ... & Shea, J. M. (2011). Glacier water resources on the eastern slopes of the Canadian Rocky Mountains. Canadian Water Resources Journal, 36(2), 109-134, DOI: 10.4296/cwrj3602823
Nath, R., Marshall, S., Osborn, G. & Hall-Beyer, M. (2016) Using flow line modelling and GIS to reconstruct glacier volume loss Athabasca Glacier, Canadian Rockies since the Little Ice Age, poster presentation at CCRN Annual General Meeting Nov 2016, 


Sandford, R.W. (2016) The Columbia Icefield 3rd Edition. Victoria, BC: Rocky Mountain Books. 
Presentations
· Atmospheric boundary layer dynamics; drivers and implications for surface lapse rates over Athabasca Glacier, Columbia Icefield 
· National framework for glacier monitoring & assessment 
· Mountain SOAP 2014-2015
· Western Cordillera

Other
Water Brothers TV Series: Dr. John Pomeroy and Robert Sandford were featured in the episode “On Thin Ice” talking about the Athabasca Glacier. 




[bookmark: _Toc479064247]Banff National Park
[bookmark: _Peyto_Glacier_(Wapta][bookmark: _Toc479064248]Peyto Glacier (Wapta Icefield)
Description 
[image: ]Peyto Glacier descends from the north-eastern portion of the Wapta Icefield located in the Banff National Park and the meltwater flows in the North Saskatchewan River system. There is a long history of research at this glacier with a mass balance programme being established in 1966 as part of the International Hydrological Decade. Natural Resources Canada has carried out observations of surface mass balance and runoff since then. Peyto Glacier Research Basin

The research area is 24 km2 and has an elevation range for 2100 to 3150 m. Monitoring equipment includes a single meteorological station within the basin adjacent to Peyto Glacier and three stations located on the glacier surface representing different elevation zones. Streamflow records were collected for Peyto Creek, but the gauge was destroyed in July 1983. The Centre for Hydrology, University of Saskatchewan has since resumed these streamflow measurements. 
Research Objectives
Peyto Glacier has undergone considerable negative mass balance, downwasting and terminal retreat over the previous 50+ years. The site remains a focal point for wide range of glaciological and hydrological research, including: 
· Measurement and observation of glacier meteorology (stations on and off the ice, at different elevations)2008

· Measurement and observation of streamflow of Peyto Creek
· Development of glacier dynamics in the Cold Regions Hydrological Model (CRHM)
· Mass balance observation carried out by Geological Survey of Canada
· Nearby sites (i.e. Helen Creek) examine groundwater flow paths and dynamics (information included in presentations below)
Primary Researchers
John Pomeroy (hydrologist, University of Saskatchewan) – john.pomeroy@usask.ca 
Mike Demuth (glaciologist, Geological Survey of Canada/University of Victoria) – mike.demuth@canada.ca
Key Results
Peyto Glacier Retreat:
· Between 1952 and 2014, Peyto Glacier retreated 1.6 km. 
Peyto Glacier Response to 2015 Drought:
· Precipitation was -150 mm below normal and 1.5 C warmer than normal in icefields, leading to a record negative glacier mass balance at Peyto Glacier (-2500 mm) and early summer glacier streamflow discharge was almost double the long term average. L: Peyto Glacier retreated 1.6 km from 1952 to 2014. 	R: In 2015, a record was made for loss of glacial mass in a single year.

Resources
Real-time Data – Banff National Park (Peyto Moraine, Bow Hut, Helen Creek)
Real-time access to the meteorological stations in Banff National Park can be found here: http://giws.usask.ca/telemetry/ (Telemetry Sites menu > AB Remote Stations > Peyto Moraine OR Bow Hut OR Helen Creek). 

Publications
Bash, E. A., & Marshall, S. J. (2014). Estimation of glacial melt contributions to the Bow River, Alberta, Canada, using a radiation–temperature melt model. Annals of Glaciology, 55(66), 138-152. DOI: 10.3189/2014AoG66A226
Demuth, M.N. et al. (2012) State and Evolution of Canada’s Glaciers: http://www.usask.ca/hydrology/downloads/Demuth_et_al_2012b.pdf 
Marshall, S. J., White, E. C., Demuth, M. N., Bolch, T., Wheate, R., Menounos, B., ... & Shea, J. M. (2011). Glacier water resources on the eastern slopes of the Canadian Rocky Mountains. Canadian Water Resources Journal, 36(2), 109-134, DOI: 10.4296/cwrj3602823
Paznekas, A. & Hayashi, M. (2016) Groundwater contribution to winter streamflow in the Canadian Rockies, Canadian Water Resources Journal / Revue canadienne des ressources hydriques, 41:4, 484-499, DOI: 10.1080/07011784.2015.1060870

Presentations
· Marmot Creek, Peyto Glacier and the Canadian Rockies Hydrological Observatory 
· Groundwater process studies in alpine and prairie watersheds 
· A glacier snow and ice hydrological model for CCRN 
· CRHM-glacier for CCRN Peyto Glacier Research Basin 
· CRHM-glacier for CCRN Peyto Glacier Research Basin – Glacier Change 
· Mountain SOAP 2014-2015
· Cold regions processes, multiscale modelling and change diagnosis
· Western Cordillera
· (of interest) Energy and mass balance of Haig glacier, Canadian Rockies

[bookmark: _Marmot_Creek_Research][bookmark: _Toc479064249]Marmot Creek Research Basin (near Banff National Park)
Description
[image: http://www.usask.ca/hydrology/images/MarmotBasinBdy.jpg]Marmot Creek Research Basin (MCRB) is located in the Kananaskis Valley is a tributary to the Bow River. Although this research site is not within one of Canada’s National Parks, the close proximity of the research site can still provide insights into the past, current and future changes the Canadian Rockies are experiencing. It was established in 1962 as a part of the International Hydrological Decade to study the hydrological effects of forest management. The program ended in 1986 for the development of the Nakiska Ski resort, but subsequent monitoring program was re-established in 2005 by the Centre for Hydrology, University of Saskatchewan. 
[image: ]MCRB is ~9.4 km2 in size and covers various topographic descriptions, including alpine, subalpine, montane, clear-cut and meadow areas. The average annual precipitation is +600 mm with 70% being snowfall and ~50% runs off and contributes to streamflow. The MCRB has 3 sub-basins of roughly equal area (Twin, Middle, and Cabin Creeks) and is heavily instrumented with ten meteorological stations (range of elevation: 1450-2500 m, cover various surface cover types and orientations), groundwater wells, snow pillows and seasonal pressure transducers on each tributary and gauge/weir at the outlet (operated by Water Survey of Canada). There are also two 30 m instrumented towers (forest and clearing) with profile measurements and weighed hanging tree and half a dozen groundwater wells in and adjacent to the basin (operated by Alberta Government). 
For more information, visit the Centre for Hydrology webpage on MCRB at: http://www.usask.ca/hydrology/MarmotBasin.php 
Research Objectives
MCRB is an outdoor research laboratory used to investigate the principles of mountain hydrology and the influences of forest management on streamflow generation. With its long-term records of high altitude streamflow, precipitation, snowpack, groundwater, vegetation and mountain meteorology observations, it continues to provide a unique asset to support the improved understanding of environmental change in the Canadian Rockies. Research currently focus on mountain snow processes, hydrochemistry, hydrological and hydrogeological modelling (including analysis of hydro-climatic trends and sensitivity to climate change), and the hydrological impacts of changes in forest cover.
Primary Researcher
John Pomeroy (hydrologist, University of Saskatchewan) – john.pomeroy@usask.ca
Resources
Real-time Data
Real-time access to the five meteorological stations in Marmot Creek Research Basin can be found here: http://giws.usask.ca/telemetry/ (Telemetry Sites menu > AB Marmot Creek). These sites vary in altitude (1437m to 2325 m) as well as topographic cover. 

Analysis of 2013 Alberta Flood
CCRN conducted an in-depth analysis of the 2013 June flood that affected large areas in Alberta. Although the MCRB was heavily impacted by the rain event which washed away hydrometric stations and caused a shift in the morphology of channels, the meteorological stations captured the event in its entirety. The following summarizes CCRN’s publications, workshop presentations and media coverage in response to this event: http://www.ccrnetwork.ca/science/2013-Alberta-flood/index.php 
Publications
For key resources, information and publications: http://www.usask.ca/hydrology/ListMarmotPubs.php 
Fang, X., & Pomeroy, J. W. (2016). Impact of antecedent conditions on simulations of a flood in a mountain headwater basin. Hydrological Processes, 30(16), 2754-2772, doi: 10.1002/hyp.10910
Harder, P., Pomeroy, J. W., & Westbrook, C. J. (2015). Hydrological resilience of a Canadian Rockies headwaters basin subject to changing climate, extreme weather, and forest management. Hydrological Processes, 29(18), 3905-3924. DOI: 10.1002/hyp.10596
Pomeroy, J. W., Fang, X., & Rasouli, K. (2015) Sensitivity of snow processes to warming in the Canadian Rockies, 72nd Eastern Snow Conference
Rothwell, R., Hillman, G., & Pomeroy, J. W. (2016). Marmot Creek Experimental Watershed Study. The Forestry Chronicle, 92(1), 32-36, doi: 10.5558/tfc2016-010
Siemens, E. (2016) Effects of climate variability on hydrological processes in a Canadian Rockies headwater catchment, MSc Thesis, University of Saskatchewan.

Presentations
· Mountain hydrology modelling at Marmot Creek Research Basin 
· Vegetation change and antecedent conditions
· Marmot Creek, Peyto Glacier and the Canadian Rockies Hydrological Observatory 
· Snow and glacier change
· Fine-scale sensitivity analysis of mountain hydrology to transient climate, vegetation, and soil changes
· Mountain SOAP 2014-2015
· Comparing and contrasting regional hydrological change in the CCRN domain
· Canadian Rockies and Alberta flood of June 2013
· Western Cordillera
· Baseline runs of the Canadian Land Surface Scheme at CCRN WECC observatories 


[bookmark: _Toc479064250]Yoho National Park
[bookmark: _Toc479064251]Lake O’Hara
[image: ]Description
Lake O’Hara is a small watershed (14 km2) located in Yoho National Park and is representative of alpine headwater catchments in the Canadian Rockies. Approximately 20% of the watershed is sub-alpine coniferous forest and 80% is alpine (exposed bedrock, talus slopes, glacial moraine material and a very small amount of glacier ice cover – Opabin Glacier). The research basin was established in 2004 by the University of Calgary with the permission and assistance from Parks Canada. 
The research site is heavily instrumented and includes: two weather stations, five stream gauging stations, and two lake water level stations. Annual snow surveys are conducted at maximum accumulation since 2006 and include 1200-1500 depth points and 200-300 density measurements. There has also been an intensive characterization of subsurface materials and structure by geophysical imaging.
Research Objectives
Research at the Lake O’Hara site focuses on snow hydrology, groundwater hydrology, stream-groundwater interaction, alpine permafrost and glacier mass and energy balance. Dr. Hayashi is continuing with the long-term monitoring of hydrometeorological fluxes in the key locations. There are also efforts being made to examine whether the process understanding from Lake O’Hara is transferrable to other watersheds having different geological and topographic characteristics (Helen Creek in Banff National Park and Bonsai Lake in Kananaskis). 
The research conducted at this site has been done in close collaboration with Parks Canada, who have helped facilitate access, provide logistical support, and allow this research to be conducted in this pristine environment. 
Primary Researcher
Masaki Hayashi (hydrologist, University of Calgary) – hayashi@ucalgary.ca 
Resources
Publications
Hood, J. (2013) Quantifying snowmelt inputs in an alpine watershed for the purpose of investigating the role of groundwater storage, MSc Thesis, University of Calgary. 
Hood, J. L., & Hayashi, M. (2015). Characterization of snowmelt flux and groundwater storage in an alpine headwater basin. Journal of Hydrology, 521, 482-497. DOI: 10.1016/j.jhydrol.2014.12.041
Langston, G., Hayashi, M., & Roy, J. W. (2013). Quantifying groundwater‐surface water interactions in a proglacial moraine using heat and solute tracers. Water Resources Research, 49(9), 5411-5426. DOI: 10.1002/wrcr.20372
Paznekas, A. & Hayashi, M.  (2016) Groundwater contribution to winter streamflow in the Canadian Rockies, Canadian Water Resources Journal / Revue canadienne des ressources hydriques, 41:4, 484-499, DOI: 10.1080/07011784.2015.1060870
Presentations
· Lake O’Hara during SOAP year (2014-2015)
· Lake O’Hara Research Basin: Groundwater (skip to slide 11)
· Potential Roles of Groundwater in Mitigating or Exacerbating the Impacts of Floods 
· Opabin Glacier and moraine
· Lake O’Hara Research Basin

Other
Andrius Paznekas research was featured in CCRN’s May 2016 Newsletter (pg 8)

[bookmark: _Toc479064252]Nahanni National Park
[bookmark: _Toc479064253]Brintnell-Bologna Icefield  
Description
 [image: ]The Brintnell-Bologna Icefield is located approximately 350 km west of Fort Simpson, NWT and covers ~ 30 km2. The geographic location in the high peaks of the Ragged Range acts to intercept moisture from the Pacific and results in high snowfalls and cold year-round temperatures which maintains the icefield and two outlet glaciers. The Brintnell-Bologna Icefield drains into the South Nahanni and Flat Rivers which feeds into the Liard River and ultimately the Mackenzie River.  The mean annual temperature is estimated to be -11 ˚C on the icefield plateau region. Bologna Glacier (Margaret J. Demuth, 2006)

Two meteorological stations were recently installed at the Bologna Glacier in August 2014: the Ice Station (University of Victoria) the Nunatak Station (University of Saskatchewan).
Research Objectives
The impact of climate change on glacier hydrology in Canada’s continental North is unknown. Given glaciers in the region have significant influence on the timing and magnitude of streamflow and local ecosystems rely on glaciers, it is important to further our understanding of the state and fate of Canada’s glaciers. 
Research efforts at the Brintnell-Bologna Icefield include:
· Comparison of glacier change with hydrometric and climatic variations; 
· Document and characterize hydrological regime shifts in relation to glacier decline (South Nahanni and Flat Rivers);
· Modelling to identify the changes in multi-decadal streamflow contributions;
· Improve the understanding of synoptic and local controls on glacier accumulation and ablation processes.
Key Researchers
Mike Demuth (glaciologist, Geological Survey of Canada/University of Victoria) – mike.demuth@canada.ca
John Pomeroy (hydrologist, University of Saskatchewan) – john.pomeroy@usask.ca 
Key Results
Based on Emily Anderson’s MSc research at the University of Saskatchewan (supervisors John Pomeroy & Mike Demuth) – upcoming defense at end of April 2017.
Climate change (1979-2015):
· 5% Increase in rainfall ratio of annual precipitation (25% to 30%)
· Average daily maximum temperature increased 0.5 ˚C
· Decline in spring (March, April, May) precipitation of 24 mm
Bologna Glacier Change (1984 to 2014):
· 14% decline in glacier area (18.7 km2 to 16 km2) 
· Decline in firn area (82% to 47%)
· Decrease in accumulation area, increase in ablation area 
· During the 2015 field season, it was observed that the firn was entirely gone
· 150% increase in exposed ice area (5.2 km2)
· 42 m decline in surface elevation (on average)
Glacier Hydrology (1980-2015):
Based on model results using the Cold Regions Hydrological Model (CRHM)
· Total discharge and ice melt have increased 
· Glacier wastage contributes 35-53% to discharge (wastage is any glacier melt beyond zero mass balance)
· Overall glacial loss between 9 m to 20.3 m water equivalent (from 1980 to 2015)
· Range in glacial loss is due to various model runs using different configurations
Regional Impact:
The Bologna Glacier feeds into the South Nahanni River at Virginia Falls. It has been estimated that the Bologna Glacier contributes 4.1% to 7.0% to total streamflow. It should be noted that this is likely an overestimation as it is quite high when compared to glaciers of similar size in the literature. 
Resources
Publications
Demuth, M.N, Wilson, P., Haggarty, D. (2014) Glaciers of the Ragged Range, Nahanni National Park Reserve, Northwest Territories, Canada, 
Presentations
· Modelling changes in multi-decadal streamflow contributions – Bologna Glacier, Selwyn Mountains, NWT (skip to slide 17) 
· Brintnell-Bologna Icefield (skip to slide 13) 
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[bookmark: _Toc479064255]Boreal Ecosystem Research and Monitoring Sites (BERMS)
[image: ]Description 
The Boreal Ecosystem Research Monitoring Sites (BERMS) study area is located near the southern edge of the boreal forest in the Boreal Plains Ecozone, just to the north of Prince Albert, Saskatchewan. It is a joint initiative of Environment Canada, NRCan, Parks Canada, University of Saskatcheawn, University of British Columbia and Queens University. BERMS project began in 1996 and was to initially study the carbon, water, and energy cycles of the Boreal Forest and later included the role of forest disturbance.
BERMS consists of four main sites: Old Jack Pine (OJP), Old Aspen (OA), Old Black Spruce (OBS), and Fen. Each site includes scaffold flux towers to measure various meteorological parameters and fluxes. In addition, ground and surface water are monitored through stream gauging, continuous lake level measurements as well as piezometers. A data catalogue can be found here. 
Research Objectives
BERMS primary science goal is to understand the carbon and water balance of the Canadian Boreal Forest. Specific investigations include: 
· Characterization of ecosystem resilience of southern boreal forests in relation to variation in climate averages and extremes, with particular emphasis on the effects of hydrology and soil properties;
· Analysis of the climatic, hydrologic and biophysical processes that govern water, energy and carbon balances at the stand level;
· Synthesis, integration and upscaling of stand scale processes to watershed scales by developing improved hydrological models for application to the Boreal Plains ecozone and within the wider Saskatchewan River Basin;
· Simulation of ecosystem responses of upland forest stands to environmental stressors such as climate change and air pollution using a dynamic coupled biogeochemical-vegetation model.
Watch a YouTube video highlight the research efforts at the BERMS site: https://www.youtube.com/watch?v=0I9TX97GBsg&t=69s 
Primary Researchers
Alan Barr (Climate Processes Section, Environment and Climate Change Canada) – alan.barr@canada.ca 
Andrew Ireson (hydrologist, University of Saskatchewan) – andrew.ireson@usask.ca
Jill Johnstone (ecologist, University of Saskatchewan) – jill.johnstone@usask.ca 
Andy Black (biometeorologist, University of British Columbia) – andrew.black@ubc.ca 
Resources
Publications
Barr, A. V., Van der Kamp, G., Black, T. A., McCaughey, J. H., & Nesic, Z. (2012). Energy balance closure at the BERMS flux towers in relation to the water balance of the White Gull Creek watershed 1999–2009. Agricultural and forest meteorology, 153, 3-13, doi: 10.1016/j.agrformet.2011.05.017
Chen, L., Li, Y., Chen, F., Barr, A., Barlage, M., & Wan, B. (2016). The incorporation of an organic soil layer in the Noah-MP land surface model and its evaluation over a boreal aspen forest. Atmospheric Chemistry and Physics, 16(13), 8375-8387. doi: 10.5194/acp-16-8375-2016
Gaumont-Guay, D., Black, T. A., Barr, A. G., Griffis, T. J., Jassal, R. S., Krishnan, P., ... & Nesic, Z. (2014). Eight years of forest-floor CO 2 exchange in a boreal black spruce forest: Spatial integration and long-term temporal trends. Agricultural and Forest Meteorology, 184, 25-35. DOI: 10.1016/j.agrformet.2013.08.010
Hogg, E. H., Barr, A. G., & Black, T. A. (2013). A simple soil moisture index for representing multi-year drought impacts on aspen productivity in the western Canadian interior. Agricultural and forest meteorology, 178, 173-182. DOI: 10.1016/j.agrformet.2013.04.025
Ireson, A. M., Barr, A. G., Johnstone, J. F., Mamet, S. D., van der Kamp, G., Whitfield, C. J., ... & Chun, K. P. (2015). The changing water cycle: the Boreal Plains ecozone of Western Canada. Wiley Interdisciplinary Reviews: Water, 2(5), 505-521. DOI: 10.1002/wat2.1098
Mamet, S. D., Chun, K. P., Metsaranta, J. M., Barr, A. G., & Johnstone, J. F. (2015). Tree rings provide early warning signals of jack pine mortality across a moisture gradient in the southern boreal forest. Environmental Research Letters, 10(8), 084021. DOI: 10.1088/1748-9326/10/8/084021


Presentations
· Boreal Ecosystem Research & Monitoring Sites current and future process observations
· Vegetation Dynamics in the Western Boreal Forest 
· BERMS results during SOAP (Oct 1, 2014- Sept 30, 2015)
· BERMS Research Group - Climate Sensitivity in the Southern Boreal Forest 
· BERMS Observatory in the Southern Boreal Forest
· Update on modelling studies in the Prairies and Boreal Forest
· Land-surface modelling of observations from BERMS sites and its application to regional climate modelling 
· Baseline runs of the Canadian Land Surface Scheme at CCRN WECC observatories 
· Accounting for the hysteretic affect in canopy conductance modelling
· Water vapour and CO2 flux research at BERMS Old Aspen and Old Black Spruce
· 2015 Ecology Theme Update
· Ecology Theme Update (2016)
· Seasonal and annual ET at the BERMS sites & the “C connection”



[bookmark: _Toc479064256]Atmospheric and Large-scale Hydrological Modelling over CCRN Domain
Primarily under Themes C and D, CCRN is aiming to address Earth system change at large river basins and regional climate system scales. The key science questions include: 
· How can our large-scale predictive models be improved to better account for the changing Earth system and atmospheric feedbacks? 
· What governs the observed trends and variability in large-scale aspects of the Earth system and how well are these factors and effects represented in current models?
· What are the projected regional scale effects of Earth system change on climate, land and water resources? 
Substantial progress has been made with answering these questions and a majority of the deliverables will be available leading up to the end of the program in March 2018. The following provides a brief overview of the large-scale modelling efforts being made by CCRN over the Saskatchewan River Basin (SRB) and Mackenzie River Basin (MRB). 
[bookmark: _Toc479064257]High Resolution Climate Modelling
Overview
Several studies have indicated that one of the expected results of climate change will be an intensification of the water cycle due to the enhanced moisture available in a warmer climate. The on-going science suggests that these warming trends are resulting to substantial recent observed changes in the hydro-climatic regimes of major river basins in western Canada. Changes in the timing and magnitude of river discharge, shifts in extreme temperature and precipitation regimes, and changes in snow and ice regimes are anticipated.  
Most climate predictions have a low resolution (>100 km) and lack the representation of topographic and convective precipitation resulting in considerable uncertainty regarding the magnitude of the intensification and its seasonal dependence. Ground-based measurements are limited especially over the Rocky Mountains, and suffer from gross inaccuracies associated with cold climate processes. 
Leading research from Dr. Yanping Li has advanced our understanding of future climate conditions at high resolutions using the Pseudo-Global Warming (PGW) method and dynamically downscaling the data using the Weather Research and Forecasting (WRF) Model at 4 km grid spacing. This methodology provides researchers and users with water, weather and climate information needed to make informed decisions at local and regional scales. 
Research Objectives
The major science objectives within this overarching goal are:
1) To assess the ability of a convection-permitting simulation at 4-km to reproduce orographic and convective precipitation over western Canada;
2) To assess future changes in seasonal precipitation, temperature, and snowpack and associated surface hydrological cycles along with their regional variability across the different eco-regions in response to the CMIP5 projected 2071–2100 climate warming; and
3) To inform earth system model development over this region by providing more reliable fine-scale inputs for model performance evaluation. These new tools will help in diagnosing and predicting change over western Canada. 
Summarily, this work should contribute towards our fundamental understanding of the full water cycle, including ground and surface water processes, water resource, and snowpack changes, and the impacts of climate change over western Canada.
This work is expected to be published later in 2017 and an information brochure will be available May 2017. 
Primary Researchers
Yanping Li (University of Saskatchewan) – yanping.li@usask.ca
Ronald Stewart (University of Manitoba) – ronald.stewart@umanitoba.ca 
Julie Thèriault (Universitè du Quèbec à Montrèal) - theriault.julie@uqam.ca 
Changes in Temperature and Precipitation
The following figures show the changes in temperature and precipitation between two climatic periods: 1976-2005 (HIST) and 2071-2100 (PGW). The future climate conditions were obtained by using the highest radiative forcing scenario (RCP8.5) from Assessment Report 5 of the Intergovernmental Panel on Climate Change (IPCC).Figure: Spatial evolution of seasonal mean temperatures between historical and future climate scenarios.
Daily Mean Temperature: HIST vs. PGW
Figure: Spatial pattern of seasonal precipitation between historical and future climate scenarios.
Daily Precipitation: HIST vs. PGW


Results from this experiment indicate that mean precipitation will likely increase over Western Canada alongside an increase in mean temperature. Also, both precipitation and temperature extremes are projected to intensify with enhanced radiative forcing (data not shown here –poster below). 
See attached poster for more information. 


Other Climate Modelling Initiatives
There are numerous other climate modelling initiatives undertaken by CCRN researchers, including: 
· Feedback of land-use change to regional climate over the Canadian Prairies
· Analysis of biased-corrected precipitation gauge observations across the US-Canada border
· Convection initiation mechanisms over the Canadian Prairie in summertime (impacts of severe thunderstorms and possibility of flooding)
· How the ensemble behaviours of the convection over tropical Pacific “remotely control” the hydrological cycle over the Canadian Prairies
· Examine factors leading to precipitation and related extremes across the region as well as their trends and future occurrence
· Extreme precipitation across the region (including forest fires, flooding, drought)
· The ‘climate’ of near 0 C precipitation
· Precipitation in the lee of the mountains
Resources
Publications
Chen, L., Li, Y., Chen, F., Barr, A., Barlage, M., & Wan, B. (2016). The incorporation of an organic soil layer in the Noah-MP land surface model and its evaluation over a boreal aspen forest. Atmospheric Chemistry and Physics, 16(13), 8375-8387. doi: 10.5194/acp-16-8375-2016
Liu, A., Mooney, C., Szeto, K., Thériault, J. M., Kochtubajda, B., Stewart, R. E., Boodoo, S., Goodson, R., Li, Y., & Pomeroy, J. (2016). The June 2013 Alberta Catastrophic Flooding Event: Part 1–Climatological aspects and hydrometeorological features. Hydrological Processes.
Kochtubajda, B., Stewart, R. E., Boodoo, S., Thériault, J. M., Li, Y., Liu, A., ... & Szeto, K. (2016). The June 2013 Alberta Catastrophic Flooding Event–Part 2: Fine‐scale precipitation and associated features. Hydrological Processes. DOI: 10.1002/hyp.10855.
Kotchtubajda, B., Mooney, C., Stewart, R. (2017) Characteristics, atmospheric drivers and occurrence patterns of freezing precipitation and ice pellets over the Prairie Provinces and Arctic Territories of Canada: 1964-2005. Atmospheric Research, 191 (2017), 115-127, doi: 10.1016/j.atmosres.2017.03.005
Pomeroy, J. W., Stewart, R. E., & Whitfield, P. H. (2016). The 2013 flood event in the South Saskatchewan and Elk River basins: Causes, assessment and damages. Canadian Water Resources Journal/Revue canadienne des ressources hydriques, 41(1-2), 105-117.
Scaff, L., Yang, D., Li, Y., & Mekis, E. (2015). Inconsistency in precipitation measurements across the Alaska–Yukon border. The Cryosphere, 9(6), 2417-2428. DOI: 10.5194/tc-9-2417-2015
Presentations
See Theme D Workshop Presentations 
· Convection-permitting WRF historical and pseudo-global warming simulations over CCRN region
· Annual update – Yanping Li
[bookmark: _Toc479064258]Large-Scale Hydrological Modelling: Saskatchewan and Mackenzie River Basins
Overview
Accurate simulation of river streamflow is essential for water resources management and climate change impact studies. CCRN researchers are improving the simulations within the Saskatchewan River Basin (SRB) and Mackenzie River Basin (MRB) using the Modèlisation Environmentale Communautaire Surface and Hydrology (MESH) model. There are numerous National Parks within the headwater region of the SRB as well as throughout the MRB. 
Research Objectives
Significant progress has been made in setting up large-scale models of the SRB and MRB and improving simulation performance, as a precursor to running scenarios of change and evaluating land-atmosphere feedbacks.  CCRN recently held a Scenarios of Change Workshop in which included defining plausible alternative future scenarios of landscape change to incorporate into our models to examine outcomes, responses, and feedbacks.  Deliverables from this research initiative will be available in 2018. 
Primary Researchers
Howard Wheater (University of Saskatchewan) – howard.wheater@usask.ca
Resources
Presentations
See 2016 Modelling Workshop & Scenarios of Change Workshop Presentations
· Modelling the hydrology and streamflow of the Mackenzie River Basin (MRB)
· Saskatchewan River Basin Hydrological Modelling – CCRN Modelling Workshop
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High-resolution dynamical downscaling of

precipitation and temperature over western Canada by
Pseudo-Global Warming method using WRF model

Z.E. Asong!’”, Y. Lil, H. S. Wheater?!, S. Kurkute?l, L. Chen!and Z. Zhang?

!Global Institute for Water Security, University of Saskatchewan, 11 Innovation Blvd, Saskatoon, SK, Canada

ABSTRACT RESULTS SUMMARY

One of the fundamental challenges in climate science is the scale
mismatch between climate information provided by Earth System
Models (ESMs) and the needs of impact researchers who often
desire high resolution outputs at finer scales than simulated by
ESMs. This demand 1s especially evident for assessing the
occurrence of weather and climate extremes for various purposes,
as these are often caused by sub-grid scale processes (e.g. deep
convection, orography fields) typically not resolved by ESMs
which still operate at grid spacing larger than 50 km. Regional
climate modelling using convection-permitting models (CPMs)
has emerged as a promising framework to provide more reliable
climate information at local scales compared to traditionally used
large-scale ESMs. CPMs no longer rely on convection
parameterization schemes, which had been identified as a major
source of uncertainties in ESMs. Results from a pseudo-global
warming (PGW) simulation (that permits convection and resolves
mesoscale orography at 4-km horizontal grid spacing) of future
changes 1n precipitation (P) and temperature (T) characteristics
over western Canada using the Weather Research and Forecasting
(WRF) model are presented 1n this study. Two 13-year simulations
were made, consisting of a baseline (October 2000—September
2013) with mitial and boundary conditions from ERA-interim and
a future climate sensitivity simulation with modified reanalysis-
derived initial and boundary conditions through adding the CMIP5
ensemble-mean difference (19762005 and 2071-2100) for
RCP8.5 scenario. The PGW simulation forced with high green-
house gas perturbed boundary conditions enhances summer, fall,
winter, and spring seasonal precipitation climatology and extremes
over the study domain. Seasonal mean temperatures and extremes
are also found to likely increase with global warming.

OBJECTIVES

d To evaluate the ability of a convection-permitting simulation at 4 km
to capture orographic P, and T over western Canada.

1 Asses changes to seasonal P and T climatologies as downscaled by
the PGW method within a convection-permitting resolution model.

d Examine changes to seasonal wet/dry and warm/cold extremes over

western Canada under the projected global warming framed within

EXPERIMENTAL DESIGN

Fig.1:WRF simulation domain (2560
km % 2800 km) at 4 km grid spacing
showing topographic height in
meters above mean sea level (MSL).
The evaluation area is indicated by a
red frame. The dark blue dots are
station (EC-S) observations while the
bold pink and black polygons
represent the Saskatchewan River
(SRB) and McKenzie River basin
(MRB), respectively. Gridded
observed data (ANUSPLIN) over the
domain for the period Oct 2000 —
Sept 2013 were also wused for
validation.

Parameterization Schemes

Fig.2: Flow chart of downscaling by PGW method. We calculate 30-year monthly mean
values of climate variables for current and future climate periods from multi CMIP5 model
ensemble, subtract current (1976-2005) from future (2066-2095) to get monthly climate
perturbations under scenario RCP8.5, then add time-interpolated perturbation to current
reanalysis (ERA-Interim, 6-hourly) to give new WRF model initial and lateral boundary
conditions.

Climate Indices for Water Resources/ Hydrology

» Daily seasonal P and T climatology (Oct 2000 — Sept 2013)

» Climatological seasonal cycle of daily P and T

* Monthly minimum of daily minimum T (Tmin)

* Monthly maximum of daily maximum T (Tmin)

* Monthly minimum of daily maximum T (Tmax)

* Monthly maximum of daily maximum T (Tmax)

» Extreme temperature range (max of Tmax — the min of Tmin)
* Maximum consecutive 5-day precipitation (non-overlapping )
= extremely wet days (R99p)

Evaluation of WRF Control Experiment

DJF MAM JJA SON DJF MAM

ANU

WRF

(K)

Fig.3: Spatial patterns of mean seasonal daily P (mm/day). Fig.4: Spatial patterns of mean seasonal daily Tmin.
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Inter-annual P and T anomalies

7

Pattern statistics and violin plots of T

[—

JJA SON

Fig.5: Spatial patterns of mean seasonal daily Tmax.

CDFs of P maxima

Fig.6: Inter-annual P and T anomalies: WRF compared to
ANU over SRB and MRB. Indicated on each plot is the inter-
annual anomaly correlation (r).

Fig.7: Pattern statistics (a—SRB(left), MRB (right)) and
violin plots (b) of WRF vs ANU monthly maxima of daily
Tmax (JJA) and minima for daily Tmin (DJF).

Pseudo-Global Warming Experiment
Daily P climatology: HIST. vs PGW

and MRB.

7

Evolution of P and T seasonal cycles

Fig.9: Seasonal cycle of P, Tmin and Tmax for EC-S
(Obs.), WRF-Hist. and WRF-PGW.

7

Maximum consecutive 5-day P

Fig.10: Spatial patterns of seasonal P between WRF-
Hist. and WRF-PGW.

—

Fig.8: Distributions of monthly maxima
of EC-S daily P for all grid points in SRB

Daily Tmean climatology

Fig.11: Spatial evolution of seasonal Tmean
between WRF-Hist. and WRF-PGW.

Probability density functions of extremely wet days (R99p) P

Fig.13: Probability distributions of seasonal R99p for EC-S (Obs.) and WRF, pooled from all grid

Fig.12: Spatial patterns of seasonal non-overlapping maximum
5-day P between WRF-Hist. and WRF-PGW.

7

Extreme temperature range

Distributions of daily T indices

points in the SRB and MRB during the period Oct 2000 — Sept 2013. Vertical lines denote the mean
while p-value indicates differences in mean for WRF-Hist. vs WRF-PGW at 95% confidence level.

Fig.14 (left): Spatial
patterns of seasonal
extreme  temperature

range (max of Tmax —
the min of Tmin)
between WRF-Hist. vs
WRF-PGW during the
study period. Decreasing
values indicate that the
gap between Tmax and
Tmin is reducing with
global warming.

Fig.15 (right): Boxplots
of seasonal T indices for
EC-S, WRF-Hist. and
WRF-PGW during the
study period. The green
dot is the mean value. In
each boxplot, the box
corresponds to the
interquartile range, the
line in the middle of the
box is the median value.

Results from a high-resolution climate change simulation that
permits convection and resolves mesoscale orography at 4-km grid
spacing over western Canada using the Weather Research and
Forecasting (WRF) model are presented 1n this study.

* In terms of capturing P and T means, WRF reproduces very
well the observed spatial structure and magnitudes of both
variables but with a tendency to over-estimate P intensity (cf.
Fig.3). For inter-annual anomalies (F1g.6), very close
correspondence 1s found with anomaly correlations (r) ranging
between 0.7 — 0.98 except for P in DJF over MRB where very
low r (0.06) 1s found.

* In terms of extremes, WRF captures very well the distribution
of observed (EC-S) P values (cf. F1g.8). Regarding T, in SRB,
WRF shows a smaller standard deviation (~1.1), higher r
(~0.89) and lower RMSE (0.5) for observed Tmax compared to
Tmin (standard deviation=~1.3; r=0.81; RMSE=0.54). In both
cases, WRF overestimates the standard deviation of T
extremes. WRF performs very closely in simulating both cold
and warm extremes 1n MRB but overestimates the standard
deviation and exhibits higher RMSEs than in SRB. Overall,
warm extremes are reproduced better compared to cold
extremes.

* (Concerning the PGW experiment, the simulation forced with
warmer and moister perturbed boundary conditions enhances
seasonal mean P (cf. Fig.10) by up to 40% over the whole
domain. For seasonal cycles (cf. Fig.9), basin-averaged
increase mn P and T with global warming are noticeable.
However, there i1s noticeable change in the phase of the cycle
with global warming.

* Tmean 1s projected to increase by up to 20 K over the entire
study domain. The most increase 1s anticipated in DJF and
SON. Similarly, the extreme temperature range 1s found to

probably reduce with warming. Decrease of up to -25 K can be
expected in DJF and SON.

* There 1s a likely larger increase (up to 80%) 1n P extremes with
global warming compared to mean P. Also, PDFs of extremely
wet days (R99p) P are found be flatter, heavy-tailed, with
significant mean shifts to the right.

CONCLUSIONS

Based on the analyses presented in this study, the following main
conclusions can be drawn:

» The WRF 4-km simulation captures satisfactorily the observed
spatial and temporal structures of P and T events over western
Canada.

= Although with a tendency to better reproduce the distribution
of P and T extremes, WRF overestimates the amplitude of the
seasonal cycle these variables.

= Results form the PGW experiment indicate that mean P will
likely increase over the study domain alongside an increase on
mean T. Also, both P and T extremes are projected to intensify
with enhanced radiative forcing.

= This kind of study has important implications for the broader
study of climate variability and change. Also, it can enable
more informed application of high-resolution climate models.
It also has potentially important implications for study of
climate change and its impacts on water resources at fine scale
over western Canada.

= Strengths of PGW method: (1) First, the imposed climate
perturbation represents the difference between two Coupled
Model Intercomparison Project (CMIP5) model ensemble
mean climates and thus 1s free of the systematic biases common
in Atmosphere-Ocean Global Circulation Models (AOGCM);
(2) this approach avoids the complication of internal variability
of simulations often conducted by AOGCMs.

= Limitations: (1) the PGW method represents a future climate
state with current climate weather pattern frequencies; (2) there
are 1mportant drawbacks 1n the ground-based measurements of
P that should be born 1n mind when making these comparisons.
As ANUSPLIN 1s a gridded product, 1t could suffer from over-
smoothing of high P intensities compared with gauge data (EC-
S). Therefore, caution should be exercised when interpreting
the comparisons presented 1n this study.
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Towards improved Large scale Hydrological Modelling:

application to Saskatchewan River Basin
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Introduction

Materials & Methods

The overall purpose of this research is to promote better understanding of basin- Evaluate climate forcing uncertainties on streamflow and basin water storage Model results for WATCH and CaPA-GEM forcing files
scale processes, and enhance advanced representation of flux exchange between o f ne - ? o i p— Figure 6 : CaPA-GEM Year 2002 outputs (cumulative vlues)
[
the land surface and atmosphere for fully coupled atmosphere-land surface 1;’ ffects 0 ;mll “Pde reio gtlon climate forcing were cvaluated under
scheme modeling. The study 1s conducted on the Saskatchewan River Basin iferent model grid resolution CaPA GEM
> . — * Spatial resolution: = 15 x 15 km
(SaskRB). .Obj ectlves. of the r§search are to | | Outputs Y —h ( 6, X ) et T
e apply high resolution multiple climate forcing to enhance the representation + Total water storage e ——
5 5 5 . 5 e ET, and oth i ) WATCH Year 2002 outputs (cumulative values)
of the alpine region that constitutes about 90% flow in the basin; o frs h: Model(transfer function) ‘ )+ Spatial resoluton: (55 x55iam
. 5 . g e Temporal resolution: 3hr
e refine the land surface modeling framework process representation through Vs B © < Vloi ol P imeios
. . . . ? Calibration
incorporating the annual and seasonal dynamic behavior of streamflow Observations y WRF
. ) ) . . ) e Obs. Streamflow capnsim VS Yobs = Ocapa * Spatial resolution: (4x4 km)
contributing area in the prairie pothole regions; + Total terrestrial water storage (GRACE) Y VS Yy = e, + Temporal resolution: Thr
. . . . . . * Other land surface model outputs o o
e 1mplement water storage and water abstraction dimension into the modeling  Mass conservation Yoresm VS Yoos = Ouge —
. . 5 Figure 7 : CaPA-GEM Year 2002 outputs (Average values)
system for regulated catchments within the basin;
* increase parameter identifiability by introducing spatial and temporal multi- Evaluate PDMROF algorithm and improve its representation of prairie regions
calibration of point and state variables against ground-based observation and  Surface runoff generation in the prairie pothole region is mainly through a
remotel}{ sensed Qata . complex “fill and spill” mechanism among neighboring potholes.
 regionalize well-identified parameters to ungauged catchment e Probability distributed model with three parameter Pareto distribution WATCH Year 2002 outputs (Average values)
function 1s used to represent runoff generation in the prairie pothole region.
b
F(C):l—[ Chax —C J : -
Crox — Ciin Figure 5 (right): Best ten
streamflow simulation
Cmin =Cc= Cmax for WATROF and
PDMROF respectively Figure 8 : CaPA-GEM Year 2002 outputs (Average values)
+ DEM:1:250,000 Canadian Digital Elevation Data (CDED) (source: (Mekonnen et al., 2014)
Geobase Canada)
Courtesy of Partners for the SaskRB * US portion from USGS DEM Figure 4 (left): Water level across ordered pothole stores of different depth
and shape factor parameter (B). (Low values of B represent a highly
disconnected pothole dist_ribl_Jtiop whereas high values of b represent a
Figure 1: Saskatchewan River Basin (left), contributing and non contributing drainage area (small internally drained basins (right) aEcted e R oution)

Modeli ng System Conduct Multi-Objective calibration using streamflow and storage obtained from WATCH Year 2002 outputs (Average values
remote sensing products
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CLASS I a . . . Figure 9: Streamflow comparisons on selected stations in headwaters
rovion Pz | | GRU, output fluxes (discharge) against remotely sensed total storage and soil
1D MOSTURE CONSERVATION 25 (GRU DEPENDANT) SL\II\I\I%“(’)DT}EEREP{I; .
| - moisture datasets (e.g. GRACE and SMAP) and streamflow data. _ o
(Cmmer ] e 2 f , Average Basin Storage estimation
=SSO . —— . — S where f,(6),......, T, (0) are objective functions. Figure 10 (left): Total water storage anomalies over
RICI-LARDS(H(H'ERFLDW) n | Ik ANT) MODEL FOR RUNOFF GENERATION | { ANT) + GRU3 ml&/llr—%lze F (6) - { fl (9), ooooo ) fm (9)} The target ls tO ﬁnd pal'etO Optlmal Set Sa.SkRB derlved from GRACE products (based on the
| xusorr rrouzac copuramonar e _A e RLO5 spherical harmonics from CRS, GFZ and JPL),
] - ORD . . . _ GLDAS NOAH land surface model storage, and
" — b A * Estimate average storage using hydrological &S| _ (R)+{P-E) ) GRACE storage data processed Natural Resource
CONTINUITY AND MANNINGS 1(GRU DEPENDANT) : at Canada (N Rcan)
and atmospheric water balance models.
Figure 2: MESH modeling system (Pietroniro et al., 2007) (left), Canadian land surface scheme (CLASS) (Verseghy et al. 1993; Verseghy 1991)(right) . . GVV _ GRACE land data were processed by Sean Swenson, supported by the NASA
> COmp arc mo del CStlmath bﬂSln aVeI'age — = {V H Q} + { P- E} (2) MEaSURESs Program, and are available at http://grace.jpl.nasa.gov
" No water managerr}ent an'd : at 1. Landerer F.W. and S. C. Swenson, Accuracy of scaled GRACE terrestrial
W?t.e I storage considered in the StOI'agC anomaly Wlth GRACE Storage = = ' water stora;ge 'estimat.es.'Water Re’sources Research, Vol 48, W04531, 11 PP,
initial run . 1. . aS aW D doi:10.1029/2011WR011453 2012.
* Model initialized with a anomal P I {VH Q} o { R} (3 ) 2. Swenson, S. C. and J. Wahr, Post-processing removal of correlated errors in
stabilization run over 5 years y ot ot GRACE ’data, Geophys. Re;. Lett., 33, L08402,
* 50 station from Water Survey of doi:10.1029/2005GL025285, 2006.
Canada considered (their
(ranage arc varies (347- Incorporate water resource management into large scale hydrological modeling Conclusion
Figure 3: Reclassified CCRS Landcover maps of Canada (left), Stream gauging station and river network (right) (source: Geobase Canada ° Baseline mOdel runs Wlth COnVentional routing (WATROF) revealed better
References e Water resource management practice in the SaskRB can be represented performance in the headwaters than for prairie regions and highly regulated
1. Mekonnen, M. a., Wheater, H. S., Ireson, a. M., Spence, C., Davison, B., & Pietroniro, a. (2014). Towards an Improved Land Surface Scheme for Prairie Landscapes. Journal of Hydrology, 511, 105-116. through integration Of ME SH With large_ Scale irrigation (Nazemi and baSinS i This highlights the aSSOCia’ted mOdeling Challenges b inCluding
doi:10.1016/j.jhydrol.2014.01.020 . . . . k -
2 Il\If(Z;)m;;’z 13%9,_%;12(19}, gl.di.iwzzitgz/ﬁe(ifh%g ;1;?1211)511311( I(;f ;:Z;:ri;e;;)g;g management in Earth System models — Part 1: Problem definition and representation of water demand, Hydrol. Earth Syst. Sci. Discuss., Wheater, 20 1 4a) and reserVOIr Op eratlon algorlthms (Nazeml and Wheater, representatlon Of extreme events 1n the he adwaters .
" Hydrol. Eanth Syst. Sei Disuss, 11(7), £299.8354 doi 105194 heved |1 8399 2014 (nprose mEESSy. ey endallosaton andopportunties ormproved modcine 2014b). Irrigation can be represented within sub-grid CLASS e Future work will focus on calibration and uncertainty analysis, compare
4. Pietroniro, a. et al., 2007. Development of the MESH modelling system for hydrological ensemble forecasting of the Laurentian Great Lakes at the regional scale. Hydrology and Earth System Sciences, 11(4) ?
B e oo i, 112, o 1115, vl oo s 002 357011022 parameterization. Reservoirs can be considered as a local routing element alternative climate forcing methods and address the modeling challenges of
6. %izzze;f ]Igplfl,l ll/lsc;Fzz?r}:je, N.A. & Lazare, M., 1993. Class—A Canadian land surface scheme for GCMS, II. Vegetation model and coupled runs. International Journal of Climatology, 13(4), pp.347-370. Within WATROF parameterizations R representing Water management and prairie pothOIC proces Ses .
Available at: http://doi.wiley.com/10.1002/joc.3370130402 [ Accessed March 20, 2014].
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Coupling hydraulic and hydrological models to simulate the streamflow of a large arctic river:

The case of the Mackenzie River
Mohamed Elshamy?, Alain Pietroniro?, and Howard Wheater!

1 Global Institute for Water Security, 2 Environment Canada

UNIVERSITY OF SASKATCHEWAN

Global Institute for
Water Security

USASK.CA/WATER

AGU Fall 2016
C23A-0723

Introduction

Accurate simulation of river streamflow is essential for water resources « MESH was set-up for the MRB

RESULTS

MESH = Modélisation Environmentale Communautaire Surface and Hydrology

10LC014 Mackenzie @ Arctic Red River

management and climate change impact studies. Hydrological models often

. . 50000
. . . ) : using topographic and land use 1 45000 Uncalibrated MESH without Natural Lakes
route the streamflow using simple hydrological routing techniques that does not data at 0.125° resolution = 19, Cold Regions
consider the characteristics of river channels or complex morphology present in 598 Grids Strong linkage
certain rivers. Yet, for large river systems, as well as for regional and global e MESH relies on the GRU WATER BALANCE 4=} | ENERGY BALANCE

modelling, routing effects can have a very significant impact on the magnitude
of flood peaks and the timing of flows to seas and oceans. The Mackenzie River
Basin (MRB) is the largest in Canada. It drains an area of about 1.8 Mkm? and
Discharges more than 300 km? to the Beaufort Sea in the Arctic each year. This

concept, 8 GRUs (Forest, Grass,
Cropland, Barrenland, Wetland,
Water, Urban, and Ice) were

identified from land cover maps

(phase change)
w

Influences the regional as well as global circulation under current climate which (CCRS 2005) = ; : : B :
can have implications for climate change. Observations in the basin are sparse in e CLASS is the Canadian Land ORI  Land Surface model Calibrated MESH including 21 Natural Lakes
terms of both flow and meteorological forcing data especially as we go Surface Scheme modeling + 2 |
Northwards. I Runoff propagation
e exchanges of moisture and heat WATROFF [ttty N A
between the land surface and S T 'R, \ ’:M |
the atmosphere N N
e Flow routing (WATROFF) is a Spatial Distributed physically/conceptual 0
: : ’ based model v Eg o K §° S &P & &9 A
simple kinematic wave model & o & & S & & o & &
Q’\:\'\« Q\’\N Q’\’\'\' Q'\’\'\y Q)Q‘\ 6»\’& Q\’\‘\ Q)’\\N Q\'\’\w Q\r\'\«
MRBHM = Mackenzie River Basin Hydraulic Model N S i ot b e
e A hydrodynamic model of the Peace, Athabasca, Slave, and Mackenzie River Simulation NSE NSE(Log) PBIAS
main stem till Artic Red River = MESH 1418 0.091 0%
* Based on RiverlD Model which solves the St Venant unsteady flow g = o e ’
equations assuming a rectangular section (large river assumption) using a E .§
B _ s finite element formulation (Hicks and Steffler, 1994) — 1km resolution S MESH+MRBHM 0.128 0.139 37%
;-’f;j_ indfal]. ","":'f_.j_\_;:{ 5 . * Includes river ice cover effects including freeze-up and break-up — River 1D -
TG g P ATEE RIT  3 SRT  gTE can handle thermal processes but these are not used for the current model . .2 MESH 0.320 0.419 11%
i I o) E
OBJECTIVES Includes a characterization for the Peace-Athabasca Delta (PAD) where £ 5
reverse flows can occur © MESH+MRBHM 0.817 0.763 5%
To improve streamflow simulations of the Mackenzie River by coupling a Includes user-specified withdrawals along the Athabasca River ~
hydrologic land surface model of the basin to a hydraulic model of its main Requires upstream time-variant boundary conditions at Hudson Hope for
_ : WATFLOOD+MRBHM o
stem and tributaries Peace and Windfall for Athabasca + Inflows along the main rivers at 126 0.865 0.776 12%

To assess the impact of calibration of hydrologic model on the improvement
Introduced by the coupling

locations — obtained using WATFLOOD — These were designated as instream
lakes in addition to 22 real lakes and reservoirs included in MESH

(Nudges Flow Observations)

CONCLUSIONS

e Coupling hydrologic and hydraulic models improves the peak magnitude and

Coupling MESH and MRBHM

timing of hydrograph
MESH « Calibration of MESH reduced the need for the coupling but the coupling still
Improved the timing of the peaks at several stations
‘ e Coupling allows for studying sediment transport, water quality and dynamic
p > = events, such as dam breaches or ice jam release/formation events
WATFLOOD (Routing Mode) e REFERENCES
< o ‘ s f : Hicks, F.E. and Steffler, P.M. (1992). A Characteristic-Dissipative-Galerkin Scheme for Open
‘ éﬁm d -- ‘*'3 el £ 3 Channel Flow, ASCE Journal of Hydraulic Engineering, 118 (2): 337-352
PR JQ/ o Mgﬁ{fiﬁ@ Pietroniro, A., V. Fortin, N. Kouwen, C. Neal, R. Turcotte, B. Davison, D. Verseghy, E. D. Soulis, R.
MRBHM (FuII D namic) %ﬁ% N &ﬁ Caldwell, N. Evora and P. Pellerin (2007). "Development of the MESH modelling system for hydrological
y vy WS S - C_: ensemble forecasting of the Laurentian Great Lakes at the regional scale." Hydrol. Earth Syst. Sci. 11(4):
ST E= Y LT 1279-1294,

Contact: Mohamed.Elshamy@usask.ca
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Canadian Rockies are the hydrographical apex of North
America, yet hydrometeorological measurements are
sparse In the region and the resulting hydrological
predictions are unreliable as a result.

« The award of a Canada Foundation for Innovation
research grant has allowed the establishment of the
Canadian Rockies Hydrological Observatory (CRHO).

« CRHO is a benchmark observational and prediction
network for mountain hydrology and related
hydrometeorological processes that control streamflow,
cryosphere, aquatic ecosystems and climate in one of
the most water-stressed basins in Canada, the Bow
River Basin.

e CRHO encompasses existing and newly added study
sites along a gradient from relatively drier and warmer
headwater sub-basins In Kananaskis Country to
relatively wetter and colder Upper Bow River sub-basin
In northern Banff National Park.

CRHO Research Objectives

Science Questions

How do mountain basin biophysical characteristics affect
snow and ice systems to produce hydrological responses to
precipitation and energy inputs on time scales from hours
to centuries?

e Do cold regions mountain hydrological systems
enhance or dampen effects of climate variability on
water resources?

 Are the Canadian Rocky Mountains reliable future
source of streamflow?

Specific Objectives

 Improve understanding & description of governing cold
regions hydrological factors for mountain water supply
through Intensive process studies In representative
headwater research sites.

« Develop improved cold regions hydrology model based
upon improved numerical descriptions of processes &
enhanced basin representation.

e Use new scientific information and improved models to
predict headwaters water resource sustainability in light
of climate change and variability.

Canadian Rockies Hydrological Observatory

Year 2 Progress in Upper Bow River Basin in Banff National Park
Parks Canada Research Permit #: KOONP-2013-13553 | Centre for Hydrology, University of Saskatchewan

Project Overview 2014 CRHO Progress Scientific Communications

Canadian Rockies Hydrological Observatory (CRHO) sites in the Upper Bow River Basin in 2015.

Helen Creek wetlands study (left photo)

Need: Changing climate patterns are altering the hydrologic
circumstances of alpine wetlands - important ecological sites
In an ecologically fragile zone. Globally, our understanding of
these systems is extremely limited, especially concerning
specific hydrologic processes.

Purpose: to better understand the relationships between
geomorphic setting and hydrologic process in alpine wetlands.
Preliminary results: Alpine wetlands are integrating many
hydrologic flows, including groundwater, suggesting they are
potentially more resilient than initially thought and possibly
Important hydrologic control in the alpine, where they occur.

Other progress:

 Installed all remaining CRHO automated weather stations
 Removed Peyto E-line and Peyto-Bow Col AWS
 |nstalled snow pack analyzer at Helen Creek Research Basin

2015 CRHO Plans

Continue monitoring and measurements at all sites

Continue surface and subsurface water measurements

Install antenna and transmitter at Helen Creek AWS & Peyto GSC Huts
AWS to collect hydrometeorological data remotely over telemetry

All new installations will continue to have minimal disturbance

Antenna and transmitter using Geostationary
Operational Environmental Satellite (GOES)
for data transmission.

CRHO observations will lead to improved prediction of
snow, ice, climate and water resources in the Canadian
Rockies & better prediction of climate change impacts
on water resources and the cryosphere.

e Information outputs will include an information
website, peer reviewed scientific publications, book
chapters and student theses. www.usask.ca/hydrology

e Public talks will be held in the Bow Valley and
elsewhere to communicate findings from the CRHO.

e Annual presentations occur and are scheduled with the
Association of Mountain Interpretive Guides.

Upper Bow Co-investigators

Mike Demuth — Glacier Research
Glaciology Section, Geological Survey of Canada
Ottawa, Ontario

Dr. Masaki Hayashi — Groundwater Research
Dept of Geosciences, Univ. of Calgary
Calgary, Alberta

Dr. Warren Helgason — Atmosphere-surface interaction
Research

Dept of Civil and Geological Engineering,

Univ. of Saskatchewan

Saskatoon, SK

Dr. Cherie Westbrook — Wetland and Subsurface Research
Centre for Hydrology,
Univ. of Saskatchewan, Saskatoon, SK

Project Contacts

Principal Investigator:

Dr. John Pomeroy

Canada Research Chair in Water Resources & Climate
Change, Director, Centre for Hydrology, Univ of
Saskatchewan, Saskatoon, SK

john.pomeroy@usask.ca

403-673-3236 (Coldwater Laboratory)

Contact:

May Guan

Hydrology Research Technicians
may.X.J.guan@usask.ca

403-673-3236 (Coldwater Laboratory)
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Deglaciations Animations – Canadian Rockies and area

Contact: Garry Clarke, clarke@eoas.ubc.ca

Website: http://couplet.unbc.ca/data/RGM_archive/RGM_movie_archive/

[bookmark: _GoBack]Content: 

The website link above connects you to an online directory where you can view movie visualizations of the results reported in the Nature Geoscience journal under: 

Clarke, G. K., Jarosch, A. H., Anslow, F. S., Radić, V., & Menounos, B. (2015). Projected deglaciation of western Canada in the twenty-first century. Nature Geoscience, 8(5), 372-377, DOI: 10.1038/ngeo2407

The directory is organized as follows: 

Top level: 

List of Sites (e.g., "Bow Glacier, AB") 

Next level: 

   subdirectories: 

       AccZone 
       Ice extent 

       "AccZone" has only a few files whereas "Ice extent" is fully populated 

  Contents of Ice extent/ 

     List of 6 GCMs that we used in our study, e.g., CSIRO-320km/ 

   Contents of CSIRO-320km/  (and each of the other GCMs) 

      List of 4 scenarios (note that some GCMs only analyze 3 scenarios) 

      RCP26/ 
      RCP45/ 
      RCP60/ 
      RCP85/ 

    Contents of RCP26/ 

      view_02/ 

     Contents of view_02/ 

       view_02.avi    A movie file
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Using Flow Line Modeling and GIS to Reconstruct Glacier Volume Loss

The IDepartment of
GEOGRAPHY

Background Objectives

To use a flowline model in order to understand
the glacier volume loss

Glaciers are useful and sensitive climatic indicators, as they .
respond to small climatic shifts.?

To estimate the change in thickness, volume
and mass of the Athabasca glacier — between
Little Ice Age (LIA) and present.

Glacier mass balances, influenced by summer temperature and .
winter precipitation, are being affected by the recent changes in
climate?, and glaciers are, in general, retreating.

To develop an automated model that is able to
reconstruct volumes of other valley glaciers.

This study uses a flow line model to estimate glacier volume .
loss.

Glacier mass loss can be used to calculate a volume of generated
meltwater.

Study Area

Figure 1: 1843 glacier extent, Athabasca forefield

Figure 2: Athabasca Glacier.

Contour at 50m interval
(" Central Flow line
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Data Sets Methodology

Digital elevation model (18.5m)
SPOT 5 image,2010 (10m)

Temperature, Precipitation data (Jasper)-

Environment Canada. Mass Temp,
Balance Precp.
Temperature Reconstruction Data (BC)- Wilson®
Peyto Glacier Mass Balance data
Arc Hydro
Figure 3: Vie Ana/}/S/:S
Watershed NoO

Delineation

Flow line
Modelling

Yes

2009 glacier extent LIA glacier extent

A Glacier Volume,
Runoff

e Athabasca Glacier, an outlet glacier of Columbia
Icefield.

Length, Width

e About 225 km?in area.

e Accessible from the Icefield Parkway.

Data Preparation

Athabasca Glacier, Canadian Rockies since the Little Ice Age

Flow line Modelling

First propounded by Nye (1952),
Commonly used to simulate, by a model, the evolution of valley glaciers
Ice flux determined along central line ice thickness and surface slope

Parameters: width, cross-section (parabola-parameterized)

i n+2
24" (Cpgsina)n

Equation: Ice thickness(H) derived, h="" after Farinotti3

Solving equation: ice thickness, width, and assumptions about cross-sectional
valley shape (e.g. parabola) gives the ice volume change through time

Little Ice Age

This particular study is oriented around the reconstruction of the volume that
has been lost. We have taken an advantage out of the terminal and lateral
moraine which have given us a very clear idea of its recession.

Some in-depth investigation led by Luckman® helped us to date these
moraines. These are the years 1840-44, which is also popularly termed as ‘Little
Ice Age’.

Moraines within southern Canadian Rockies, have been dated using
dendrochronology and lichenometry to circa 1830-50° A.D.

Evidence of Holocene advances, taken place before 18t century were almost
overturned by these last advances’.

Comparison of Ice Thickness Measurements
Classical® and Farinotti

T
Classical h i — -
pgsina

250

200

n+2
24 (Cpgsina)™

n+2 | q

Farinotti h :

150

i: — VAN
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Figure 5: Ice thickness measurements using two different Models

Figure 6: Change in Ice Volume between1966-2010

Mass Balance Reconstruction
1854-2010
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Figure 7: Mass Balance Reconstruction using Temperature Reconstruction (anomaly) and Pacific Decadal Oscillation (annual temperature), 1854-2010.

Anticipated Results

An automated model for glacier volume loss reconstruction

An estimation of glacier thickness, volume and mass-change from the LIA to present

Amount of glacier ice loss through meltwater run-off

Calibrated ice dynamics model suitable for future projections of glacier response to climate change
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Columbia Icefield and Athabasca Glacier Factoids

Based on questions posed by:
Anne Brouillette
Interpretive Coordinator
Brewster Attractions

By Mike Demuth, Glaciology/Cold Regions Research Scientist
Geological Survey of Canada, Cryosphere Geoscience Section
Research Fellow, Centre for Hydrology, University of Saskatchewan

The depth of the glacier at the Turnaround Point ... about 325 m in the 1980s, should
be around 200 m today?

From the ice penetrating radar measurements conducted by Tremblay in 1979
(written up in his 1986 M.Sc. Thesis), ice thickness at the turnaround was c. 310 m.

Contemporary thickness should be less than this because the region is below the
equilibrium line. However, the said region is also the recipient of ice flux that is
being pushed “up-hill” out of the over-deepened bed in the vicinity of the Turn-
around; and so, results in somewhat less apparent local thinning relative to other
reaches of the glacier below this point.

Using the elevation of the ice surface during the 1979 radar surveys (2220 m a.s.l.)
and today’s surface elevation (2177 m a.s.l.), today’s ice thickness at the Turn-
around is about 265 m.

Clearly, this is not much downwasting over that many years (c. - 1.25 m/year), but
that is because of what | described above — the ice is being pushed uphill because of
the downstream rise of the bed elevation out of the over-deepended configuration.
Basically, the ice is prevented from sliding downhill at its normal rate and this has
an effect on the distribution of glacier thickness.

It’s still melting a great deal at that location, but because the ice is rising up, the
overall surface elevation change is less than one would expect.

One caution, we have to check what vertical reference system was used when
Tremblay measured the surface elevation in 1979.

The depth at the deepest part of the Glacier : rumor has it the deepest part is just below
the icefalls

YES ©

As noted above, much of the Athabasca Glacier resides in what is called “over-
deepened” terrain. As ice flows off of the Icefield and over the bedrock steps
spanning the breach between Mounts Andromeda and Snow Dome (where the
icefalls are), higher ice velocities result in an enhanced sliding at and erosion of the
bed below these steep transitions. So these regions are differentially eroded. The





hanging glacier below Mount Andromeda also used to flow down and join the
Athabasca; and also played a role in gouging out the over-deepened basin over
which the Ice Explorer Turn-around is positioned.

So, in fact, from ice penetrating radar work, the Turn-around and the region
towards the icefalls is where the ice is deepest.

The length of the glacier : Was just under 6 km last year

Depends on you reference point of course. Assembling a compilation of retreat
observations is the best approach. For now, you could certainly say that the glacier
has retreat some 2 km from where the ice front was about 170 years ago — at the
Icefield Centre.

If you want, you could say that an ice grain would travel over 8 km from the summit
of Mount Snow Dome (where is was deposited and formed) to the end of the glacier.

The width of the glacier at the widest part (I believe it is the lowest icefall) : 1 km
That’s about right .. 1 km

Annual depth loss : 5to 10 m

Over the lower reaches of the glacier, surface mass balance measurements reveal
annual ablations between 2 — 10 metres of ice. The surface elevation loss or
“lowering”, however, is less because of ice emergence due to dynamic flow.
Generally speaking, below the equilibrium line, flow line trajectories have an
upward vertical component, so the net surface lowering is a combination of ice
ablation (down) and ice emergence (up).

Annual downhill gain : 10 m
The glacier can exhibit a horizontal, down-valley surface velocity of some 7 — 25 cm
per day; so c. 25 — 100 m per year

Annual length loss : 15-20 m
About right. This figure will vary considerably from year to year depending on the
rate of ice flux down valley versus the rate of melt-back/thinning

A long-term average (170 years) since the ice front was near the Icefield Centre is c.
12 mlyear. It has been considerably more recently .. as indicated, 15 — 20 m/year

Annual netloss: 10m—-15m
of 2?7 ... see “Annual depth loss”

The depth of the ice-cored moraines

Ice-cored moraines are relict portions of the former glacier, and so an estimate
would be that they are as thick as the ice was before the ice began its recent drastic
down-wasting. The dynamics of peri-glacial landform evolution are complex and
since they are not observed as easily nor as frequently as the contemporary “white





ice”, there is much work to be done understanding their history and fate. There are
significant freshwater stores held in these peri-glacial landforms, though they are
released more slowly because of the insulation provided by the supra-glacial debris.

The average depth of the supraglacial debris on the ice-cored moraines
Several cm to less than one metre in my estimation.

The average snowfall on the icefield

The annual accumulation of snow on the Columbia Icefield varies due to wind
redistribution and related terrain/geometry effects. Generally speaking up to 4-6 m
of settled snow accumulates on the level regions of the Icefield, and can be
particularly deep immediately south of Mount Snow Dome. By contrast, the bleak
summit of Mount Snow Dome may see between 0 and 60 cm of accumulation.

The average snowfall on the glacier (at the Turnaround Point)
1-2m

The average snowfall at the bottom of the glacier/visitor centre
0.5-1m

The amount of rock flour being deposited in Sunwapta Lake every year

This is very difficult to determine (viz the occurrence of destabilizing events
elsewhere in the catchment) and will vary a great deal from year to year - depending
on the seasonal evolution of the englacial drainage system and the configuration of
the subglacial drainage system. For example, significant sediment production can
enter into storage and then be flushed out in an extreme snow/ice melt event of
sufficient intensity and duration. This means that the relationship between
meltwater discharge and sediment production is not simple, and varies in a
complicated way over different time scales (seasonal, year-to-year or whether the
hydrograph is rising or descending).

Mid-summer suspended sediment values for a well-documented pro-glacial stream
emanating from the nearby and similarly situated Peyto Glacier are c. 250 — 1,500
mg/L (measured over a limited range of water discharge: 0.5 —5 m®/s). This
suggests that suspended sediment quantities can vary from c. 10 — 650 tonnes/day —
CAUTION, THESE ARE BASED ON INSTANTANEOUS VALUES ... actual
daily values will depend on whether or not these rates of suspended sediment
production are associated with episodic flushing events or more protracted
production.

I would say you could safely state “a few tens to a few hundreds of tonnes of sediment
per day in mid-summer ... depending on whether flushing events are occurring”

The year Sunwapta lake started to form
This is an interesting detail with many facets. The lake would have started to form
as the glacier retreated into yet another over-deepened basin or by virtue of some





sort of bedrock control. A sequential series of lakes formed under the influence of
glacier erosion and revealed by glacier recession are termed “Paternoster Lakes”.
Someday there will be another lake where the turnaround is now ©

From archived vertical aero-photo evidence, the formation of Sunwapta Lake was
initiated in the late 1930s / early 1940s

Note that the over-deepened glacier bed elevations below the Icefalls are lower than
Sunwapta Lake !

P.S. in my research on the former extents of the Columbia Icefield (towards a paper
that will be published soon), there has never been a solid reference confirming the
Icefield having been some 300 + square km in the recent past - a commonly
referred-to figure in much of the tourism literature.

I have discovered some written evidence that, this often quoted figure was the result
of mappers having thought that the Columbia Icefield and what we now know as the
Clemenceau Icefield and the Chaba Icefield were all one and the same.

A sketch map of the “Icefield” in MacKay (1952), clearly encompasses an area west
and north beyond Mount Columbia - the Clemenceau and Chaba Icefields.
MacKay makes reference to this “Icefield” as being some 150 square miles.

Stay tuned for that publication ©
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