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A B S T R A C T   

Cold regions involve hydrological processes that are not often addressed appropriately in hydrological models. 
The Cold Regions Hydrological Modelling platform (CRHM) was initially developed in 1998 to assemble and 
explore the hydrological understanding developed from a series of research basins spanning Canada and inter-
national cold regions. Hydrological processes and basin response in cold regions are simulated in a flexible, 
modular, object-oriented, multiphysics platform. The CRHM platform allows for multiple representations of 
forcing data interpolation and extrapolation, hydrological model spatial and physical process structures, and 
parameter values. It is well suited for model falsification, algorithm intercomparison and benchmarking, and has 
been deployed for basin hydrology diagnosis, prediction, land use change and water quality analysis, climate 
impact analysis and flood forecasting around the world. This paper describes CRHM’s capabilities, and the in-
sights derived by applying the model in concert with process hydrology research and using the combined in-
formation and understanding from research basins to predict hydrological variables, diagnose hydrological 
change and determine the appropriateness of model structure and parameterisations.   

1. Introduction 

Cold regions, where snow and ice play an inordinately important role 
in streamflow generation, involve hydrological processes that are not 
often addressed appropriately in hydrological models (Wheater et al., 
2022). Many cold regions are also sub-humid and so have the added 
complication of seasonal aridity (Armstrong et al., 2010). Since most 
cold regions have been glaciated in recent geological time, geomor-
phological processes have not always had sufficient time to develop 
well-defined drainage networks and stream channels and so depres-
sional storage capacities are large and the runoff contributing areas for 
streamflow generation are variable (Shook et al., 2015). In mountains, 
snowpacks can cover the basin for more than 2/3 of the year and in some 

areas, year-round, as permanent snowfields and glaciers that dominate 
the coldest and snowiest parts of high mountain basins (Pomeroy et al., 
2012a; Fang & Pomeroy, 2020; Pradhananga & Pomeroy, 2022). Cold 
regions, including snowy, sub-humid and sparsely or ungauged basins 
pose special challenges to hydrological prediction due to the need to 
address snow and ice processes such as snow redistribution and ablation 
and infiltration to frozen soils, strong seasonality in process operations, 
bidirectional phase changes from water to vapour, ice to liquid and ice to 
vapour, variable contributing area, episodic flow processes, and 
restricted opportunity to calibrate model parameters from streamflow 
observations due to intermittent streamflow, small contributing areas to 
streamflow, and lack of gauging stations (Pomeroy et al., 1998a; Pom-
eroy et al., 2007, Shook et al., 2021). 
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Solutions to these challenges have required half a century of inten-
sive cold regions and sub-humid zone process hydrology investigations 
in Western Canada and development of alternatives to model calibration 
from local streamflow to develop functional modelling systems (Pom-
eroy et al., 2004; Pomeroy et al., 2007; Pomeroy et al., 2013). These 
process studies began in research basins established during the UNESCO 
International Hydrological Decade of 1965–75 in the semi-arid, conti-
nental climate of the Canadian Prairies – an agricultural region with a 
landscape dominated by annual cereal and oil seed production inter-
spersed with perennial pastures having very mild topography and 
incomplete drainage basin development leading to vast areas with no 
streams (Gray & Granger, 1988). Here, blowing snow transport and 
sublimation dominate the winter redistribution of snow, soils freeze to 
depths of greater than 1.5 m with limited infiltration capacities, snow-
melt occurs over a few weeks or less controlled by solar irradiance, and 
snowmelt contributing to over 85 % of annual streamflow (Gray et al., 
1986). After snowmelt, evapotranspiration normally exceeds spring and 
summer precipitation, soils thaw and infiltration capacities are large and 
so runoff events are restricted to intense rainstorms, usually due to 
convective precipitation or infrequent, large multi-day storms that 
saturate the soils (Dyck et al., 1974; Granger & Gray, 1989). Streamflow 
is only generated after surface depressional storage is filled and “fill and 
spill” runoff generation can be initiated when water levels in depressions 
exceed sill levels as originally proposed by Chris Spence (Spence et al., 
2022; Pomeroy et al., 2010). These studies led to several realisations 
that showed the inadequacy of hydrological modelling at the time; the 

need to model basins without identifiable streams, the need to include a 
full range of snow and frozen ground processes, the need to parame-
terize a model without calibration of parameters to observed stream-
flow, the need to calculate net radiation as a fundamental driver of 
coupled heat and mass transfer calculations, and the need to treat 
landscape units as a natural, fundamental spatial basis for discretization 
of basins for water balance calculations. Research in other basins in 
northern Canada and the Canadian Rockies revealed the importance of 
permafrost, glaciers, forests and shrubs to the hydrology of these regions 
(Bash & Marshall, 2014; Connon et al., 2014; Ménard et al., 2014; 
Quinton & Baltzer, 2013; Nicholls & Carey, 2021; Pomeroy et al., 2012a; 
Pradhananga & Pomeroy, 2022). 

The inability of models developed in temperate parts of the world to 
successfully simulate the hydrology of cold regions, led to the devel-
opment of the Cold Regions Hydrological Modelling platform (CRHM, 
Pomeroy et al., 2007), to simulate how cryospheric and hydrological 
processes govern basin hydrology by linking the energy and mass bal-
ance equations together via phase change in a flexible, modular pre-
dictive framework. The model distributes the forcing meteorology to 
appropriate hydrologically meaningful landscape units that serve as 
control volumes for hydrological process calculations, and which can be 
aggregated to calculate streamflow at multiple scales. Modules can be 
coupled in a wide variety of ways to represent alternative spatial 
structures, or forcing meteorology, or processes and process algorithms – 
this permits the rapid development of many models from the platform. 
CRHM was designed to test multiple hypotheses about model structure, 

Fig. 1. HRUs map, sub-basins and ecozones used to discretize Marmot Creek Research Basin, Alberta, Canada (Fang & Pomeroy, 2020). Note that the size and areas 
of circular clearings in Twin Creek Sub-basin are not to scale. 
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process description and inclusion, and algorithm integrity, and to output 
any hydrological variable in a practical and easy to use system. It has 
been used in model falsifications to diagnose suitable model scale, 
structure and process capabilities (Dornes et al., 2008; Fang et al., 
2013a,b; Lv et al., 2019). 

The intention of CRHM’s development has been to couple model 
development and application to process hydrology investigations in 
research basins to examine process importance and algorithm appro-
priateness for describing cold regions hydrology and to use the model as 
a tool, in combination with field investigations, to diagnose hydrological 
functioning of basins and their sensitivity to land use and climate 
change. The model has been further developed since 2007 for forest, 
permafrost, wetland, mountain, and glaciated basins and to predict 
water quality and hydrology. It has been applied on every continent 
except Antarctica and redesigned to calculate hydrological fluxes over 
larger river basins (Cordeiro et al., 2017; Costa et al., 2021; Fang et al., 
2010, 2013; He et al., 2021; Krinner et al., 2018; Krogh et al., 2015; 
Krogh & Pomeroy, 2018; López-Moreno et al, 2013, López-Moreno et al., 
2016, López-Moreno et al., 2017; Pomeroy et al., 2013; Pradhananga & 
Pomeroy, 2022; Rasouli et al., 2014, 2019,2022; Sanmiguel-Vallelado 
et al., 2022; Stone et al., 2019; Van Hoy et al., 2020; Weber et al., 
2016; Zhou et al., 2014). These versions have been used to study 
snowmelt and glacier contributions to streamflow, summer evapo-
transpiration and soil moisture regimes, drought, excess nutrient runoff, 
forest hydrology, climate change impacts, agricultural land manage-
ment strategies, frozen ground impacts on hydrology and climate and 
vegetation change impacts on permafrost. CRHM has been operation-
alized in flood forecasting systems (Pomeroy et al., 2013) and used to 
inform the development of continental scale models such as MESH, 
CLASS and CHM (Marsh et al., 2020; Wheater et al., 2022). However, the 
uniqueness of the platform is its use as a tool for the hydrologist to 
deploy knowledge gained in field investigations to explore and diagnose 
hydrological functioning from hydrological processes up to streamflow 
generation in basins in a systematic way. The advantage of the typically 
uncalibrated approach with CRHM is in learning from model failure, 
through model falsification or from learning from changing model 
performance as discretization, modules and parameters are changed. 
This has been detailed in papers such as Armstrong et al., 2009; Dornes 
et al., 2008; Fang et al. (2013a,b); Pomeroy et al., (2013; Pomeroy et al., 
2016a). This experience has helped inform research directions and 

algorithm improvements. For instance, the failure of ET-soil moisture 
coupling algorithms in severe drought and extreme wet conditions in the 
Canadian Prairies was particularly instructive (Armstrong et al., 2010; 
Mahmood et al., 2017). 

The purpose of this paper is to describe CRHM’s capabilities and the 
insights derived from using the model along with process hydrology 
research, to diagnose hydrological change and the appropriateness of 
model structure and parameterisation. It focusses on developments, di-
agnoses and applications since the publication of an extensive descrip-
tion of CRHM by Pomeroy et al. (2007) 15 years ago and provides an 
example of the fusion of hydrological process research, field observa-
tions and modelling that has provided new understanding and capabil-
ities for modelling hydrology and water quality in cold regions and 
elsewhere. 

2. Model structure 

In CRHM, the user constructs a purpose-built model from a selection 
of possible basin spatial configurations, spatial resolutions, and physical 
process modules of varying degrees of physical complexity. Basin dis-
cretization is performed via hydrological response units (HRUs) whose 
number and nature are selected by the user based on the variability of 
basin attributes and the desired level of physical complexity. An 
example of basin discretization into HRU from ecozones, elevation, 
topography and hydrography is shown for Marmot Creek Research Basin 
in the Canadian Rockies as Fig. 1. 

HRUs can interact with each other in several ways. Blowing snow, 
runoff and groundwater can flow amongst HRUs in different directions 
depending on surface aerodynamics and prevailing wind directions for 
blowing snow, aquifer characteristics and potential energy gradients for 
groundwater and gravity, and surface characteristics for runoff. Blowing 
snow can enter and leave a basin whilst groundwater and runoff are 
aggregated and routed as streamflow which can only leave a basin at the 
outlet. HRU assemblages for a basin can be grouped and declared a 
‘representative basin’ which can then be repeated and adjusted to allow 
for rapid parameterisation of larger basins composed of many sub-basins 
(Fig. 1). A full and up-to-date description of the CRHM software and its 
installation can be found on the CHRM Wiki page which can be found 
here https://wiki.usask.ca/display/CRHMdoc/CRHM+-+Cold+Region 
+Hydrological+Model and on the CRHM website https://research-g 

Fig. 2. CRHM model workflow. DIA Approach refers to the Deduction, Induction and Abduction approach to model parameterisation for ungauged basins by 
Pomeroy et al. (2013). 
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roups.usask.ca/hydrology/modelling/crhm.php with supporting R code 
described here https://research-groups.usask.ca/hydrology/modelling/ 
r-packages.php. 

CRHM was originally developed as an object-oriented modular 
modelling platform in 1998 using the Borland C++ compiler and 
included a dynamic linked library version (DLL) that was distributed to 
module developers in the UK and Canada. Many modules were devel-
oped based on research in the University of Saskatchewan’s Division of 
Hydrology, Environment Canada’s National Hydrology Research Insti-
tute and the University of Wales, Aberystwyth. Each CRHM release 
version was numbered and dated as were all modules and all modules 
were reviewed before inclusion. With the demise of Borland and the 
inability of users to purchase its C++ compiler, the development of 
CRHM had to be centralized and carefully controlled. This was done 
with a small group of scientists working with the CRHM code developer, 
Tom Brown, in informal and formal discussions, often in sessions in 
Saskatoon beverage rooms. Modules were conceptualized, debated, 
reviewed and added, and model users could request new modules on 
request and review by this small group. Detailed help files were written 
and updated. The refactored version of CRHM that has just been released 
permits anyone to compile it with the GNU compiler connection (GCC) 
C++ and module developments are welcome and will be reviewed by 
the authors of this paper as part of a more formal version control process. 

Modules are executed within HRUs and there is complete flexibility 
in defining and selecting HRUs – a model can be lumped with one HRU 
per sub-basin, fully distributed with many HRUs on a fine grid, or more 
typically, semi-distributed where HRUs are landscape units that are 
assumed to have some common biogeophysical characteristics and hy-
drological drainage characteristics and therefore a single set of param-
eters. Intrinsic length scales of HRUs are that they should be large 
enough to avoid self-similarity in soil moisture and snow water equiv-
alent (SWE), so at least 100 m (Shook and Gray, 1997) and less than 
about 3 km to ensure similar inputs from precipitation and snow 
redistribution and to calculate runoff (Dornes et al., 2008). Time steps 
for calculations in the HRU are set by observations and are assumed to 
be close to hourly. Modules may be grouped together to repeat the 
model structure in many sub-basins. Fig. 2 shows a general workflow for 
model development in CRHM based on several steps: 1) basin delinea-
tion and discretization (top panel), and 2) parameterization 3) simula-
tion and 4) post-processing (bottom panel). For a non-group project, the 
basin delineation and discretization use geospatial datasets (i.e., DEM, 
landcover, soil and bedrock) to determine HRUs and soil or glacier firn 
layers. Group projects using basin discretization, require delineation of 
sub-basin groups. The parameters defining the routing length, gradients 
and sequences of HRUs and sub-basins are set based on datasets of 

stream networks. Basin delineation is often informed by GIS programs 
but can now be automated using tools such as the functions in R package 
CSHShydRology (https://cran.r-project.org/package=CSHShydRolog 
y). 

Parameter values are rarely calibrated for CRHM models. Instead, 
parameter values are usually estimated based on the deduction, induc-
tion and abduction (DIA) approach which is suited for either gauged or 
ungauged basins (Pomeroy et al., 2013). Once parameter values are 
determined they can be written to CRHM model project (.prj) files using 
functions in CRHMr. Historically, most CRHM modelling has used data 
from meteorological stations as the source of forcing data. These data 
generally require considerable quality control, interpolation and 
extrapolation to make them suitable for forcing models. Pre-processing 
for CRHM models can be done using CRHMr which includes functions 
for data quality analyses and for infilling missing/bad values through 
interpolation and/or imputation. The package functions can write data 
in the observation file (.obs) formats used by CRHM. CRHM was origi-
nally a Windows program requiring a Graphic User Interface (GUI) that 
permits intuitive assembly of modules for model creation, HRU delin-
eation, parameter setting, order of operation modification, and diag-
nostic model graphics and outputs and links to the help file. However, 
the recent refactoring of the program has allowed it to also be compiled 
as a command-line program, which enables it to be run on high per-
formance computers . It has also resulted in the program running much 
faster. The CRHMr package contains functions to execute CRHM, of 
either version, and uses the Wine compatibility layer (https://www.wi 
nehq.org/) to run Windows-compatible executables on Linux or 
MacOS computers. 

CRHM can output the values of almost any of hundreds of variable, 
which can result in very large output files. As many of the variables are 
used for internal purposes, their units may be difficult to work with. 
Although the output files are all simple text files, there can be many 
output formats depending on user needs. CRHMr contains functions to 
read any output file, and to post-process the values, including converting 
units and plotting time series of variables. There are also functions for 
performing water balances. Using R and CRHMr, the entire sequence of 
modelling in CRHM, can be automated, once the model structure, 
including the program modules and the number of HRUs has been 
decided on, and the initial.prj file has been created. The ability to 
parameterize and run models automatically aids the model reproduc-
ibility as all steps in the model development are recorded in the R code. 
Reproducibility has been shown to be crucial for the elevation of hy-
drological modelling to a more repeatable scientific endeavour (Knoben 
et al., 2021). 

Fig. 3. Example of CRHM processes for a mountain basin, showing snow processes on the left-hand side and water flow processes and summer processes on the right- 
hand side. 
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3. Processes 

3.1. Overview 

Hydrological process modules in CRHM have been developed from 
the outcomes of intensive field and detailed modelling studies of cold 
regions and other hydrological processes. These modules can be specific 
to basin setup, such as delineating and discretizing the basin, condi-
tioning observations for extrapolation and interpolation in the basin, or 
to hydrological calculation needs such as calculation of longwave radi-
ation under forest canopies, wind flow over complex terrain, or snow 
albedo decay, but most commonly deal with hydrological processes such 
as evapotranspiration, infiltration, snowmelt, and streamflow discharge 
(Fig. 3 – model processes over a mountain basin). CRHM has a selection 
of process descriptions available at different levels of granularity as 
separate modules or as “variants” (options within a module) for each 
process and also the ability to rapidly create “macros” as new modules, 
on the fly to explore new hypotheses or algorithms. CRHM is unique in 
its range of cold regions hydrology and water quality capabilities, with 
strong physically based calculations of precipitation phase, snow 
redistribution by wind, snow interception, sublimation, sub-canopy ra-
diation, snowmelt, glacier icemelt, icemelt under debris, snow 
avalanching, infiltration into frozen and unfrozen soils, hillslope water 
movement, frozen ground dynamics, actual evapotranspiration, lake 
evaporation, wetland fill and spill, soil water movement, subsurface 
preferential flow from tile drainage, groundwater flow, water chemistry 
and streamflow. It calculates runoff from rainfall and snowmelt as 
generated by infiltration excess and saturated overland flow, meltwater 
routing through glacier, flow over partially frozen soils, detention flow, 
shallow subsurface flow, preferential flow and groundwater flow. Water 
quality inputs to water bodies can also be simulated. The user selects the 
hydrological processes that they wish to simulate from over 97 modules 
and dozens of variants of these modules (https://wiki.usask.ca/display/ 
CRHMdoc/CRHM+Module+Library). Some modules address a single 
process , with different algorithms, assumptions and data and parameter 
requirements, whilst other modules are more comprehensive dealing 
with, for example, all processes in snowpacks, glaciers or soils. There is 
also the capability to write a new module quickly using the “Macro” 
feature where the user writes a tentative module from within the plat-
form. The Macro feature allows users to create simple modules suitable 
for testing algorithms and for diagnosing CRHM model output and is 

fully described here https://wiki.usask.ca/display/CRHMd 
oc/CRHM+Macros. Macros can also be used to create Groups for 
reproducing aspects of the model spatially (module sequences repeated 
in different sub-basins) https://wiki.usask.ca/display/CRHMd 
oc/Groups and Structures for intercomparing the performance of 
different groups of modules in an otherwise common model https://w 
iki.usask.ca/display/CRHMdoc/Structures which is useful in diag-
nosing different model structures. Macro modules that have proven 
successful or useful have been then converted into permanent modules 
in the platform. Whilst there is considerable freedom in these selections 
and end points, for instance a CRHM model can be configured only as a 
snow model, or an evapotranspiration model, or a soil moisture balance 
model, or as a full streamflow synthesis hydrology model, there are some 
modules that are required for almost all models, these modules deal with 
setting up the basin, inputting and adjusting observations to HRUs and 
calculation of radiation fluxes. An example of a CRHM model flow chart 
is shown in Fig. 4 for a partly glacierized mountain basin. Some of the 
principal modules are described in the following section. 

Most modules have parameters that need to be specified and the 
physical basis of most modules means that most parameters are physi-
cally identifiable. CRHM was designed so that the user inputs parame-
ters based on their knowledge of the basin, GIS and remote sensing 
analysis, soil surveys, digital elevation models, parameters that worked 
for similar process studies elsewhere or by borrowing parameters from 
other basins in similar hydroclimatic and ecological regions (Fig. 2). The 
deductive, inductive, and abductive (DIA) approach to parameterisation 
was described by Pomeroy et al. (2013) and is a recommended method 
that has shown to be successful in applying CRHM in and outside of 
research basins, including ungauged basins where parameter uncer-
tainty is high. Many CRHM models provide reasonable simulations of 
snowpacks, soil moisture and streamflow using parameters set by the 
DIA approach without calibration of parameters from streamflow (Ap-
pendix, Table 1). However, some, particularly routing and subsurface 
parameters are difficult to observe, and so limited parameter calibration 
has been employed to improve streamflow synthesis. 

3.2. Precipitation, meteorology, radiation, canopy adjustments 

A critical aspect in successfully representing hydrological processes 
in any model is the treatment of the forcing meteorology. Assumptions 
around the extrapolation and interpolation of forcing data can therefore 

Fig. 4. Modular structure of CRHM – an example for a glacierized basin (Pradhananga & Pomeroy, 2022). Red linking arrows are radiation fluxes; blue arrows are 
meteorological forcing data; orange arrows are snow and water vapour mass transport; green and black arrows are model output state variables and fluxes. 
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have important implications for model performance. A comparison of 
commonly used precipitation phase partitioning approaches in CRHM 
demonstrated large changes in timing and magnitude of snow and 
streamflow generation processes over a variety of cold-regions research 
basins (Harder & Pomeroy, 2014). An obstacle to adoption of physically 
based process models has been the more complex forcing meteorological 
data requirements relative to the simpler requirement of conceptual or 
calibrated model approaches (Beven, 1993; Hrachowitz & Clark, 2017). 
The CRHM framework demonstrates that input data demands need not 
be onerous as a variety of physically guided approaches are employed to 
ingest, synthesize and distribute meteorological data to drive hydro-
logical process representations and represent the climate perturbations 
necessary to answer research questions. 

First order data requirements, from station, gridded observation, 
reanalysis, or climate model sources, include hourly observations of air 
temperature, relative humidity, wind speed, precipitation and incoming 
shortwave radiation. When radiation data are not available, CRHM uses 
methods described by Annandale et al. (2001) and Sicart et al. (2006) to 
simulate incoming shortwave and longwave radiation from air tem-
perature and humidity data with relatively small errors. Forcing mete-
orology is distributed to HRUs by elevation, slope, aspect and location 
using user defined lapse rates to interpolate air temperature, humidity, 
and precipitation observations whilst respecting vapour pressure satu-
ration limits. Air temperature and precipitation perturbation impacts on 
hydrological processes can be considered through simple delta change 
and multiplier functions (Gleick, 1986; Hay et al., 2000). 

Hydrological process representations require a second order of in-
formation to account for the interactions of the meteorological data and 
the spatial variability of the basin and its land surface. Precipitation 
partitioning into rain or snow phases is critical in cold regions and the 
psychometric energy balance approach of Harder and Pomeroy (2013) is 
used to address the well documented dependence of phase upon tem-
perature and humidity (Harpold et al., 2017; Jennings et al., 2018). In 
the absence of reliable humidity information, alternate approaches from 
air temperature (Harder & Pomeroy, 2014) and ice bulb temperature 
(Marks et al., 2013) thresholds are available. Wind induced gauge 
undercatch of snowfall is a persistent challenge in cold regions and is 
accounted for with Nipher (Goodison et al., 1998) and Alter-shielded 
corrections (Smith, 2009). The tight coupling of the water and energy 
balances when considering physical process representation requires 
detailed accounting of radiation variability and forest interactions. Basic 
corrections such as radiation correction for slope and aspect (Garnier & 
Ohmura, 1970) are applied at the HRU scale. Shortwave and longwave 

radiation transmissions are then simulated separately for effects of forest 
cover, accounting for differences amongst continuous forest canopies, 
forest gaps and larger clearings as functions of measurable forest pa-
rameters (Sicart et al., 2006; Pomeroy et al., 2009; Ellis et al., 2010). 
Wind flow over complex terrain is calculated using the parametric 
method of Walmsley et al. (1989), which adjusts wind speed for topo-
graphic location based on the results of a boundary layer model. 

3.3. Snow redistribution and sublimation by wind, gravity and forest 
canopies 

Snow redistribution by wind in open environments and by ava-
lanches in steep mountain terrain are important processes for calcu-
lating the accumulation of the seasonal snowpack (Vionnet et al., 2021). 
CRHM calculates blowing snow transport and sublimation (Pomeroy, 
1989; Pomeroy et al., 1993; Pomeroy and Gray, 1990; Pomeroy and Li, 
2000; Pomeroy and Male, 1992; Pomeroy and Gray, 1995) to estimate 
HRU snowpack erosion and deposition as a mass balance of horizontal 
snow transport via saltation and suspension and in-transit sublimation 
using precipitation, wind speed, air temperature and relative humidity 
as well as information on the snowpack. Horizontal blowing snow 
redistribution by wind from one HRU to another is determined by 
considering exposed surface roughness as a function of snow depth and 
surface characteristics such as vegetation density and height. Snow can 
blow into a basin or sub-basin from outside of the basin, even if they are 
over a watershed divide. Three factors are needed for a blowing snow 
event to occur – wind speed greater than the threshold condition (Li & 
Pomeroy, 1997), friction from wind at the surface greater than that 
causing drag on exposed vegetation and bare ground (Pomeroy & Gray, 
1994), and a supply of erodible snow or concurrent snowfall. Snow is 
eroded from wind-exposed HRUs and deposited as drifts in topograph-
ically sheltered or well vegetated HRUs. The blowing snow model in 
CRHM (Pomeroy et al., 2007) was extended to application of the model 
over mountains and complex terrain by MacDonald et al. (2009) using a 
parameterisation to transport snow from source to sink HRUs based on 
their exposed vegetation height and topographic position influencing 
relative wind speeds and shear stresses – this is shown in Fig. 5. 

In addition to blowing snow, snow is redistributed by gravity in 
avalanches from higher to lower elevations on steep slopes, described by 
an avalanche module based on the algorithm developed by Bernhardt 
and Schulz (2010). Snow slides in an avalanche if the minimum snow 
holding depth and a minimum slope angle are exceeded. They suggested 
values of holding depth of 50 mm w.e. (water equivalent) and 25◦
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minimum surface slope. For slopes steeper than the minimum slope 
angle, the snow holding depth decreases exponentially. This module 
moves snow downslope from steep HRUs to less steep HRUs. Impor-
tantly, it interacts with the blowing snow calculations. The blowing 
snow module will deposit snow in cornices at high elevation steep slope 
HRUs and the avalanche module will then redistribute this snow down 
the valley side, producing realistic high mountain snow distributions. 

CRHM integrates a canopy module to represent the effects of forest 
canopy on snow, rainfall, sublimation, and evapotranspiration processes 
in a physically based manner (Fig. 6). Forest-precipitation interactions 
capture the interception of rainfall and snowfall in canopies to quantify 
evaporation and sublimation losses as a function of forest characteristics 
and snow unloading and drip as a function of ice bulb temperature 
(Hedstrom & Pomeroy, 1998; Ellis et al., 2010; Pomeroy et al., 1998b). 
In this module, snow interception is estimated by the antecedent canopy 
snow load, unloading rate coefficient, and maximum interception ca-
pacity of the canopy which is determined by the tree species, snowfall 
density and effective leaf area index (LAI) (Ellis et al., 2010). Canopy 
sublimation is estimated by multiplying the intercepted snow load by a 
physically based sublimation coefficient calculated from turbulent 
transfer of sensible heat to and water vapour away from an ideal ice 
sphere and then corrected for the degree of exposure of intercepted snow 
in the canopy as described by fractal geometry area-volume relation-
ships (Pomeroy et al., 1998b). Under the canopy, snowmelt is governed 
by sub-canopy radiation and turbulent transfer relationships, and 
snowmelt and sub-canopy rainfall (including drip) connect to soil, 
infiltration and evapotranspiration modules and eventually to runoff 
routing modules (Figs. 3, 4, 6). 

3.4. Energy for snowmelt, icemelt and sublimation 

The energy available for snow, firn and ice melt and sublimation 
from the snow or ice surface is the sum of fluxes due to shortwave and 
longwave radiation, turbulent transfer of sensible heat, advection of 
energy from precipitation, internal energy state change in the snowpack 
and conduction of heat from the ground (Pomeroy et al., 1998a). 
Shortwave and longwave radiation are the principal sources of melt 
energy and the radiation module in CRHM simulates incoming short-
wave (global) radiation adjusted to slope and aspect and so includes self- 
shading but not shadowing from surrounding topography. In the 
absence of observations, shortwave transmittance can be estimated 
using diurnal temperature ranges, latitude and time of year (Shook & 

Pomeroy, 2011a) and longwave irradiance can be estimated from 
shortwave transmittance and air temperature using the algorithm pro-
posed by Sicart et al. (2006) that modified Brutsaert’s clear sky long-
wave algorithm for cloudy conditions. Sky view factor and terrain or 
vegetation emission of longwave are also included in the Sicart’s model 
and can be significant in mountains (Plüss & Ohmura, 1997) and forests 
(Pomeroy et al., 2009). All snowmelt models use an albedo routine that 
can be selected from amongst seven options, including forcing with 
observed albedo. The area albedo change routine of Gray and Landine 
(1987) is often used for its consideration of the effects of initiation of 
snow-covered area depletion on areal albedo during melt of shallow 
prairie snowcovers. An alternative module of snow albedo change 
developed by Verseghy (1991) and adopted by Essery and Etchevers 
(2004) is based on the age, depth, density and temperature of the snow 
layer and is favoured for continuous and deep snowcovers. There are 
three other snow and ice albedo routine options for specialised appli-
cations, including using observed albedos as model forcing inputs. 

Available melt energy can be converted to a melt rate considering the 
latent heat of fusion and available latent heat by turbulent transfer can 
be converted to sublimation considering the latent heat of sublimation. 
CRHM has several options for melt calculations. One is the Energy 
Budget Snowmelt Model (EBSM, Gray & Landine, 1988), a daily time-
step, processes based, parametric, semi-empirical, single layer snowpack 
snowmelt model based on snowmelt physics described by Male and Gray 
(1981). This model is robust, has no parameters to set and is well suited 
for shallow, cold Canadian Prairie snowpacks or for temperate snow-
packs where internal energy changes are small. It has been customized 
to ice and firn melt by adjusting its albedo routine and assuming glacier 
ice and firn are isothermal, so all internal energy change goes to icemelt 
or firnmelt (Pradhananga & Pomeroy, 2022). The more physically 
based, two layer, energy and mass balance snowmelt model – Snobal 
(Marks et al., 1998), is used more commonly in CRHM to calculate snow 
melt processes (DeBeer & Pomeroy, 2017). It can simulate the energy 
and mass balances of deep cold and isothermal snowpacks over glacier 
and non-glacier surfaces. The turbulent heat fluxes are obtained using an 
approach adopted from Brutsaert (1982) by Marks and Dozier (1992). 
Over glaciers, the turbulent fluxes can be calculated to account for the 
katabatic wind commonly found in glacier environment following a 
parametrization developed by Oerlemans and Grisogono (2002) and 
further tested by Munro (2004). Debris-covered glaciers are prominent 
features of the world’s glacierized mountain regions, with the presence 
of supraglacial debris modifying both the glacier ablation patterns and 

Fig. 6. Major hydrological processes in forest canopies and the sub-canopy environment that are represented in CRHM modules (adapted from Pomeroy et al., 
1999, 2005). 
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its response to climatic forcing (Scherler et al., 2018). The effects of 
debris on glacier surface melt are well-understood: a thin layer of debris 
(less than several centimetres), or patchy debris, on the glacier surface 
enhances melt, while a thick layer of debris insulates the underlying ice 
and reduces melt (Nicholson & Benn, 2006; Östrem, 1959). A routine by 
Carenzo et al. (2016) has been included to calculate debris-covered 
glacier icemelt. CRHM can also calculate temperature index and radia-
tion index melt which allow it to simulate less physically based modeling 
approaches for the purposes of intra-platform comparisons or model 
falsifications (e.g., Krogh and Pomeroy 2021). 

3.5. Glacier mass balance 

CRHM simulates the mass balance of the snow/firn/ice water 
equivalents for glaciers along with the glacier surface elevation and 
glacier water and ice flow routing (Pradhananga & Pomeroy, 2022). The 
change in glacier surface elevation is calculated as a function of snow 
redistribution and accumulation, snow conversion to firn, firn conver-
sion to ice, and ablation of snow, firn and ice. Firn is snow that has 
survived at least for one summer melt season (Anderson & Benson, 
1963), and its densification and conversion to ice is calculated in three 
temporal stages adopted from semi-empirical steady-state approaches 
and deployed in an 11-layer snow-firn-ice system. Many models do not 
consider firn separately from glacier ice (e.g., Li et al., 2015; Naz et al., 
2014; Wheater et al., 2022), however firn has important properties for 
glacier energetics and hydrology. The albedo of firn is lower than that of 
snow, but it is higher than that of ice. Meltwater routing is slower in firn 
than in ice (Hannah & Gurnell, 2001). 

3.6. Evapotranspiration 

The evaporation module provides several options that allow users to 
diagnose “actual” evaporation, the water vapour physically transferred 
to the atmosphere, from soil, plants, and free water surfaces. As a 
complex physical process, diagnosing reasonable estimates of evapora-
tion requires consideration for key interactions between the balance of 
available energy, aerodynamic water vapour transfer, and the surface 
water balance. Earlier module developments included the Granger and 
Gray (1989) method, which can be applied to unsaturated agricultural 
surfaces and does not have parameters to set except surface aero-
dynamic roughness. However, for the purposes of hydrological model-
ling, previous studies (e.g., Armstrong et al., 2010; Pomeroy et al., 2014) 
needed to modify existing evaporation parameterisations for water 
limited (e.g., drought via soil moisture coupling) or energy limited 
conditions (e.g., wet conditions via introduction of the Penman- 
Monteith (P-M) method (Monteith, 1965)). Evapotranspiration can be 
modelled more realistically using the P-M approach applied under a 
range of dry to wet conditions. Parameterisation of the P-M method 
follows the algorithm described by Armstrong et al. (2008, 2010). This 
approach uses a standard aerodynamic resistance and a modified Jarvis- 
type canopy resistance formula (Verseghy et al., 1993) that applies four 
environmental stress factors describing stomatal controls under subop-
timal conditions for plant growth. For free water surfaces (e.g., wet-
lands, small lakes, and streams), a standard Priestley-Taylor formulation 
(Priestley & Taylor, 1972) can be applied to estimate actual evaporation 
assuming advection-free conditions. For large lakes, a bulk transfer 
formulation, the Meyer Formula, is available (Krogh et al., 2015). All 
evaporation methods withdraw moisture from free water surfaces first, 
then intercepted canopy water (Figure 6), then ponded surface water, 
and finally stored soil moisture restricted by water availability to 
conserve the water mass balance. 

3.7. Hillslope, soils and groundwater 

Hillslope hydrology involves surface and subsurface water redistri-
bution and interactive processes such as infiltration, evapotranspiration, 

overland, subsurface and groundwater flows, which play critical roles in 
streamflow generation (Kirkby, 1988). Hillslope hydrology derives the 
inputs from rainfall and snowmelt at the soil surface, which either 
infiltrate to recharge the upper soil layer or run off as overland flow 
(Figure 6). The infiltration process in cold regions comprise frozen and 
unfrozen soils and is influenced by soil texture, initial soil moisture 
saturation, initial surface saturation and soil temperature (Freeze & 
Cherry, 1979; Kane & Stein, 1983; Zhao & Gray, 1999). Soil moisture is 
withdrawn by evapotranspiration into the atmosphere from the rooting 
depth, which is controlled by plant types, soil texture and biophysical 
properties of vegetation (Armstrong et al., 2010). In the unsaturated 
zone, water moves vertically from the upper soil layer to the lower soil 
layer via pressure gradients and gravity, and excess water from the 
lower soil layer percolates vertically to the saturated zone, recharging 
groundwater. Lateral subsurface flow in the unsaturated zone and lateral 
groundwater flow in the saturated zone redistributes water based on 
hydraulic gradients along the hillslope. Both subsurface and ground-
water flows are important flow pathways in streamflow generation and 
are complicated by local heterogeneities in hillslopes (Graham et al., 
2010) and hydrogeological characteristics underneath the hillslope 
(Hayashi, 2020). Surface overland flow generated by infiltration-excess 
or saturation-excess mechanisms is the other flow pathway in stream-
flow generation and can be delayed by detention layers such as loose 
organic material on forest floor (Keith et al., 2010) or temporal snow 
damming (Fang et al., 2013a,b). In areas with heavy soils and intense 
agricultural activity, artificial subsurface drainage structures (i.e., tile 
drainage) also influence subsurface water redistribution processes and 
affect streamflow generation. 

CRHM calculates the overland, subsurface and groundwater flows 
and simulates the groundwater-surface water interactions using a soil 
module. The soil module was revised from an original soil moisture 
balance routine developed by Leavesley et al. (1983) and has been 
modified by recent studies to account for cold regions processes (Dornes 
et al., 2008; Fang et al., 2010, 2013; Pomeroy et al., 2016a). The soil 
module now estimates soil moisture and groundwater storage, depres-
sional storage, subsurface flow in soil layers, groundwater flow and 
surface overland flow with detention layer configuration. The flow rates 
are calculated using Darcy’s law parameterized using the pedotransfer 
relationship developed by Brooks and Corey (1964). The soil module 
interacts with evapotranspiration, infiltration and freeze–thaw algo-
rithm modules to estimate evaporation loss and infiltration and simulate 
freezing-thawing dynamics on water movement in soil layers. A detailed 
description of these modules for simulating hillslope hydrology is pro-
vided in Fang et al. (2013a,b) and Pomeroy et al. (2016a). A new tile 
drainage module has been developed to calculate the tile outflow rate 
from tile drainage networks based on soil moisture. It uses an extended 
version of Hooghoudt’s equation (Hooghoudt, 1940) that accounts for 
the effect of soil capillary fringe on drainable soil water (Skaggs, 1980). 
CRHM has some limitations in simulating groundwater-surface in-
teractions and groundwater systems. The assumption of surface tension 
in pore spaces being dominant over gravity is a limitation when simu-
lating preferential flows in subsurface and groundwater layers where 
coarse-textured and unconsolidated materials overlaying impeding 
layers or bedrock. The simple “bucket” conceptualization of the 
groundwater component is another limitation in simulating 
groundwater-fed streamflow in first-order alpine basins that are 
controlled by complex groundwater storage-discharge dynamics (Hay-
ashi, 2020). 

3.8. Frozen soils and permafrost 

The presence of frozen soils plays a key hydrological role on cold 
regions hydrology driving the energy and mass fluxes exchange between 
the ground and the atmosphere. In places with permafrost or seasonally 
frozen soils, infiltration rates depend not only on soils characteristics 
and available water but also on the degree of ground thaw and soil’s 
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water/ice content (Scherler et al., 2010). CRHM includes a set of 
physically based algorithms to represent processes related to ground 
freeze and thaw, and infiltration into frozen soils. Infiltration into frozen 
soil is characterized by two flow regimes: a transient and a quasi-steady- 
state regime (Zhao et al., 1997). The transient regime occurs immedi-
ately after water starts infiltrating where the infiltration rate and heat 
transfer decrease rapidly as the soil temperature increases through 
conduction. The quasi-steady-state is characterized by gradual changes 
in the infiltration rate with time, and soil warming is driven by latent 
heat released by the refreezing of melted water supplied from upper 
layers (Zhao et al., 1997). Realistically representing infiltration into 
frozen soils, and subsurface storage and flow is thus critical to simulate 
the hydrological regime of cold regions basins (Walvoord & Kurylyk, 
2016). Infiltration into frozen soils is represented following Gray et al. 
(2001), where infiltration is first classified as unlimited, restricted and 
limited. Infiltration under limited conditions depends on initial surface 
saturation, average soil saturation and temperature, and infiltration 
opportunity time and is calculated using a parametric representation of 
a finite element heat and mass transfer model (Zhao et al., 1997; Zhao & 
Gray, 1997; 1999) or a simpler model derived from observations in the 
Canadian Prairies fitted into a physically based framework and forced by 
the degree of soil saturation and peak snow accumulation before melt 
(Gray et al., 1986). 

CRHM has three different modules options based on XG (2013), 
Hayashi et al. (2007) and Van Wijk (1963) and more variants to 
calculate soil freezing fronts. Most algorithms that represent freezing 
and thawing fronts are based on the Stefan Equation (Juminikis, 1977) 
that includes heat exchange through conduction and water phase 
change in homogeneous soils. Modified versions of the Stefan Equation 
have been implemented to represent multilayered soils (Fox, 1992; 
Hayashi et al., 2007; Woo et al., 2004; Xie and Gough, 2013). Other 
solutions to the freezing and thawing front problem that also incorpo-
rate advected heat flux have been developed by Lunardini (1998) as 
shown by Kurylyk et al (2014). Simpler algorithms based on a temper-
ature index have also been included, such as the n-factor (Woo et al., 
2007). The most preferred options is the XG-Algorithm as it provides an 
intermediate degree of complexity, fast computation, and allows the 
calculation of freezing and thawing fronts over multilayered soils (Xie 
and Gough (2013). 

The XG module in CRHM uses a multi-layer, simplified solution of 
Stefan’s Equation (Xie and Gough, 2013) to represent frost table dy-
namics (freezing and thawing) in partially frozen soils. The XG- 
algorithm assumes a linear temperature profile in the thawed soil 
layers to represent heat transfer in multi-layered soils with heterogenous 
soil properties. XG in CRHM divides the soil into several numerical 
layers with variable depth to compute the progression of the thawing/ 
freezing front, in which each layer has its own properties (e.g., porosity 

and thermal conductivity). Ground surface temperature is used as the 
upper boundary condition, which can be estimated using the radiative- 
conductive-convection (RCC) method of Williams et al. (2015) or a 
temperature-index algorithm (Woo et al., 2007) for the snow-free 
period, and can be estimated using a conduction approach (Luce & 
Tarboton, 2010) by coupling to the energetics of the Snobal snowpack 
module for the snow-covered period. As the thawing front advances 
through the summer, subsurface water storage capacity increases pro-
portionally to the maximum subsurface capacity. 

Where there is permafrost, infiltration is restricted by the position of 
the frost table and the subsurface water storage capacity. Frost table and 
infiltration into frozen soils are tightly coupled with the snowpack, 
evapotranspiration, infiltration and soil moisture processes. For 
example, ground thaw does not start until the snowpack is completely 
depleted, evapotranspiration cannot access water below the frost table, 
and the thermal conductivity of the soil layers depend on the soil 
moisture content, which in turn depends on lateral water redistribution. 
In permafrost soils, the non-frozen soil layer between the ground surface 
and the uppermost permafrost layer defines the active layer, which 
varies spatially (e.g., north- versus south-facing slopes (Carey & Woo, 
2005)) and temporally through the season as the air temperature raises 
after the winter. Ground thaw primarily depends on the energy available 
to warm the soil and the soil’s heat conductivity capacity which, in turn, 
depends on factors such as water/ice content, porosity, and texture (Ling 
& Zhang, 2004; Zhao et al., 1997). The depth of the active layer controls 
the available soil depth capacity for water transport and storage, 
mediating runoff generation. For example, Quinton and Gray (2001) 
showed that the hydraulic conductivity of organic soils can decrease 
several orders of magnitude with depth. Krogh et al. (2017) and Krogh & 
Pomeroy (2021) describe CRHM’s representation of permafrost dy-
namics and model validation in detail. 

3.9. Depressional storage and variable contributing areas for runoff 
generation 

Much of the prairies of Western Canada and the northern United 
States lie within the “Prairie Pothole Region”, where the hydrography is 
dominated by millions of surface depressions known as potholes or 
“sloughs”. These depressions trap surface runoff, which in Canada is 
predominantly from the spring melt of the accumulated winter snow-
pack. Because much of the region is underlain by glacial till, which 
generally has very low hydraulic conductivities, the infiltration of the 
water is restricted (van der Kamp & Hayashi, 1998). When depressions 
are filled, additional runoff or direct precipitation will flow overland to 
neighbouring depressions, the phenomenon being known as “fill and 
spill” runoff (Spence & Woo, 2003). Fill and spill influenced runoff oc-
curs not only in the Prairies, but in the circumpolar boreal forest, Arctic 

Fig. 7. Conceptualisation of processes governing runoff generation in a Canadian Prairie basin, showing the effect of spill and fill in controlling runoff to streams 
(Annand, 2022). 
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tundra and other wetland and lake-dominated regions with moderate 
topography, and so is a globally important streamflow generation 
mechanism. 

The trapping and release of fill and spill runoff depends on water 
storage in the depressions (Fig. 7). Therefore, the fraction of a basin 
dominated by depressions that can contribute flow to the outlet also 
varies with surface water storage. When depressions in a basin have 
available storage capacity, they can retain surface runoff and the area 
contributing flow to these depressions does not contribute flow to the 
basin outlet. Conversely, when depressions are filled, then they cannot 
retain runoff, and their contributing area can contribute flow to the 
basin outlet. The relationship between the storages of water and the 
contributing fractions of Prairie basins is nonlinear and hysteretic, due 
to the very large numbers of state variables (water storages in the de-
pressions) and their complex interactions (Shook et al., 2013, Shook 
et al., 2021). 

Most hydrological models are unable to simulate varying contrib-
uting fractions of basins, although several hydraulic models have been 
developed to address the problem, including the Wetland DEM Ponding 
Model (Shook et al., 2013) and FLUXOS-OVERLAND (Costa et al., 2020). 
Unfortunately, these models are computationally expensive and cannot 
be easily incorporated within hydrological models. The Pothole Cascade 
Model (PCM, Shook et al., 2013) is an alternative. It is a relatively simple 
model that simulates fill and spill from depressional storage based on the 
explicit representation of flow sequences to arrangements of individual 
depressions (Fig. 8). The model has been shown to produce connected/ 
contributing fractions similar to those of the more complex models 
(Shook et al., 2013). The PCM has been incorporated in CRHM by using 
HRUs to simulate networks of connecting depressions (Fig. 8). Although 
the number of depressions in a given basin is much greater than can be 
simulated by CRHM, the model is able to compensate by simulating a 
representative fraction of the depression network with each depression 
being represented by a HRU with its own runoff contributing area. The 
outflow from the modelled fraction is then scaled to represent the entire 
basin. This approach has been applied successfully to several prairie 
basins (Pomeroy et al., 2012b, 2014). 

3.10. Nutrient dynamics 

CRHM has been extended to simulate water quality concentrations 

and fluxes of Nitrogen (N, five species) and Phosphorus (P, five species) 
based on the research of Roste (2015) and Costa et al. (2017) and based 
on the water quality process simulations developed in the HYPE model 
(Lindström et al., 2010), with similar parameterisation needs. This 
extension is motivated by the recognition that nutrient pollution and 
eutrophication of major lakes are also major environmental challenges 
in many cold regions around the world (Smith et al., 2006, 2019). 

Cold regions biogeochemistry processes have not been adequately 
represented by conventional rainfall-runoff models (Costa et al., 2020). 
N and P transport and transformation processes are challenging to 
simulate due to the effect of seasonal snow cover (Brooks et al., 1996; 
Jones, 1987; Mladenov et al., 2012), soil freezing (Brooks et al., 1996; 
Cade-Menun et al., 2013; Clark et al., 2009; Jones, 1999; Pellerin et al., 
2012; Peters & Driscoll, 1987; Sebestyen et al., 2008; Snider et al., 
2017), and lake/wetland freeze-up on soil–plant systems, soil biogeo-
chemical cycling, microbial activity, and plant uptake (Cober et al., 
2018; Costa et al., 2019; Elliott, 2013; Liu et al., 2013, 2019; White, 
1973). Soil management and agricultural practices, such as fertilizer 
use, tillage practices (Miller et al., 1994; Timmons et al., 1970; Ulén, 
1997) and wetland drainage, further hinder the application and effec-
tiveness of existing nutrient models (Baulch et al., 2019; Costa et al., 
2020; Irvine et al., 2019; Van Esbroeck et al., 2017). Models that rely 
excessively on tuned and lumped parameters are prone to fail to capture 
the nuances of these processes, making them less reliable for future 
climate projections and non-stationary scenarios. 

CRHM integrates hydro-biogeochemical drivers at agricultural field 
and sub-basin scales. For example, agricultural activities can be explic-
itly represented in the model, such as fertilizer/manure application that 
can strongly impact the amount of soil nutrients mobilized with runoff. 
Other sources such as atmospheric deposition and plant residue, as well 
as sinks like plant uptake, can also be considered. Chemical trans-
formations calculated include mineralization (for N and P), nitrification 
(N), denitrification (N), degradation (N and P), dissolution (N and P) and 
dynamic sorption–desorption equilibrium (P) with sediments. Trans-
formation rates are computed dynamically by modulating reference 
values (determined at 20 ◦C) to changes in soil temperature and mois-
ture. The ability to capture spatio-temporal hydro-biogeochemical var-
iations at high temporal resolution during snowmelt via energy-budget 
calculations (hourly and sub-hourly) makes the model exceptionally 
suited for capturing both streamflow and nutrient export during the 

Fig. 8. Schematic diagram of arrangement of dynamical wetland network developed from the Pothole Cascade Model (Shook & Pomeroy, 2011b).  
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short but critical snowmelt period (Baulch et al., 2019; Costa et al., 
2017; Kokulan et al., 2019). The modelling of nutrient transport phe-
nomena is integrated within many core modules and extends to the 
runoff and routing calculations in CRHM. 

3.11. Streamflow synthesis 

Streamflow synthesis requires simulations of hydrological processes 
and calculations of flux and state variables in the hydrology cycle to 
estimate surface runoff, subsurface flow, groundwater flow and channel 
precipitation that are the main sources of streamflow for a drainage 
basin. Predicting streamflow at the basin outlet involves the routing of 
surface runoff, subsurface flow and groundwater flow as well as channel 
routing, which considers the effects of storage and dynamics of a system 
such as land surface, depression ponds, soil layers, groundwater or 
channel on the shape and movement of various flow hydrographs. 
Routing can be classified by different criteria: (1) lumped flow or 
distributed flow routing based on spatial and temporal variations, (2) 
hydrological or hydraulic routing based on governing equations, and (3) 
river flow, reservoir, or overland flow routing based on watercourse 
type. Streamflow synthesis is one of the most important aspects in hy-
drology for flood forecasting, reservoir operation and water resource 
management, but it is highly challenging in cold regions because of the 
strong seasonal dynamics of frozen soil and snow storage. 

For HRU routing in a basin, CRHM can use Clark’s lag and route 
algorithm based on time-area unit hydrograph theory (Clark, 1945) for 
subsurface and groundwater flows, and Clark’s algorithm or Muskingum 
method based on a variable discharge-storage relationship (Chow, 
1964) for surface runoff. Routing sequence can be from one HRU to 
another HRU for Clark’s algorithm or from one HRU to multiple HRUs 
for Muskingum method, with a modified Hack’s law to estimate routing 
lengths from HRU areas (Fang et al., 2010) and to allocate amount of 
routed flow between HRUs based on their relative lengths. Manning’s 
equation is used to estimate the mean flow velocity in the channel, with 
parameters calculated from the channel condition and the gradient of 
the drainage network. For large river basins, CRHM uses “representative 
basin” (RB) groups to simulate hydrological processes for sub-basins and 
uses a Muskingum routing group to connect and route the sub-basin 
streamflow to the outlet of the river basin. Details of parameterization 
and setup for CRHM streamflow routing are provided in recent studies 
(Fang et al., 2010, 2013; Pomeroy et al., 2013, Pomeroy et al., 2014). 
Routing methods in CRHM do not incorporate ice jam and backwater 
into river flow routing and mainly estimate the natural flow without 
reservoir operations, which are some limitations of CRHM in streamflow 
simulation for large and low relief river basins in cold regions. However, 
routing on glaciers is considered in that melt from ice and firn melt is 

routed through linear reservoirs before being released to the soil routine. 

4. Research basin hydrological process diagnosis 

CRHM has a unique capability to integrate with field investigations 
in research basins to demonstrate the impacts of improved process de-
scriptions on hydrological prediction and to constrain calculations of 
hydrological processes from the results of process studies in the basin. As 
it is a modelling platform for scientists, it can be changed and developed 
sequentially to reflect hydrological discoveries and advances in research 
basins. Its emphasis on permitting model failure rather than parameter 
calibration makes the importance of advances in understanding very 
clear in model outputs. Model performance metrics against multiple 
prediction objectives ranging from snow and glaciers, to evapotranspi-
ration, soil moisture, and groundwater, to streamflow discharge and 
water chemistry are shown in the Appendix, Table 1. The following 
examples show CRHM’s application in agricultural, forest, permafrost 
and high mountain basins in cold and temperate regions to diagnose 
specific aspects of how agricultural drainage, tillage and fertilizer 
application, permafrost and glaciation impact snowpacks, soil moisture, 
groundwater, streamflow, and hydrochemistry. 

4.1. Impacts of tile drainage on agricultural runoff 

Artificial tile drainage is an essential agricultural management 
practice in many regions around the world, including in cold climates. 
However, recent studies suggest that these systems may exacerbate the 
effect of climate change in increasing nutrient export (Haghnazari et al., 
2020). Tile drainage systems drain about 14 % of farmlands in Canada 
(ICID, 2018; Kokulan et al., 2019). In southern Ontario, Canada, tile 
drainage is present in 45 % of the fields, especially in the southwestern 
part where fine-grained and clay soils pose challenges for water man-
agement (Plach et al., 2018; Van Esbroeck et al., 2016). 

Many agricultural lands in southern Ontario with tile drainage sys-
tems have shallow soil layers separated from the deeper groundwater 
system by an impermeable or semi-impermeable layer (Broughton & 
Jutras, 2013). These layers with low hydraulic conductivity prevent the 
free drainage of water from shallow to deeper soil and groundwater 
systems. Snowmelt, partially frozen soils and freeze–thaw events due to 
large temperature variations in the cold season further contribute to the 
ponding of water in surface depressions and the need for tile drainage 
(Lam et al., 2016; Macrae et al., 2007, Macrae et al., 2019). During large 
temperature oscillations, heavy rainfall and surface ponding are com-
mon, and the thick capillary fringe that develops in the fine-grained 
(clay and clay-loam) soils compromises its natural drainage capacity. 

The tile drainage module developed for CRHM enables simulation of 

Fig. 9. Comparison between observed and simulated tile flow, observed and simulated groundwater/soil water level (GWL), and observed air temperature and 
precipitation in a farm field in the Lake Erie Basin, southern Ontario, Canada (43◦ 38′ 24′′ N, 81◦ 24′ 44′′ W). 
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these cold agricultural regions and evaluation of management options 
(Kompanizare et al., 2022). Tile flow is calculated based on a modified 
version of the Hooghoudt (1940) equation that accounts for capillary 
fringe development, which causes the saturation of soil above the water 
table and reduces soil drainable water (Skaggs, 1980). Fig. 9 shows the 
results obtained for an application to a farm field in southern Ontario. 
The model was able to capture the flashy response of the tiles and their 
effect on the seasonal groundwater table. Results showed that tile flow 
was able to rapidly reduce soil moisture and lateral overland flow to 
adjacent fields. The groundwater table oscillated drastically between 
seasons, influencing the tile flow response. In the growing season, low 
precipitation and higher evapotranspiration rates often caused minimal 
tile flows. This analysis informs evaluations of tile drainage impacts on 
Lake Erie hydrology and water quality. 

4.2. Nutrient export from agricultural basins 

The CRHM water quality modules derived from HYPE have been 
used to investigate the dynamics of nitrogen (N) and phosphorus (P) in a 
small basin that contributes to the flow of the Red River into Lake 
Winnipeg, Manitoba, Canada. Lake Winnipeg is the 10th largest in the 
world and, similarly to other lakes in North America such as Lake Erie, 
has been increasingly threatened by enhanced aquatic productivity and 
the occurrence of algal (Schindler et al., 2012) due to excessive nutrient 
load. The small basin examined in this study is the Steppler Basin (SB), 
which is located in the headwaters of the South Tobacco Creek Basin 
(STCB). SB is a 205-ha agricultural basin comprising 42 farm fields that 
are used to grow cereal grains and oilseeds on a rotating basis, as well as 
a beef cattle herd. Beneficial Management Practices (BMPs) were initi-
ated in 2005 and include a holding pond, riparian zone, grassed 
waterway, grazing restrictions, forage conversion, and nutrient 
management. 

The model was set up to explicitly simulate the 42 individual farm 

fields in SB. Meteorological observations were used to force the model 
hydrology, whilst fertilizer, manure and plant residue loading infor-
mation, as well as tillage practices, were used to force and parameterise 
the HYPE water quality modules in CRHM. Model predictions were 
evaluated against observations at 5 locations in the basin between 2005 
and 2011. This included (1) snow water equivalent (SWE) and (2) 
streamflow for hydrological model validation and (3) two nitrogen 
species (nitrate, NO3; and ammonium, NH4) and (4) two phosphorus 
species (soluble reactive phosphorus, SRP; and particulate phosphorous, 
PP) for biogeochemical model validation. Costa et al. (2017), Liu et al. 
(2014) and Mahmood et al. (2017) provide details on model setup in this 
basin. 

Fig. 10 compares observations and simulations for both hydrological 
and water quality variables. The flashy spring freshet accounted for 21 
% of the annual streamflow and 30 %, 31 %, 20 % and 16 % of the 
annual NO3, NH4, SRP and PP export load on average. The results 
highlighted the importance of parameterising a water quality model 
with the amount, type, placement and timing of fertilizer and manure 
application, as these have strong controls on nutrient export (e.g., 
Duncan et al., 2017; Grant et al., 2019; Plach et al., 2018). Tillage 
practices (i.e., broadcast, incorporated, with seeding) affect the depth at 
which nutrient inputs were placed in the soil and also influence nutrient 
availability to runoff transport. The model, parameterised with these 
practices, simulated the extremely flashy and episodic discharges of 
these nutrients during snowmelt freshet. This shows the importance of 
snow and frozen ground hydrological processes along with nutrient 
dynamics and land use practices in simulating water quality dynamics in 
cold climate agricultural basins. By demonstrating that the CRHM with 
suitable water quality process simulations, can predict chemical trans-
port that results from agricultural land management, a concrete, trans-
formative direction for innovation in basin nutrient modelling in Canada 
and other cold regions is outlined. Appropriate cold regions hydrological 
models are needed to provide advanced background hydrology to 

Fig. 10. Comparison between observed (red dots) and simulated discharge (black lines) of water (Flow), NO3, NH4-N, SRP and PP at South Tobacco Creek, Manitoba, 
Canada. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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support comprehensive water quality dynamics simulations. 

4.3. Diagnosing glacier contributions to mountain streamflow 

The Bow River at Banff basin (BRB, 2192 km2) originates in the 
eastern slopes of the Canadian Rockies and forms a principal headwater 
of the South Saskatchewan River in Alberta, Canada. The basin has 
experienced glacier retreat since the early 20th Century and glaciers 
covered approximately 1.7 % of the BRB in 2005 (Bolch et al., 2010). 
Glacier coverage is projected to be minimal by the end of the 21st 
Century (Clarke et al., 2015). To investigate recent glacier contributions 
to streamflow in the BRB in order to determine what the losses of 
streamflow might be in a deglaciated future, a CRHM model was con-
structed to simulate relevant snow, ice and rainfall runoff streamflow 
generation processes for high mountains, such as blowing snow, 
avalanching snow, snow interception and sublimation, energy budget 
snow and glacier melt, infiltration to frozen and unfrozen soils, hillslope 
water redistribution, lake water storage and evaporation, evapotrans-
piration, groundwater flow, surface and sub-surface runoff and open 
channel flow. The hydrological model was entirely parameterised from 
local research results and observable quantities, instead of relying on 
calibration. A high-resolution weather model, a regional run at 4-km 
resolution of the Weather Research and Forecasting (WRF) model (Li 
et al., 2019) bounded by ERA-Interim outputs, provided forcing near- 
surface meteorological variables during 2000–2015. A detailed 
description of the hydrological model setup is provided in Fang and 
Pomeroy, n.d. . Two model simulations were conducted for the BRB, 
“with glacier” (2005 coverage, Bolch et al., 2010) and “without glacier” 
(minimal coverage expected for the end of the 21st C, Clarke et al., 
2015). The model simulation with glacier was evaluated against 
observed streamflow (Water Survey of Canada gauge 05BB001), and the 
proportional change in the streamflow as result of glacier melt (sum of 
firn and ice melt) between the two simulations was used to estimate the 
glacier contribution to streamflow for the 15-year mean (2000–2015), 

cold (2002) and warm (2006) years. 
The uncalibrated model provided good predictions of daily stream-

flow for the BRB (Fig. 11), with Nash–Sutcliffe efficiency (NSE) (Nash & 
Sutcliffe, 1970) values of 0.75, 0.84 and 0.77 and model bias (MB) (Fang 
et al., 2013a,b) values of − 0.13, − 0.19 and − 0.11 for the 15-year, 2002 
and 2006, respectively. The 15-year mean annual glacier contribution to 
streamflow in the BRB was 3.7 % (Fig. 11a), while glacier melt 
accounted for 1.7 % and 5.8 % of annual streamflow in the cold (2002, 
Fig. 11b) and warm (2006, Fig. 11c) years, respectively. The mean 
annual glacier contribution to streamflow for Bow River at Banff during 
2000–2015 was lower than the 4.9 % mean annual glacier contribution 
during 2000–2009 estimated by Bash and Marshall (2014) but higher 
than the mean annual contribution values of 1.98 % estimated for 
1952–1993 by Hopkinson and Young (1998), the 2.2 % for 1975–1998 
estimated by Comeau et al. (2009) or the 2.8 % for 1976–1998 estimated 
by Demuth et al. (2008). These differences likely result from interannual 
variabilities of streamflow and glacier wastage during these different 
periods as well as differing estimation methodologies and available 
forcing data. 

4.4. Arctic droughts and floods 

Arctic hydrology has many challenges for hydrological diagnosis and 
prediction. This remote region is sparsely gauged with few long-term 
research basin (Laudon et al., 2017) which restricts the opportunity to 
use observations to diagnose hydrological change and to inform the 
development of hydrological models. The Arctic supports a wide range 
of complex biophysical processes (Bring et al., 2016), including the 
presence of permafrost and/or seasonally frozen ground, controlling 
subsurface and surface mass and energy fluxes through thermody-
namics. These characteristics make northern regions a particularly 
challenging environment for hydrological models; yet hydrological and 
permafrost thaw predictions are needed to design infrastructure, to 
manage water and to evaluate ecosystem services (Bring et al., 2016; 

Fig. 11. Comparison of the simulated mean annual daily discharge with and without glacier for the Bow River at Banff for (a) 2000–2015, (b) cold year (2002) and 
(c) warm year (2006). The observation is the daily streamflow observed at Water Survey of Canada gauge 05BB001 (Banff, Alberta, Canada). 
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Hjort et al., 2018; Lique et al., 2016; Schuur et al., 2015). 
A small permafrost-underlain, Arctic basin near Inuvik, Northwest 

Territories, Canada (16.4 km2, Havikpak Creek) was simulated using 
CRHM (Krogh et al., 2017) to evaluate the contribution of differing 
hydrological processes to the water balance and streamflow generation 
using the CRHM platform. This model configuration incorporates key 
Arctic hydrological processes including snowpack energy balance, 
blowing snow redistribution and sublimation, canopy interception, 
ground freeze and thaw, infiltration into frozen and unfrozen soils, 
evapotranspiration, surface and subsurface flow and storage, and 
streamflow routing. The permafrost representation, see Frozen Soils and 
Permafrost section, is a novel treatment of the ground freeze and thaw 
algorithm and its interaction with other physical processes. 

Three water years (dry, normal and wet) were selected to highlight 
the interactions between key physical processes at the basin scale 
(Fig. 12). The example shows the impact of a deeper, longer-lasting 
snowpack on the development of the permafrost active layer thickness 
(ALT). In a dry year, with a relatively low 8 cm peak SWE, the snowpack 
fully ablated by the end of May allowing an earlier initiation of ground 
thaw (red area, Fig. 12) that resulted in an 80 cm deep ALT by the end of 
the summer. In contrast, in a wetter year with a much deeper snowpack 
(180 mm peak SWE) that fully ablated by June 23 (about three weeks 
later), ground thaw initiation was substantially delayed, resulting in a 
shallower end-of-the-summer ALT at 64 cm. The latter was also influ-
enced by an earlier accumulation of next-season snow due to the colder 
and wetter conditions. It is important that such hydrological interactions 
are properly captured by hydrological models applied to permafrost 
regions as they impact runoff generation processes, and CRHM has been 
shown to adequately represent, with little to no calibration, most Arctic 
hydrological processes (Krogh et al., 2017; Krogh & Pomeroy, 2021). 

5. Diagnosis of land use and climate changes 

CRHM has easy to manipulate parameters that describe land use 
boundary conditions and also allow systematic changes to forcing 
meteorology to examine hydrological sensitivity to climate change. This 
provides a useful capability to assess the sensitivity of hydrological 
processes and basin hydrology to change. A few examples of this capa-
bility are provided here in diagnoses of the impacts of wetland drainage, 
forest disturbance and climate change on hydrological processes and 
streamflow generation from local to global scales. 

5.1. Prairie wetland drainage impact on streamflow volume 

Canadian Prairie wetlands exist in surface depressions that receive 
blowing snow transport in the winter causing deep snow accumulations 
that melt and fill the depressions in spring. The impact of depressional 
storage change on the hydrology of small Canadian Prairie basins has 
been unclear because of conflicting conclusions on the degree of impact 
between studies of runoff in very small-scale drainage systems and those 
of multi-year streamflow characteristics of larger basins and because of 
the compounding effects of climate change (Dumanski et al., 2015). To 
better understand and predict the impact of wetland drainage on prairie 
streams due to breaching of depressions (resulting in lower elevation 
outlets), CRHM was used to create a model that simulates blowing snow 
redistribution, snowmelt, infiltration to frozen soils, and the fill and spill 
of networks of depressions at multiple scales (Pomeroy et al., 2014). This 
CRHM model was used to simulate the hydrology of Smith Creek 
Research Basin, Saskatchewan (~400 km2) with various drainage sce-
narios. Smith Creek Research Basin has undergone substantial wetland 
drainage from 1958 when it contained 96 km2 of depressions (24 % of 

Fig. 12. Snow, evapotranspiration, precipitation, streamflow and active layer thickness over permafrost in Havikpak Creek Basin, Northwest Territories, Canada. 
Panels show a selection of three water years (October-September) under dry, normal and wet conditions. Note the different units used for outputs (streamflow and 
evapotranspiration (ET) in mm/day) and state variables (snow water equivalent (SWE; cm) and active layer thickness (ALT, dm)) for better comparison. Data from 
simulations by Krogh et al. (2017). 

Fig. 13. Fractional change in cumulative annual flow volume over six years with wetland area for Smith Creek Research Basin, Saskatchewan, Canada (Pomeroy 
et al., 2014). 
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the basin area) to 43 km2 (11 % of the basin) in 2008 (Dumanski et al., 
2015). CRHM simulations showed that wetland drainage can increase 
annual and peak daily flows substantially, and that notable increases to 
estimates of the annual volume and peak daily flow of the flood of record 
(2011) have derived from drainage to date and will proceed with further 
wetland drainage. Restoration of depressional storage from the current 
extent back to that of 1958 decreased the simulated 2011 flood peak by 
32 % and the 2011 yearly volume of streamflow by 29 %. Whilst the 
greatest proportional impacts on the peak daily flows are for dry years, 
substantial impacts on the peak daily discharge of record (2011) from 
drainage (+78 %) or restoration (–32 %) are notable and important in 
Smith Creek and downstream. 

The relative response of total basin flow volume over six hydrolog-
ical years of simulation (2007–2013) shows a non-linear flow response 
to wetland area change in Fig. 13. This is a useful metric when assessing 
the effects of wetland change in Smith Creek on water supply for large 
lakes downstream in Manitoba that have experienced repeated flooding. 
Drainage-induced decreases in wetland area by 43 km2 increased the 
annual flow volume by 55 %, whilst restoration-induced increases in 
wetland area by 53 km2 decreased the annual flow volume by 26 %. 
Smith Creek is already heavily drained, but its flow volumes can still be 
strongly impacted by further drainage. 

5.2. Mountain forest cover change impact on streamflow 

The impacts of forest disturbances on streamflow entering Calgary, 
Alberta, Canada were investigated using a CRHM model of the montane, 
forested Elbow River Basin (1192 km2) above Calgary. The model was 
parameterized from local research results and represent the relevant 
streamflow generation processes: wind redistribution of snow, gravita-
tional snow transport on steep mountain slopes, glacier accumulation 
and melt, intercepted snow from forest canopies, infiltration to frozen 
and unfrozen soils, hillslope sub-surface water redistribution, and 
evapotranspiration from forests, grassland, clearings and alpine tundra. 
Bias-corrected near-surface outputs from the Weather Research and 

Forecasting (WRF) model, bounded by ERA-Interim reanalysis, during 
October 2000-September 2015 forced the model. Air temperature, 
vapour pressure, wind speed, incoming shortwave radiation, and pre-
cipitation outputs from the 4-km WRF (Li et al., 2019) were bias- 
corrected using the same outputs from 10-km Global Environmental 
Multiscale and Canadian Precipitation Analysis (GEM-CaPA) produced 
by Environment and Climate Change Canada, generating an initial 10- 
km bias-corrected forcing field. Additional precipitation bias correc-
tion was performed by a double-mass curve analysis of streamflow from 
the model runs using the initial 10-km bias corrected WRF and Water 
Survey of Canada (WSC) streamflow observations from the Elbow River 
above Calgary. 

The hypotheses to be tested were that disturbance of montane forests 
by wildfire, pine beetle kill and harvesting will increase streamflow 
volumes and peak flows by reducing evapotranspiration and sublima-
tion from the forest canopy and reducing infiltration to soils through 
compaction (harvesting), hydrophobicity (wildfire) or increased satu-
ration from reduced root withdrawals for evapotranspiration (all). 
Simulations of forest disturbances were conducted to examine the hy-
drological sensitivity to disturbance for three types of scenarios: wildfire 
affecting all forests, mountain pine beetle (Dendroctonus ponderosae 
Hopkins) infestation of lodgepole pine (Pinus contorta var. latifolia) for-
ests, salvage harvesting of beetle-killed lodgepole pine forests and har-
vesting of all pine forests. Forest canopy parameters and soil parameters 
for infiltration were adjusted for three wildfire severity scenarios, 
ranging from a 20 % reduction in forest canopy leaf area for low wildfire 
severity to an 80 % reduction in forest canopy leaf area with develop-
ment of hydrophobic soils of lower infiltration capacity for the high 
wildfire severity scenario. Two lodgepole pine forest harvesting sce-
narios were created: half of the maximum harvest area (25 % pine area) 
and the maximum harvest area (50 % pine area), by adjusting the 
lodgepole pine forest area, forest canopy leaf area and soil storage ca-
pacity parameters to reflect the impacts of tree removal and soil 
compaction from harvesting activities. Two scenarios for the final stage 
of mountain pine beetle infestation were set up, for both scenarios the 

Fig. 14. The simulated annual total discharge for the Elbow River at Calgary, Alberta, Canada for 15 water years. Horizontal line within the box = median value, 
box = interquartile range (IQR = Q1: 25 % to Q3: 75 %), whiskers = Q1 – 1.5 times the IQR and Q3 + 1.5 times the IQR, diamonds = outliers beyond 1.5 times the 
IQR, circle = mean value of the 15-water year data. 
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entire lodgepole pine forest was impacted by beetle-kill, with one 
allowing salvage-logging and harvesting-related impacts on soils as well 
as canopy, and the other retaining the standing, dead lodgepole pine 
trees and leaving soil storage parameters undisturbed. The hydrological 
impacts of forest disturbance focussed on three main changes to hy-
drological processes in CRHM that set up conditions in which to test the 
three hypotheses. These process changes resulted from model parame-
ters changed to reflect the different forest disturbance scenarios: i) 
reduced interception losses of rainfall and snowfall, ii) faster snowmelt 
and lower evapotranspiration, iii) reduced soil moisture storage capac-
ity due to reduced infiltration, wetter soils and/or soil compaction. 

The results (Fig. 14) show strong streamflow sensitivity to extreme 
wildfire and modest sensitivity to the impacts of mountain pine beetle 
followed by salvage logging and a weak sensitivity to forest harvesting. 
The mean annual flow volume over 15-water years for the high wildfire 
severity scenario increased from 324 mm to 513 mm – a 59 % increase, 
for the lodgepole pine mountain beetle infestation with salvage logging 
scenario it increased to 362 mm – an 11 % increase and for the maximum 
forest harvest scenario it increased to 340 mm, a 5 % increase. Impacts 
of other forest disturbance scenarios were minor and within 1.5 %. 

The simulations were also instructive in examining sensitivity to the 
recent flood of record – the June 2013 flood (Pomeroy et al., 2016b) 
where the reference simulation estimated an event flow volume of 
70,140 dam3. High wildfire severity produced the greatest increase in 
total flow volume to 109,123 dam3, a 56 % increase. The total flow 
volume increased to 85,152 dam3 (21 % increase), 90,763 dam3 (29 % 
increase) for harvest at half maximum and harvest maximum scenarios, 
respectively. For mountain pine beetle scenarios, the increase in the 
total flow volume during flood was higher with salvage (101,736 dam3 

or 45 % increase) compared to without salvage logging (80,012 dam3 or 
14 % increase). These results show a strong sensitivity of flood peak 

volumes to land use in this basin – something of concern for the 
downstream communities. 

5.3. Climate change impacts on mountain snowpacks 

Climate change is expected to alter Canadian Rockies hydrology 
substantially because of the importance of snowmelt to streamflow 
generation (Pomeroy et al., 2012; Fang et al., 2013a,b) and the impact of 
warming on temperature-sensitive snow processes (Woo & Pomeroy, 
2012; Zhang et al., 2000). The Canadian Rockies region has experienced 
substantial climate warming and low elevation snowpack decline and is 
anticipated to undergo further warming due to anthropogenic climate 
change (Clarke et al., 2015; Harder et al., 2015; Pradhananga & Pom-
eroy, 2022). To better understand the sensitivity of snow processes to 
warming, Pomeroy et al. (2015) built a spatially detailed physically 
based snow hydrology model for Marmot Creek Research Basin (MCRB), 
Alberta, Canada (Fig. 1) using the CRHM platform and used the model to 
assess the snow hydrology of a high elevation alpine tundra environ-
ment (2325 m.a.s.l.) and two medium elevation environments (1845 m 
a.s.l.), one densely forested (spruce, fir) and the other a small forest 
clearing (~100 m diameter). Processes modelled included calculation of 
precipitation phase, snow redistribution by wind, snow interception and 
canopy unloading, sublimation from blowing, intercepted and surface 
snow, and energy budget snowmelt. The model was forced with current 
meteorology from station observations, high quality hourly measure-
ments over nine years (2005–2014), and then with perturbed climates 
with increased temperature, holding relative humidity constant 
(allowing vapour pressure to increase) based on the delta method. 

Increasing temperatures increased the rainfall fraction of precipita-
tion which reduced snow water equivalent (SWE), but also limited 
blowing snow erodibility. Warming also enhanced unloading of snow 

Fig. 15. Snow redistribution and sublimation fluxes at MCRB with warming. Blowing snow transport and sublimation in the alpine are shown as negative and 
positive respectively when a mass loss to snowpack. Intercepted snow sublimation in the forest is shown as positive when a mass loss from the snowpack. (Pomeroy 
et al., 2015). 

Table 1 
Change in snowfall, peak SWE, blowing snow transport, intercepted snow sublimation, melt rate and snow free date per degree of warming for alpine, forest and 
clearing environments in MCRB compared to the current climate. Rates shown are averaged over 5 ◦C of warming.   

Snowfall 
mm/oC 

Peak SWE 
mm/ oC 

Blowing Snow Transport 
mm/ oC 

Blowing Snow Sublimation 
mm/ oC 

Intercepted Snow Sublimation 
mm/ oC 

Melt Rate 
mm/  

(oC day) 

Snow Free Date 
day/ oC 

Alpine − 8.3 − 11 − 9.4 − 7.0 n/a  − 10.8  − 6.4 
Forest − 11 − 18.6 n/a n/a − 14.3  − 18.7  − 7.4 
Clearing − 10.9 − 17.3 n/a n/a n/a  − 17.6  − 5.5  
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from conifers which reduced sublimation losses and so increased peak 
SWE. Increasing temperatures accelerated the initiation of snow abla-
tion by increasing incoming longwave, turbulent and advected heat 
fluxes, and reducing albedo, but advanced ablation into periods of lower 
insolation that sustained slower snowmelt. Whilst snowfall in the alpine 
was proportionately reduced more than the lower elevation sites, peak 
SWE was most reduced in the forest and then the clearing. Blowing snow 
ablation processes (transport and sublimation) common in the alpine 
were reduced more than intercepted snow ablation (sublimation) pro-
cesses found in the forest (Fig. 15). As shown in Table 1, melt rate re-
ductions with warming were greatest under forest canopies followed by 
clearings, with much smaller reductions found for the high elevation 
alpine environment. This is likely due to the advance of mid-summer 
melting from June and July closer to the solstice period of peak inso-
lation, rather than further away as occurred at the lower elevation sites 
where snow melts in April and May. The advance of the snow-free date 
was longest in the forest, followed by the alpine and then the clearing 
environments. Impacts did not proceed linearly with rising tempera-
tures; 2 ◦C of warming led to a shift from snowfall to rainfall dominance, 
a substantial decline in snowpacks and shortening of snow seasons at all 
elevations. However, 5 ◦C of warming led to ephemeral low elevation 
forest snowpacks and an order of magnitude reduction in high elevations 
snowpacks, with snow-free dates advancing by from four to six weeks. 

5.4. Global assessment of alpine climate change impacts on snow 
hydrology 

The high versatility of CRHM for application under contrasting cli-
matic and environmental conditions enables assessment of how snow 
and hydrological regimes will respond and interact under climate 

warming (López-Moreno et al., 2020). Thus, an idealized virtual alpine 
basin was synthesized in CRHM and simulated for 44 mountainous areas 
around the world, using available long-term bias-corrected global 
gridded climatic datasets (Weedon et al., 2014). The results showed that 
snowpacks worldwide will be reduced by climate warming, and a 
generalized decoupling of mountain river hydrology from snowpack 
regimes is foreseen in many alpine areas. However, the study also 
revealed much complexity behind this generalization because snow and 
hydrological regimes under the different climatic conditions will 
respond with differing sensitivity to the same levels of warming 
(Fig. 16). The variability of the sensitivity of rainfall ratio and peak snow 
water equivalent (SWE) to warming were closely related to the joint 
effect of air temperature and humidity. However, the sensitivity of 
snowcover duration to warming was more difficult to characterise 
because of the more complex processes affecting the response of snow 
accumulation, redistribution and melt to changing temperatures (e.g., 
radiative fluxes, wind redistribution and sublimation). The sensitivity of 
snowmelt rate and peak SWE to warming were closely related; but melt 
rate sensitivity was substantially lower, decreasing mostly between 5 % 
and 10 % per ◦C, than peak SWE sensitivity, which decreased mostly 
between 10 % and 30 % per ◦C. This is because of the proximity of the 
melt period to the summer solstice; warming only slows melt rates when 
it shifts the melt period into a lower insolation period, and this is not the 
case for some high alpine snow which after solstice and when shifted can 
melt closer to solstice. In a further study, López-Moreno et al. (2021) 
used the same modelling approach to conclude that 75 % of the same 
alpine basins will undergo a decrease in the frequency of rain-on-snow 
(ROS) events; here the differing sensitivities were mostly explained by 
the current dominant phase of precipitation, the duration of snow cover 
and the average temperature. However, peak streamflows due to ROS 

Fig. 16. Sensitivity (decrease in % change per ◦C of warming) of mean annual peak snow water equivalent (A) and the annual snowmelt rate (B) (López-Moreno 
et al., 2020). 
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Table A1 
Evaluation of CRHM model predictions of evapotranspiration, soil moisture, groundwater level, snow water equivalent, snow depth, snow covered area, snowcover 
duration, glacier mass balance, streamflow, water chemistry, and pond water level from publications using model runs and observations in Canada, China, Spain, Chile 
and Germany. Evaluation metrics include Nash–Sutcliffe efficiency (NSE), logarithmic NSE (logNSE), model bias (MB), root mean square difference (RMSD) or root 
mean square error (RMSE), normalised RMSD (NRMSD) or normalised RMSE (NRMSE), mean bias error (MBE), mean absolute error (MAE), Pearson product-moment 
correlation coefficient (r), coefficient of determination (r2), Kling-Gupta efficiency (KGE), relative bias (Rbias), and Wang-Bovik Index (WBI).  

Authors Evaluation Variable Evaluation Metrics 

NSE logNSE MB RMSD/ 
RMSE 

NRMSD/ 
NRMSE 

MBE MAE r r2 KGE Rbias WBI  

15-min 
evapotranspiration 
flux (mm 15 min− 1)    

0.014 
to 
0.019     

0.61 
to 
0.78     

Daily 
evapotranspiration 
flux (mm day− 1)    

0.54 to 
0.91     

0.22 
to 
0.66    

Armstrong et al. 
(2008) 

Seasonal evaporation 
(mm)    

2.31 to 
5.07     

0.9 to 
0.98    

Armstrong et al. 
(2010) 

Seasonal 
evapotranspiration 
(mm)   

− 0.17 to 
0.07          

Aygün et al. 
(2020) 

SWE (mm) 0.57  − 0.1 28    0.84     
Streamflow (m3 s− 1) 0.51  0.024  0.7      0.71   

Cordeiro et al. 
(2017) 

Streamflow (m3 s− 1) 0.76  − 0.31 to 
0.5 

0.51 to 
2.31 

0.89 to 
1.34        

Costa et al. 
(2017) 

SWE (mm)   − 0.09 to 
1.04          

Streamflow (mm)   − 0.28 to 
0.45          

NO3 concentrations 
(mg l− 1) 

− 7.03 to 
0.97            

Costa et al. 
(2020) 

Streamflow (m3 s− 1) − 10.4 to 
0.73  

− 0.76 to 
1.73 

0.03 to 
0.25         

Costa et al. 
(2021) 

Peak SWE (mm) 0.63 to 
0.77  

− 0.03 3.55 to 
4.93         

Streamflow (l s− 1) − 0.51 to 
0.99  

− 0.62 to 
1.19 

0.01 to 
4.52         

NO3 concentrations 
(mg l− 1) 

− 2.42 to 
0.16  

− 0.25 to 
10.7 

0.65 to 
2.89         

NH4 concentrations 
(mg l− 1) 

− 5.76 to 
0.42  

− 0.38 to 
0.08 

0.76 to 
2.02         

SRP concentrations 
(mg l− 1) 

− 35.45 
to 0.94  

− 0.4 to 
0.57 

0.09 to 
1.51         

partP concentrations 
(mg l− 1) 

− 0.23 to 
0.43  

0.16 to 
25.91 

0.16 to 
2.78         

DeBeer and 
Pomeroy 
(2017) 

Snow covered area 
(fraction) 

0.9 to 
0.94   

0.09 to 
0.12         

Streamflow (m3 s− 1) 0.46 to 
0.58  

− 0.1 to 
− 0.25 

0.03 to 
0.04         

Fang and 
Pomeroy 
(2007) 

SWE (mm) 0.6 to 
0.75  

0.09 to 
0.18          

Streamflow (m3 s− 1) 0.9  0.18          
Fang and 

Pomeroy 
(2008) 

SWE (mm)   − 0.28 to 
0.18          

Streamflow (m3 s− 1)   − 0.17 to 
0.19          

Fang and 
Pomeroy 
(2009) 

SWE (mm) 0.22 to 
0.89  

− 0.37 to 
0.23 

2.06 to 
30.61         

Fang et al. 
(2010) 

SWE (mm)    1.7 to 
25.2         

Volumetric soil moisture (ratio)   0.009 
to 
0.011         

Streamflow (m3 s− 1)   − 0.32 to 
− 0.56 

0.12 to 
0.33         

Fang et al. 
(2013a,b) 

SWE (mm)   − 0.11 to 
0.36 

19.4 to 
274.9 

0.31 to 
0.67        

Volumetric soil moisture (ratio)  0.07 to 
0.34 

0.025 
to 
0.055 

0.17 to 
0.39        

Groundwater level (m)        0.15 
to 
0.17     

Streamflow (m3 s− 1) 0.2 to 
0.58  

− 0.29 to 
0.01 

0.036 
to 
0.147 

0.6 to 
0.76        

(continued on next page) 
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Table A1 (continued ) 

Authors Evaluation Variable Evaluation Metrics 

NSE logNSE MB RMSD/ 
RMSE 

NRMSD/ 
NRMSE 

MBE MAE r r2 KGE Rbias WBI 

Fang and 
Pomeroy 
(2016) 

Streamflow (m3 s− 1) 0.71  − 0.03 0.133 0.52        

He et al. (2021) SWE (mm)   0.15 to 
0.1  

0.43 to 
0.48        

Evapotranspiration 
(mm)   

0.03 to 
0.11  

0.61 to 
0.74        

Volumetric soil moisture (ratio)  − 0.13 to 
0.12  

0.25 to 
0.3        

Streamflow (m3 s− 1) 0.6 to 
0.63 

0.74 to 
0.8 

− 0.12 to 
0.04          

Krogh et al. 
(2015) 

Streamflow (m3 s− 1) 0.24 to 
0.74  

− 0.3 to 
1 

60 to 
101         

Krogh et al. 
(2017) 

Streamflow (m3 s− 1) 0.41  0.068 to 
0.091          

Soil active layer 
thickness (cm)   

0.12    7.5      

López-Moreno 
et al. (2013) 

Snow depth (cm)    36  − 3.1       
Snowpack duration 
(day)    

15.1  7.8       

López-Moreno 
et al. (2014) 

Snow depth (cm)      − 0.39 to 
0.14 

0.21 to 
0.41      

Snowpack duration 
(day)      

− 12.6 to 
12.5 

11.4 to 
16.8      

MacDonald 
et al. (2009) 

SWE (mm) 0.04 to 
0.98  

− 0.05 to 
0.12 

0.5 to 
6.2         

MacDonald 
et al. (2010) 

SWE (mm) 0.87 to 
0.97  

− 0.01 to 
0.13 

5.1 to 
13.2         

Mahmood et al. 
(2017) 

Snow depth (cm)    7.2 to 
10.01 

0.42      − 5% 
to 
− 7%  

Streamflow (mm 
day− 1) 

− 0.1 to 
0.48   

0.74 to 
1.44       

− 2% 
to 33 
%  

Pomeroy et al. 
(2012a) 

SWE (mm)     0.02 to 
0.17        

Streamflow (m3 s− 1) 0.15            
Pomeroy et al. 

(2013) 
Streamflow (m3 s− 1) 0.41 to 

0.87  
− 0.185 
to 0.097          

Pomeroy et al. 
(2014) 

SWE (mm)    8.1 to 
49         

Streamflow (m3 s− 1)   − 0.68 to 
0.19 

1.13 to 
5.96         

Pomeroy et al. 
(2016) 

SWE (mm)   0.17 93 0.43        
Streamflow (m3 s− 1) 0.54  − 0.11 0.036 0.57        

Pradhananga 
and Pomeroy 
(2022) 

Albedo (fraction)    0.117 
to 0.17  

− 0.047 
to 0.063      

0.85 
to 
0.91 

Streamflow (m3 s− 1) 0.56 to 
0.77   

1.09 to 
1.87  

− 0.42 to 
0.28      

0.73 
to 
0.89 

Glacier mass balance 
(m) 

0.424 to 
0.998   

0.27 to 
0.8  

− 0.69 to 
0.26      

0.91 
to 1 

Rasouli et al. 
(2014) 

SWE (mm)    29 to 35   23 to 
28      

Streamflow (m3 s− 1) 0.15 to 
0.49   

0.72 to 
0.88   

0.44 to 
0.49      

Rasouli et al. 
(2015) 

SWE (mm)    50 0.046  26      

Rasouli et al. 
(2019) 

SWE (mm) 0.18 to 
0.93   

19 to 
131   

14 to 
97 

0.73 
to 
0.98   

− 47 % 
to 5 %  

Streamflow (m3 s− 1) 0.4 to 
0.71   

0.008 
to 0.75   

0.003 
to 0.37 

0.7 to 
0.87   

− 14 % 
to 28 
%  

Sanmiguel- 
Vallelado 
et al. (2022) 

SWE (mm) 0.85 to 
0.96  

− 0.01 to 
0.07 

46 to 51         

Peak SWE (mm) 0.8 to 
0.94  

− 0.07 to 
− 0.06 

76 to 80         

Snowpack duration 
(day) 

0.67 to 
0.9  

− 0.05 to 
0.05 

13 to 20         

Stone et al. 
(2019) 

Snow depth (cm) 0.77 to 
0.8  

− 0.318 
to 0.203 

10.1 to 
11.7 

0.452 to 
0.479 

− 7.6 to 
3.9      

(continued on next page) 
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are projected to be more intense as a consequence of higher energy in-
puts, and more common isothermal snowpack energy state. This type of 
virtual basin analysis proved to be a good complement to studies per-
formed in mountain research basins with in-situ measured meteoro-
logical forcing, as the virtual basin approach facilitated isolating the 
effects of differing climatic conditions on the response of snow and 
hydrology to climate warming. 

6. Conclusions 

The Cold Regions Hydrological Modelling platform (CRHM) was 
devised as a tool to better understand the significance of process hy-
drology investigations in research basins for generation of snowpacks, 
glaciers, soil moisture, evapotranspiration, wetlands and streamflow, 
and has also shown capabilities to assess the impacts of climate and land 
use change on hydrology. The CRHM platform allows for multiple rep-
resentations of forcing data interpolation and extrapolation, hydrolog-
ical model spatial and physical process structure and parameter values 
with reproducible workflows for each unique model creation. It is well 
suited for model falsification, algorithm benchmarking, model mimicry 
and intercomparison, and has been deployed for basin hydrology diag-
nosis, prediction, land use change analysis, water quality, climate 
impact analysis and flood forecasting. The development of additional 
hydrological processes in CRHM has been through the incorporation and 
inclusion of process modules developed by scientists after intensive 
study of cold regions and other hydrological processes in research ba-
sins. CRHM’s capabilities permit the development of hydrological in-
sights through model diagnosis of the role of hydrological processes in 
controlling snowpack, glacier, soil moisture, evapotranspiration, soil 
thaw, groundwater, runoff, water quality and streamflow regimes. Ex-
amples presented here demonstrate how the regional hydrological 
diagnosis approaches can be applied for hydrological science in-
vestigations and to compare environments over global extents to di-
agnose cryospheric and hydrological dynamics and their response to 
disturbance such as climate change and land cover change. Modelling 
experiments in CRHM to examine hydrological processes, model struc-
ture and parameterisation have helped to better understand why 
temperate zone hydrological models have often failed to represent cold 
regions basin hydrology adequately and the importance of snow, glacier 
and frozen ground processes for representation of the hydrology of cold 
regions and seasons. The model has recently been re-engineered to 
permit platform independence and accelerated calculation, and will 
soon have the ability to use model agnostic automated basin delineation 
and parameter identification and further development of capabilities for 

northern peatland evaporation, beaver pond water storage, sediment 
erosion and dissolved organic carbon export, infiltration to frozen soils 
on slopes and rock glacier hydrology. It is hoped that CRHM’s story can 
inspire developments in other hydrological modelling programmes to 
include structural flexibility, snow and ice processes, process realism, 
multiphysics approaches, uncalibrated parameterisation and strong in-
teractions with field hydrology studies as these have proven scientifi-
cally and practically beneficial in the development and application of 
CRHM to the science of hydrology. 

CRediT authorship contribution statement 

J.W. Pomeroy: Conceptualization, Formal analysis, Funding acqui-
sition, Investigation, Methodology, Supervision, Writing – original draft, 
Writing – review & editing. T. Brown: Data curation, Investigation, 
Formal analysis, Software, Validation. X. Fang: Data curation, Formal 
analysis, Investigation, Methodology, Software, Visualisation, Writing – 
original draft, Writing – review & editing. K.R. Shook: Conceptualiza-
tion, Data curation, Formal analysis, Investigation, Methodology, Soft-
ware,Writing – original draft, Writing – review & editing. D. 
Pradhananga: Investigation, Methodology, Writing – original draft. R. 
Armstrong: Investigation, Methodology, Writing – original draft. P. 
Harder: Investigation, Formal analysis, Writing – original draft. C. 
Marsh: Data curation, Software, Writing – original draft. D. Costa: 
Formal analysis, Investigation, Software, Writing – original draft. S.A. 
Krogh: Formal analysis, Writing – original draft. C. Aubry-Wake: 
Formal analysis, Investigation, Writing – original draft. H. Annand: 
Methodology, Writing – review & editing. P. Lawford: Software, Data 
curation, Writing – review & editing. Z. He: Formal analysis, Investi-
gation, Writing – original draft. M. Kompanizare: Formal analysis, 
Investigation, Software, Validation, Writing – original draft. I. Lopez 
Moreno: Investigation, Visualization, Writing – original draft. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Data availability 

The authors are unable or have chosen not to specify which data has 
been used. 

Table A1 (continued ) 

Authors Evaluation Variable Evaluation Metrics 

NSE logNSE MB RMSD/ 
RMSE 

NRMSD/ 
NRMSE 

MBE MAE r r2 KGE Rbias WBI 

0.86 
to 
0.91 

SWE (mm)   0.017 to 
0.235 

18.2 to 
37.1 

0.404 to 
1.549 

2 to 30.8   0.65 
to 
0.78    

Evapotranspiration flux (mm hour- 

1)  
0.101 to 
0.479 

0.058 
to 
0.089 

0.737 to 
0.892 

0.012 to 
0.067   

0.53 
to 
0.75    

Pond water level (mm)   0.714 50.2 0.754 21.3       
Van Hoy et al. 

(2020) 
SWE (mm) 0.7          4.3 %  
Streamflow (m3 s− 1) 0.5          3.6 %  

Weber et al. 
(2016) 

Snow depth (cm) 0.53   77         

Zhou et al. 
(2014) 

SWE (mm)    12.4  0.3   0.78    
Streamflow (m3 s− 1) 0.76 to 

0.79        
0.83 
to 
0.87     
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López-Moreno, J.I., Pomeroy, J.W., Revuelto, J., Vicente-Serrano, S.M., 2013. Response 
of snow processes to climate change: Spatial variability in a small basin in the 
Spanish Pyrenees. Hydrol. Process. 27 (18), 2637–2650. https://doi.org/10.1002/ 
hyp.9408. 
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López-Moreno, J.I., Gascoin, S., Herrero, J., Sproles, E.A., Pons, M., Alonso-González, E., 
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