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Background
ÁHigh mountain models need to account for 

the substantial spatial and temporal 
heterogeneity in mass and energy fluxes

ÁHeterogeneity motivates the use of 
άǎƴƻǿ ŘǊƛŦǘ ǇŜǊƳƛǘǘƛƴƎέ (5m ς200m) 
scales for High Mountain predictive models

ÁWith satellite data assimilation, these 
models can provide accurate and timely 
forecasts of meteorology, cryosphere and 
hydrology in observation sparse regions.

ÁWhen driven with dynamically downscaled 
climate model data, these models can 
provide crucial and socially relevant 
diagnostic information for future mountain 
earth systems at the scales which users 
demand.

5-m 3D map of snow depth derived from airborne Lidar over 
the Kananaskis region (Alberta), Canadaon 27 April 2018



Canadian Hydrological Model (CHM)
Å Variable resolution triangular mesh 

depending on topography, soils,vegetation 

Å Flexible structure to test multiple 
hypotheses and quantify uncertainty

Å Large decrease in computational and data 
demands over rectangular gridded models

Å CHM includes algorithms for downscaling 
meteorological data from stations and 
weather models.

Å CHM currently accountsfor:
Å slopeand aspect; terrain shading
Å gravitational redistribution
Å blowing snow (redistribution + 

sublimation)
Å snow/canopy interactions
Å energy balance snowmelt

Å Globally applicable using existing datasets
Marsh et al. (2020 GMD)



Mesh generator mesher

5m RMSE 15m RMSE 50m RMSE

ÅReproducible
ÅNumerical guarantees on error introduced
ÅPython/C++, Python configuration 
ÅTest uncertainty from mesh/parameters
ÅMulti-objective



Topographic + Vegetation constraint



Modular process representation
ÁCHM is a hub and 

spoke coupler

ÁComponents as 
complex or simple as 
needed
Å Mixing empirical and 

physics-based 
representations

ÅMaximizes parallelism

ÅIncorporation of 
existing code a priority

ÁCan call anything that 
has a C-interface



Process representations
Á Air temperature

Å Linear lapse rates (measured, seasonal, constant, 
neutral stability) (Kunkel, 1989, Dodson et al., 1997) 

Å Relative humidity

Å Linear lapse rates (measured, seasonal, constant) 
(Kunkel, 1989)

Á Horizontal wind

Å Topographic curvature (Liston, et al., 2006)

Å Mason-Sykes (Mason and Sykes, 1979)

Å WindNinja(Wagenbrenner, et al.,  2016)

Á Precipitation

Å Elevation based lapse (Thornton, 1997)

Á Solar radiation

Å Terrain shadows (Marsh et al., 2011, Dozier and 
Frew, 1990)

Å Clear sky transmittance (Burridge, 1975)

Å Transmittance from observations

Å Cloud fraction estimates (Walcek, 1994)

Á Longwave

Å T, RH based (Sicartet al., 2006)

Å Constant (Marty et al., 2002)

Á Forest Canopy

Å Open/forest (exp/log) (Pomeroy et al., 1998; Ellis et al., 2010)

Å Interception (Hedstom& Pomeroy 1998) and sublimation (Parviainen& 
Pomeroy 2000)

Å Sub-canopy shortwave and longwave radiation, turbulent transfer

Á Snowpack

Å 2-layer Snobal(Marks et al, 1999)

Å Multi-layer Snowpack (Lehning et al., 1999)

Å Various albedo e.g., CLASS (Verseghy1991)

Å FSM (Essery, 2015) 

Á Soil

Å Frozen soil infiltration (Gray et al., 2001)

Á Precipitation Phase

Å Linear

Å Psychometric (Harder and Pomeroy, 2013)

Å Threshold

Å Snow redistribution

Å PBSM3D (Marsh, et al. 2019)

Å Slowslide(Bernhardt, et al. 2012)

Focus to-date has been on snow processes



Interpolation & downscaling
ÁSpatial interpolation

a) Thin plate spline with 
tension

b) Inverse Distance 
Weighting (IDW)

c) Nearest neighbour

ÁControl number of 
surrounding stations 
used in interpolation

ÁVarious lapse-rate 
approaches for 
downscaling

ÁNetCDFsupport for use 
with NWP outputs

Downscaling 2.5km GEM temperature output

For the Yukon



High Performance computing features

Adjacency matrix

Hybrid parallelism via OpenMP & MPI
Å OpenMP = shared memory parallelism
Å MPI = distributed memory parallelism
Å Used on multi-node clusters

Mesh reordering
Å Ensures triangles near to each other are 

on same node
Å Improves linear algebra solution time
Å Decreases inter-node communications

ÅDistributed mesh
Å Inter-triangle communication
ÅGlobal linear algebra solver
ÅTrilinos(Tpetra)



MPI scaling
ÅDoubling number 

of MPI ranks 

provides 2x 

speedup



Wind fields
Á Key challenges for blowing snow at 

large spatial extents are 
downscaling wind fields and 
computational costs

Á άWindMapperέ
Å Vionnet, 2020 (TC) & Marsh, 2021 (inprep)

Á Generation of wind flow 
simulations with the mass and 
momentum-conserving CFD model 
WindNinja
Å Bare earth
Å 50 m x 50 m

Á Wind speedup map library for N 
directions

Á WinstralSxparameter to identify 
leeward recirculation zones

Á Precomputed wind fields 100x 
ǎǇŜŜŘǳǇ ǾŜǊǎǳǎ ΨƻƴƭƛƴŜΩ windflow
simulations

Á Extends to large extents

Uncorrectedwind field

Corrected wind field



Multiscale blowing snow model (PBSM3D)
ÁUp-scaled formulation of the Prairie Blowing Snow Model (PBSM) to a 

variable resolution mesh

ÁIncludes non-fully developed flow (fetch effects)

ÁUses windspeed maps to account for terrain impacts

a) Better results than terrain-curvature methods

ÁApplicable to large spatial domains

Marsh, et al (2019 WRR)


