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Advances in modelling large river basins in cold regions with Modélisation Environmentale Communautaire - Surface and Hydrology (MESH), the Canadian hydrological land surface scheme
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Abstract
Cold regions provide water resources for half the global population yet face rapid change. Their hydrology is dominated by snow, ice and frozen soils, and climate warming is having profound effects. Hydrological models have a key role in predicting changing water resources, but are challenged in cold regions. Ground-based data to quantify meteorological forcing and constrain model parameterization are limited, while hydrological processes are complex, often controlled by phase change energetics. River flows are impacted by poorly quantified human activities.
This paper reports scientific developments over the past decade of MESH, the Canadian community hydrological land surface scheme. New cold region process representation includes improved blowing snow transport and sublimation, lateral land-surface flow, prairie pothole storage dynamics, frozen ground infiltration and thermodynamics, and improved glacier modelling. New algorithms to represent water management include multi-stage reservoir operation. Parameterization has been supported by field observations and remotely sensed data; new methods for parameter identification have been used to evaluate model uncertainty and support regionalization. Additionally, MESH has been linked to broader decision-support frameworks, including river ice simulation and hydrological forecasting. 
The paper also reports various applications to the Saskatchewan and Mackenzie River basins in western Canada (0.4 and 1.8 million km2).  These basins arise in glaciated mountain headwaters, are partly underlain by permafrost, and include remote and incompletely understood forested, wetland, agricultural and tundra ecoregions.  This imposes extraordinary challenges to prediction, including the need to overcoming biases in forcing data sets, which can have disproportionate effects on the simulated hydrology.
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1. Introduction 
Cold regions, where snow, ice and frozen soils are major controls on the hydrological cycle, include much of the world’s mid- to high-latitude regions and most mountainous areas. They thus form a large and important component of the Earth’s climate and terrestrial systems and provide critical water resources to major populations in Europe, Asia and the Americas. 
These regions are experiencing especially rapid warming, with profound effects that include glacier retreat, permafrost thaw, reduced snow depths and durations, and changing river flow regimes (Jimenez Cisneros et al., 2014). For example, DeBeer et al. (2016) report for western Canada that, over the last 60 years, winter air temperatures have increased by up to 6oC, the duration of snow cover has reduced by 1-2 months, glacier retreat has accelerated, vast areas of permafrost have degraded or thawed, and the seasonality of flow regimes has changed. These rapid and continuing changes are having a dramatic effect on cold region environments and have potentially important feedbacks to climate and ocean circulations. They also present an existential challenge for the billions of people who depend on these regions for their water supply. There is therefore an urgent need for hydrological models that can represent the complexity of these process changes to address challenges that include modelling the earth system at global and regional scales, planning and management of uncertain water resource futures, and the forecasting and management of changing flood and drought risk.
Modelling the hydrology of cold regions poses distinct challenges. Firstly, observations for forcing, calibrating, and evaluating models are limited, particularly outside agricultural regions. Ground-based observation networks are sparse and instrument performance is uncertain.  Monitoring the most basic variables (e.g. snowfall or discharge of seasonally ice-covered rivers) is logistically and technically challenging, often resulting in large observational uncertainty.  Secondly, there is a set of important challenges associated with cold region process representation. As water and energy fluxes are inextricably linked in these regions, hydrological models must include energy exchanges, associated, for example, with freeze-thaw phase changes and heat storage in soils, snowpacks and glaciers. Many process responses involve phase change and are thus sensitive to temperature changes around the zero-degree isotherm, which raises challenges for the required accuracy of forcing data and its interpolation, as well as for model process representation. Small temperature biases in forcing data can have large effects on process simulation and system behaviour. 
There is a range of subtle, but important, scientific issues specific to these regions. For example, energy budgets in mountainous areas are strongly dependent on slope, aspect and elevation, raising challenges for spatial discretization. Blowing snow is an important lateral redistribution process in mountainous, arctic and prairie regions, but depends on local wind fields. Snow interception processes depend on evergreen canopy structure and must account for sublimation and unloading that can be strongly affected by meteorological variability. Glaciers and permafrost present their own distinct sets of modelling challenges, discussed below.
This paper summarizes recent improved process representations in the Canadian large-scale hydrological modelling system, MESH (Modélisation Environmentale Communautaire - Surface and Hydrology, Pietroniro et al., 2007), focusing on cold region processes and model application across cold region basins in Western Canada, including mountains, boreal forest and prairies (Figure 1).   MESH is a physics-based framework that can be applied at large scales as a stand-alone system or coupled with atmospheric models. The development of MESH has been based on multi-decadal collaboration between Environment and Climate Change Canada (ECCC) and the Canadian university sector. The research reported here has largely been co-developed at the University of Saskatchewan in collaboration with  ECCC under the Canada Excellence Research Chair in Water Security and two national research programmes, the Changing Cold Regions Network until 2018 (CCRN; www.ccrnetwork.ca), and the Global Water Futures (GWF; www.globalwaterfutures.ca) project since 2016.
2. The MESH modelling platform 
The complex interdependency of geospatial information, observations and models requires systematic approaches for large scale hydrological modelling.  In Canada, this effort began in the 1990’s (Soulis et al., 2000) with the Mackenzie Global Energy and Water Experiment (GEWEX) program and the coupling of land surface models (LSMs) developed for climate models to hydrological models (Pietroniro et al., 2001; Pietroniro and Soulis, 2003). In parallel, research was underway to improve hydrological fluxes in numerical weather prediction models through the coupling of atmospheric and hydrological models (Benoit et al., 2000). To accelerate and operationalize model development, Environment Canada (now called ECCC) developed a community environmental modelling system, Modélisation Environmentale Communautaire (MEC) (Pellerin et al., 2004), which allowed different surface models to be evaluated within the same modelling framework. The operational version of MEC at the time included three land-surface schemes (LSSs): a simple force-restore scheme; a version of the ISBA scheme (Interaction Soil-Biosphere-Atmosphere; Bélair et al., 2003a, b), which has since evolved to the Soil-Vegetation-Snow (SVS) scheme (Husain et al., 2016); and the Canadian Land Surface Scheme (CLASS) (Verseghy, 2000).
In the IP3 Cold Regions Hydrology Network (www.usask.ca/ip3), MESH was developed (Pietroniro et al., 2007) as a modular framework for MEC that included a hydrological hillslope model, where sloped surfaces generate routed overland runoff and lateral interflow (Soulis et al., 2000, 2011), and a hydrological routing scheme (from the WATFLOOD hydrological model, (Kouwen, 1988)). To represent sub-grid variability, CLASS was run in MESH for different tiles on each grid cell, based on hydrological response units (HRUs).  MESH combines HRUs into grouped response units (GRUs) (Kouwen et al., 1993) that use common parameter values to represent landscape classes that extend beyond each grid cell, thus incorporating the necessary physics while reducing the computational and parameterization burden. As with all land-surface models, network topology, land-use and soils information, input parameters and forcing data are pre-processed to match the delineated domain, and a spin-up period is used for the initialization of state-variables.  
Different LSSs, such as CLASS and SVS, can be activated in MESH. Both schemes contain detailed physics to represent vegetated canopies, snow covered areas and barren lands, however CLASS is also able to simulate bare rock, frozen soils, permafrost, intercepted snow, blowing snow and glaciers and contains parameterizations to represent peatland soils. This makes CLASS more appropriate for cold region applications and development. In CLASS, the soil profile is configurable as a user-provided input of at least three layers that typically increase in thickness with depth. Soil properties are derived from pedotransfer functions and the permeable depth of the column is permitted to vary by GRU.   Hillslopes are derived from digital elevation properties and can be assigned on a GRU or grid basis. 
The physical basis of MESH requires that simulations be run using a sub-daily time-step. Within a time-step, runoff from the LSS can contribute to lower zone storage and then to baseflow routing or directly to surface river channel and reservoir routing. Network topology defines domain interconnections and flow routing. Reservoirs and lakes can be represented using various parameterizations or lookup tables, and water diversions are permitted to bypass the natural flow directions. Two-way coupling of the land surface and routing schemes allows water to be redistributed, to satisfy irrigation demands driven by soil or atmospheric conditions. 
3. Recent scientific developments 
3.1 Improved process representation
Recent process innovations in MESH are:
3.1.1 Blowing snow transport and sublimation
Blowing snow redistribution and sublimation are important processes in open, cold regions (e.g. Pomeroy and Li, 2000), but are often not included in hydrological models and/or LSSs. MESH’s CLASS routines for coupled snowpack energy and mass balance and snow interception processes have been coupled to the Prairie Blowing Snow Model (PBSM, Pomeroy et al., 1993; Pomeroy and Li, 2000). PBSM was initially developed for the Canadian Prairies, characterised by relatively flat terrain and homogeneous surface roughness, and calculates blowing snow transport and sublimation rates for steady-state conditions.  However, it has been shown to be suitable, with modifications, for modelling snow covers in prairie, arctic and alpine environments. Adjustments have been made for limited fetch, variable vegetation heights and wind flow over complex terrain (Pomeroy and Gray, 1995; Essery et al., 1999; Fang and Pomeroy, 2009; Fang et al., 2013; MacDonald et al., 2010). Snow transport is calculated as the sum of saltation (Pomeroy and Gray, 1990) and turbulent suspended mass fluxes (Pomeroy and Male, 1992), coupled with a blowing snow sublimation calculation for a single column control volume that extends from the snowpack surface to the top of the surface boundary layer (Pomeroy et al., 1993). Within a MESH grid cell, snow is transported from windswept GRUs to downwind GRUs as specified by the modeller and hence constitutes a redistribution of snow. 
3.1.2 Frozen ground infiltration and thermodynamics 
Frozen soil is another important feature of cold regions and a major control on hydrological response. Infiltration and water movement in partially frozen soils require simulation of both water and energy balances in soils, and the profile distribution of liquid and solid water contents. MESH allows the modeller to specify the number of soil layers, with a minimum of three. The thermal and hydraulic properties of each soil layer differ for various subsurface material types. Soil thermal conductivities are used, based on Côté and Konrad (2005), to calculate heat fluxes between soil layers, and at the soil-atmosphere and soil-snow interfaces, and thus determine the non-radiative fluxes. A finite-difference scheme for the one-dimensional heat conservation equation is applied to each soil layer.  Soil water suction and hydraulic conductivities are calculated from the widely-applied Clapp and Hornberger (1978) relationships. Infiltration into the topsoil layer is estimated using a Green-Ampt (Rawls et al., 1983) formulation.  By default, soil hydraulic properties are determined from soil texture using the Cosby et al (1984) pedotransfer functions (Ireson et al., 2021). Soil thermal properties for each layer depend on the liquid and frozen water contents in addition to the soil texture and organic content.
To account for the controls on infiltration in frozen soil, MESH uses the Zhao and Gray (1999) algorithm, a general parametric expression derived for prairie and boreal forest environments. This relates infiltration to total soil saturation (liquid + frozen moisture content) and temperature at the beginning of snowmelt, soil surface saturation during melt, and the infiltration opportunity time. Infiltration calculations are grouped into three categories, Restricted – infiltration is completely restricted due to impermeable surface conditions such as ice lens formation, Limited – capillary flow predominates and infiltration is primarily controlled by soil physical properties, and Unlimited – gravity flow predominates and water infiltrates.
3.1.3 Permafrost initialization and dynamics
Permafrost, defined as perennially cryotic ground for at least two consecutive years (International Permafrost Association, 1998), presents great challenges for hydrological modelling. Permafrost thaw has been widely observed in recent decades, and has important implications globally, with increased methane release to the atmosphere, and locally, with vulnerability of man-made structures (Dobinski, 2011; Woo, 2012; Walvoord and Kurylyk, 2016; Hjort et al., 2018). Observed effects include changing hydrological connectivity, landscape collapse, and vegetation change (DeBeer et al., 2016; Pan et al., 2016; McGuire et al., 2018); current climate model projections agree that this will continue (Burke et al., 2020; Meredith et al., 2019). 
MESH couples both water and energy balances in soils and allows for various depth and layering configurations that allow simulation of permafrost dynamics. Major improvements have been made to solve the complex problem of permafrost initialization and provide additional insights into permafrost dynamics. Firstly, the insulation of frozen soil by snow cover and soil organic matter has been shown to be an important regulator of atmospheric effects on permafrost thermal and hydraulic regimes (Dobinski, 2011). Hence the model has been enhanced with an explicit organic soil parameterization (Letts et al., 2000), representing complex vegetation dynamics (Melton et al., 2019), and employing surficial moss as a topsoil layer (Wu et al., 2016).   
The second group of enhancements relates to configuring and initializing MESH to simulate permafrost evolution. Typical LSSs use shallow soil profiles, which fail to represent the evolution of the coupled soil heat and moisture states/storage. Allowing a deeper soil configuration, coupled with the inclusion of a geothermal flux at the bottom boundary of the soil/rock column (Verseghy, 2012) facilitates simulation of freeze/thaw cycles and sub-surface heat storage (Alexeev et al., 2007; Nicolsky et al., 2007). However, the long thermal memory of the system requires substantial spin-up or requires observational information to set initial conditions (Sapriza-Azuri et al., 2018). 
[bookmark: _Hlk77257454]Elshamy et al. (2020a) devised a novel approach for model initialization and parameterization, based on three long-term observational sites in the Mackenzie River Basin (MRB) (Figure 1), encompassing different permafrost domains. An upscaling methodology was proposed in which insights from small-scale simulations were transferred to large domains. This methodology resulted in a 50 m deep soil profile across the domain, accompanied by 50–100-year spin-up cycles. Figure 2 highlights the performance of MESH in simulating permafrost for the three sites, after Elshamy et al. (2020a). Abdelhamed et al. (2021) have further highlighted the role of initial moisture content, especially ice, and the choice of the spin-up year meteorology on model initialization and subsequent simulation.
3.1.4 Glacier processes
Glaciers are a distinct feature of cold region landscapes and hydrology, and support summer flows in regions fed by mountain headwaters. However, glaciers have been rapidly decreasing in volume and areal extent in many regions, due to global warming (IPCC 2019, DeBeer et al., 2020).  MESH includes a glacier module that simulates the key processes for capturing glacier energetics and melt rates, including the mass balance of snow/ice melt, ponding, runoff, and conversion of snow to ice.  As glacier ice has a lower albedo than seasonal snowpacks, the net incoming shortwave radiation of a melting glacier can be two to three times that of a melting snowpack. MESH parameters include glacier albedo and snow to ice conversion thresholds based on snow water equivalent and snow density, with recommended values consistent with measurements in the Canadian Rockies (Pradhananga and Pomeroy, submitted). The glacier module calculates glacier mass balance and depth without iceflow by representing glaciers as a GRU with static areal extent. 
The performance of the glacier module was assessed by comparing simulated annual mass balances with observations of Peyto Glacier in the Canadian Rockies (Pradhananga et al., 2021) reported to the World Glacier Monitoring Service (WGMS; https://wgms.ch/) (Figure 3). This confirmed the suitability of the parameterization and is believed to be the first reported comparison of the annual glacier mass balance of a hydrological land surface model to observations. 
3.1.5 Spatial discretization and mountain hydrometeorology 
Mountain slope and aspect can be important controls on incoming shortwave radiation for snowmelt and evapotranspiration. MESH has various discretization options to address this: a GRU can be discretized based on land-cover types, slope, aspect, elevation, soil, and other spatial features of hydrological importance. In mountains, the combination of land cover, slope-aspect and elevation can be used as together they strongly control snow accumulation and snow energetics (Figure 4). 
Beyond GRU discretization, the capability to disaggregate the meteorological forcing fields inside the model grid has been added, which current LSMs lack. This configuration, “Mountain MESH,” includes a module to adjust forcing data for elevation and slope. Air temperature from a lower-resolution numerical weather prediction model can be re-distributed to GRUs at different elevations using a locally-derived lapse rate.  Air pressure is adjusted from the original low-resolution fields using the corrected temperature and other constants. Specific humidity is a nonlinear function of elevation and is corrected based on actual vapour and surface pressure fields, based on Buck (1981). The incoming shortwave radiation is used to correct the theoretical radiation on sloped surfaces for cloud cover, by comparing the low-resolution forcing field with the theoretical flat surface radiation estimate (Garnier and Ohmura 1968, 1970). Incoming longwave radiation is corrected for elevation using lapse rates developed from the high-resolution forcings and elevation using Brutsaert (1975). Precipitation depth and phase are corrected from the elevation differences between the high-resolution GRUs and low-resolution forcing fields using the Elevation Range with Maximum elevation Method (ERMM) (Tesfu et. al., 2020). Wind speed is corrected for topography following the simple formulations of Liston and Elder (2006).  The impact of these modelling features on glacier mass balance is shown in Figure 3 and for mountain snow simulations in section 3.2.1.
3.2 Evaluation of model performance 
Having described various process improvements, we next consider model performance for various landscape types.
3.2.1 Mountain and Snow Hydrology evaluation 
Cold region hydrological processes are strongly influenced by precipitation, blowing snow redistribution, snow interception by canopy, sublimation, and the exchange of radiative and turbulent fluxes. Snow process modelling has been evaluated in numerous studies (e.g. Pomeroy et al., 1998; Verseghy et al., 2000; Davison et al., 2006; Dornes et al., 2008a, 2008b) and as part of various snow model intercomparison projects (e.g. Brown et al., 2006; Rutter et al., 2009; Krinner et al., 2018). Recent MESH/CLASS revisions include an updated fresh snow density parameterization (Brown et al., 2006), a revised snow ageing algorithm (Bartlett et al., 2006; Brown et al., 2006), a new parameterization for snow canopy interception and unloading (Bartlett et al., 2006), as well as an adjusted formulation for the albedo of snow-covered forest canopies (Bartlett and Verseghy, 2015).  Options for precipitation phase and the partitioning of precipitation into rain or snow include empirical formulations based on air temperature (e.g. Brown et al., 2006; Bartlett et al., 2006) and the hydrometeor temperature, which can be accurately estimated as a function of the psychrometric energy balance (Harder and Pomeroy, 2013). 
An updated evaluation of MESH, based on observations at different alpine research sites in the Canadian Rockies is reported by Fayad and Pomeroy (in preparation) where the model was run in single column mode for different alpine sites at the Marmot Creek Research Basin (e.g. alpine ridges, alpine forests and clear cuts, and montane sites), forced by hourly meteorological observations. Shortwave and longwave irradiance were adjusted for slopes, and air temperature, humidity, pressure, and precipitation for elevation. Overall, the model showed good performance in capturing snow accumulation, snowmelt onset, and ablation rates. On wind-blown, high alpine ridges, the model could simulate snow water equivalent (SWE) well when its blowing snow algorithms were used (Figure 5a). Simulations of snow accumulation under forest canopies were acceptable, suggesting that snow interception and sub-canopy snow energetics were well simulated (Figure 5b). In contrast, the use of conventional driving meteorology, not accounting for terrain impacts on radiative forcing or elevational impacts on precipitation and temperature, caused large errors in SWE and the timing of snowcover disappearance.
3.2.2 Boreal Forest hydrology 
The Boreal Forest (BF) covers 60% of Canada’s land surface, and comprises forested uplands, wetlands, lakes and grasslands (Brandt et al., 2013). MESH has had a particular focus on the BF since the early 1990s, when global scale model runs produced positive temperature biases over the BF in Canada and Siberia, attributed to flaws in vegetation characterization. The BOREAS experiments in the southern boreal forest in Saskatchewan and Manitoba were initiated to address some of the model deficiencies, and many field sites continue to this day (now known as the Boreal Ecosystem Research and Monitoring Sites (BERMs); Barr et al., 2012; Ireson et al., 2015) and support MESH improvement. 
Initial simulations of BF evapotranspiration applied CLASS to the BERMs sites (1994-96) (Snelgrove, 2002). Evapotranspiration was largely overestimated but could be reduced by allowing for lateral runoff and accounting for mild slopes. Bartlett et al. (2003) further improved the soil and vegetation parameterization using BERMS data. Notably, canopy conductance was reduced (compared to temperate forests) which also resulted in improvements in evapotranspiration, though this was still overestimated at the Old Jack Pine stand. Davison et al. (2016) applied MESH to the Whitegull Creek watershed, Saskatchewan (Figure 1), where two of the BERMS sites are located, and showed that by calibrating to streamflow, evaporation estimates could be improved. However, evapotranspiration at the Old Jack Pine site remained over-estimated. Ireson et al. (2021) conducted point scale model runs with CLASS at three BERMs sites. They calibrated the model to soil moisture observations and showed that the pedotransfer functions in CLASS restrict the ability of the model to simulate soil moisture. They suggested that the ability of CLASS/MESH to simulate evapotranspiration could be improved by modifying the soil hydraulic properties directly (not using pedotransfer functions), and by focusing on infiltration and plant water uptake during the melt period. 
Letts et al. (2000) introduced a CLASS parameterization for peatlands, which comprise 12% of the BF and have distinct hydraulic and thermal properties. An equivalent water table depth was introduced based on water content, and the new soil parameters defined, which led to simulation improvements (for a fen in northern Quebec and a bog in north-central Minnesota). However, they noted that further improvement would require groundwater inputs and hillslope hydrology. A conceptual model of BF hydrology (Ireson et al., 2015) reinforced the importance of lateral flow processes and current work has demonstrated that wetland modelling requires improved representation of groundwater and surface runoff inputs from adjacent uplands. 
Moving from the point to small watershed scale, Snelgrove (2002) used a soil moisture scheme (after Soulis et al., 2000), which introduced lateral outputs (surface runoff and interflow) to be routed from the GRU level to MESH grid cells. Streamflow in Whitegull Creek was overestimated during the snowmelt period, which suggested that more infiltration into frozen soils is needed. The snow accumulation algorithm in CLASS was subsequently improved by allowing for mixed precipitation, improvements in the snow density and canopy unloading (Barlett et al., 2006). Davison et al. (2016) applied MESH in the same watershed as Snelgrove, and found that with calibration, the model was generally able to simulate streamflow well, including during snowmelt. One exception was the year 2011 when the model failed to simulate a large flood peak in the snowmelt period. Ganji et al. (2017) used a modified version of CLASS with WATFLOOD to simulate streamflow in a series of watersheds in the BF in Quebec and found that streamflow could be improved by modifying frozen-soil infiltration. MESH implementation in the BF region could be further improved for very wet conditions, and in the partitioning of snowmelt between infiltration and runoff.
3.2.3 Prairie hydrology connectivity 
The Canadian Prairies are nationally important areas of agricultural production, characterized by a distinctive landscape that contains millions of small depressions of glacial origin, called prairie potholes.  Similar landscapes are found in the northern US Great Plains. The wetlands that form in these depressions are hydrologically significant due to their surface storage capacity and dynamic connectivity (van der Kamp and Hayashi, 2009; Shook and Pomeroy, 2011). Under normal conditions most of these wetlands drain episodically to a terminal wetland.  In such cases, the basin is internally drained and considered closed as part of the non-contributing area for runoff generation to the larger river systems in which they are located (Leibowitz and Vining, 2003; Fang et al., 2010). However, this connectivity is dynamic, leading to variable contributions to major river systems, particularly under extreme flood events (Ahmed et al., 2021). This has long presented a major challenge to hydrological models. 
In recent years, airborne LiDAR and high-resolution satellite data have enabled detailed mapping of pothole topography, and high-resolution simulation methods have been used to quantify the dynamic connectivity and the associated, sometimes hysteretic, storage-discharge relationships.  Early modelling of the variably connected fractions of Prairie basins by Shaw (2009), then extended to a larger number of ponds (Shaw et al., 2012, 2013), led to a generalized approach of characteristic curves for pothole complexes that related overall volume to the contributing area, and was the first to note the hysteretic behavior of these curves. Shook and Pomeroy (2011) and Shook et al. (2013, 2021) extended the work to larger domains, using statistical approaches.  Despite these advances, the logistic constraints associated with the landscape complexity have required simplified hydrological simulations in MESH, and there remains a major challenge to model the hydrology of these systems at both local and regional scales.  Explicit solutions for small domains have been proposed and tested (Shook et al., 2013, 2021), and coupled directly to MESH (Ahmed et al., 2021).
A conceptual approach to deal with the large-scale simulations was developed for MESH based on the PDMROF (Probability Distribution Model based RunOFf generation) algorithm (Mekonnen et al., 2014), derived from the PDM concept of Moore (2007). This uses the Pareto distribution to represent dynamic contributing area in a lumped fashion as a function of basin storage. PDM concepts have been applied in the VIC model (Wood et al., 1992) and in several land surface schemes used in weather and climate modeling (Dümenil and Todini, 1992; Blyth, 2001). However, this was the first attempt to represent the surface water connectivity that results from the ‘‘fill and spill’’ of prairie potholes within a coupled hydrologic land-surface scheme. As shown in Figure 6, PDMROF improved the simulation of streamflow in the Assiniboine River in the prairie agricultural region of Saskatchewan (see Figure 1 for the location) and captured the dynamic nature of contributing areas in an effective and parsimonious manner. The model performed well for high flows, suggesting it could be useful for simulating flood conditions – a particular concern in the prairies of Canada and the United States following widespread flooding in 2011. 
A limitation of the first implementation of PDMROF is that it does not allow shallow sub-surface flow to contribute water from local hillslopes that often surround prairie potholes. Hossain (2017) coupled PDMROF with shallow sub-surface hillslope flow (after Soulis et al., 2000) to improve flow-pathway simulations. Recently, explicit solution approaches to pothole modelling were proposed by Ahmed et al. (2020) and coupled to MESH (Ahmed et al., 2021) for small prairie basins.  This captured the spatial and temporal dynamics of the surface water storage in the prairies to address the limitations of the PDMROF algorithm, capturing the hysteretic behavior of the storage-discharge and the storage-contributing area relationships.
3.3 Modelling Reservoirs and Irrigations
Most river basins have been significantly altered by land and water management and other human interventions, including dams, diversions, and abstraction of water from surface and groundwater resources (Hanasaki et al., 2006; Nazemi and Wheater, 2015a,b; Pokhrel et al., 2012). To address some of this, Yassin et al. (2019) developed reservoir and irrigation modules within the MESH modelling system. 
The Dynamically Zoned Target Release (DZTR) reservoir operation model was introduced to add dynamic characterization of reservoir storage zones and releases using observed reservoir inflow, storage, and discharge data. Water release decisions are made at each time step via piece-wise linear and monotonic functions of reservoir storage and inflows, parameterized to accommodate varying degrees of local data availability and computational resources. Yassin et al. (2019) showed that the model outperformed existing widely used methods and simulated more realistic reservoir storage and outflow at multiple dams across the globe, and subsequently improved the fidelity of large-scale modeling when tested in the highly regulated Saskatchewan River Basin.  Figure 7 shows results for the Saskatchewan river’s largest dam as an example of the reservoir model performance.
To capture the combined effect of reservoir flow regulation and irrigation demand and supply, a soil moisture deficit-based irrigation demand model was integrated alongside a flow withdrawal model.  A unique feature of this model is that it customizes the demand calculation to mimic the irrigation management performed in local-scale irrigation districts. The demand from each irrigation district can be aggregated into districts, and water supplied locally or from a defined abstraction point in the river channel.  Implementation over the Saskatchewan River Basin showed irrigation significantly changes the surface water and energy balance over the irrigated areas.  Figure 8 shows the large changes in annual evapotranspiration due to irrigation.
[bookmark: _Hlk78193255]3.4 Model parameterization and sensitivity analysis 
MESH has a complex structure with many parameters; understanding how different parameters influence model behavior is key for MESH development and application. Sensitivity Analysis (SA), the study of how model outputs are related to, and influenced by, its inputs (Razavi et al., 2021), has been integral to the recent development of MESH, facilitated via the Variogram Analysis of Response Surfaces (VARS) framework (Razavi and Gupta, 2016a; Razavi et al., 2019).
[bookmark: _Hlk78193156]SA has been conducted on MESH across various hydroclimatic conditions and scales in Canada, including Boreal forests (Razavi and Gupta, 2016b), prairies (Yassin et al. 2017; Haghnegahdar et al., 2017), and more typical hillslope landscapes (Haghnegahdar and Razavi, 2017; Haghnegahdar et al., 2017). The most influential parameters controlling high flows, low flows, total flow volume, and soil moisture have been documented. To address the high dimensionality in the MESH parameter space, Sheikholeslami et al. (2019) devised a method to group parameters, from strongly influential to uninfluential, in terms of their importance in representing streamflow. Overall, parameters controlling soil water storage capacity, and particularly permafrost active layer depth, have been highly influential for simulating streamflow and soil moisture. Parameters controlling river routing such as channel roughness strongly influence streamflow, particularly high flow values and their timing. Soil moisture is largely influenced by parameters controlling soil and vegetation properties, especially during low flow periods.  Many MESH parameters are physically identifiable to some extent, permitting their identification, or their plausible ranges, from DEMs, soil surveys, satellite vegetation mapping, hydrometry analysis in GIS and observed channel characteristics.  MESH implementation on the SRB has shown acceptable performance without parameter calibration, suggesting the model can perform well when applied to ungauged basins where calibration is not possible (Yassin et al., in preparation).
[bookmark: _Hlk69308745]3.5. Remote sensing data for improved model fidelity
Space-based Earth observations can provide insights into earth surface process interactions and transitions (Tapley et al., 2019). For hydrological applications, an important concern is their effectiveness in improving model process understanding and simulation. Several studies have explored the utility of Gravity Recovery And Climate Experiment (GRACE) observations. Yirdaw et al. (2009) found general agreement between model simulations of terrestrial water storage and satellite retrievals for the Mackenzie Basin. Yassin et al. (2017) demonstrated the benefit of combining GRACE and streamflow data for model parameter identification for the Saskatchewan River Basin using multi-criteria sensitivity analysis and optimization.  Results showed that streamflow was dominantly controlled by routing parameters, while soil parameters strongly influenced storage variability. Multi-criteria optimization with both streamflow and GRACE observations gave improved parameter identification and storage and streamflow simulations, demonstrating the benefits of GRACE data at these large scales, allowing observation of the model’s internal states to be used in model fitting in addition to streamflow. More recently, Bahrami et al. (2021) integrated the Ensemble Kalman Smoother (EnKS, Evensen & Van Leeuwen, 2000) for data assimilation, and showed improved monthly SWE estimates at basin and grid scales (for the Liard basin). GRACE data assimilation in streamflow simulations was evaluated against observations from multiple river gauges, where it improved high flows simulations during the snowmelt season. Thus, GRACE data can improve regional estimates of SWE, streamflow, hydrological fluxes, and terrestrial water storage compartments. 
Soil Moisture and Ocean Salinity (SMOS) soil moisture retrievals have also been used to support MESH application. Xu et al. (2015) applied a one-dimensional Ensemble Kalman Filter (1D-EnKF) using SMOS data over the Great Lakes. The methodology improved soil moisture estimation for both surface soil and the root zone over crop-dominated areas. Overall, the use of satellite-based observations within MESH has been shown to improve parameter identifiability and model fidelity, and offers considerable promise for further development.
[bookmark: _Hlk69308818]4.0 Expanded scope of the MESH modelling system
MESH has potential to support a wide range of integrated modelling applications; current research includes water resource systems analysis and vulnerability assessment, hydro-economic modelling, and carbon budget modelling, including dynamic vegetation. Given its strengths in cold region processes, below we highlight recent developments for river ice modelling, water quality and habitat suitability.
4.1  MESH extension to river ice and water quality
More than one-third of the Earth’s landmass is drained by rivers that experience seasonal river ice, and 66% of Northern Hemisphere river length is ice-covered in March (Yang  et al., 2020). River ice is thus an integral component of the hydrologic and hydraulic regimes of rivers in cold regions and regulates hydrologic, hydraulic, geomorphic, biological and chemical processes (Prowse, 2001; Beltaos & Prowse, 2009). While it provides important socio-economic and ecological benefits (Das et al., 2018), ice-jams and associated  flood events result in human casualties, damage infrastructure, impair navigation and hydroelectric production, and impact ecology and water quality (Lindenschmidt, 2020). 
Comprehensive assessment of river flows and ice in these regions is only possible through integrated hydrological and hydraulic modelling. The River Basin Model (RBM), a semi-Lagrangian, one dimensional, process-based stream water temperature model (Yearsley, 2012) has been combined with MESH. MESH-RBM can be used to simulate and forecast ice-cover durations (Morales-Marín et al., 2019b), and has also been applied in operational forecasting of river ice breakup (Rokaya et al., 2020). The model provides a practical tool for ice-jam flood forecasting and warning, and simulates breakup progression for the entire catchment, providing an advantage over existing site-specific prediction methods.  Figure 7 illustrates catchment scale forecasting of ice-cover breakup based on stream water temperature along the Athabasca River.
MESH-RBM also provides ecological insights. Many fish species depend on cyclical patterns of river flows and water temperature to complete their life cycle. Changes in streamflow or water temperature can affect survival rates. For example, Morales-Marín et al. (2019a) studied effects of changes in future streamflow and water temperature on habitat suitability for the Athabasca Rainbow Trout (considered as a ‘species at risk’) in the Athabasca River. Related developments include the capability to simulate other water quality variables. MESH-SED, based on SHESED (Wicks & Bathurst, 1996), is currently in development to simulate sediment transport and nutrient loads.
MESH has also been routinely coupled with the RIVICE hydrodynamic river ice model developed by ECCC (Environment Canada, 2013) for assessment of more complex river ice processes, such as ice-jam flooding. MESH-RIVICE has enabled examination of the role of  river discharge in ice cover formation and breakup processes (Rokaya et al., 2018b), evaluation of the relative impacts of climate and regulation on ice-jam flooding (Rokaya et al., 2019b; for the Peace River basin), assessment of ice-jam flood risk under future climate (Rokaya et al., 2019a; Das et al., 2020) and the development of one of the world’s first process-based operational ice-jam flood forecasting systems (Lindenschmidt et al., 2019); see Figure 10. 
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The Mackenzie River Basin (MRB; Figure 1) is the largest river basin in Canada (1.8 million km2), discharges more than 300 km3/year of water to the Arctic Ocean, and influences regional climate as well as global atmospheric circulation (Woo, 2008). Exceptionally high rates of warming have been observed in the northern MRB (DeBeer et al., 2016) and climate change models predict that these trends will continue, with enhanced precipitation and shifts to more rainfall than snowfall (Stewart et al., 2019; DeBeer et al., 2021). Hydrological modelling of the MRB embodies the challenges of cold regions modelling discussed above, including the fact that it is relatively data sparse and observational data are subject to large uncertainty.   
The western tributaries of the Mackenzie originate from the Canadian Rockies and the Mackenzie Mountains and are relatively steep, while the Eastern tributaries lie in the Canadian Shield with several interconnected and large lakes and wetlands including Great Slave Lake, Great Bear Lake and Lake Athabasca – three of the largest lakes in the world (Figure 1). Over half the MRB is underlain by permafrost that is warming, resulting in permafrost thaw and vegetation change. To investigate the impacts of climate and land cover changes on MRB hydrology, MESH was configured as discussed in section 3.1.3 above with a deep soil profile (~50m) and organic surface soils to enable simulation of permafrost evolution and a spin-up strategy to initialize the soil profile states, validated using experimental data. The model improvements to represent basin regulation (see 3.3.1 above) were used to simulate the Bennett Dam in the Peace River headwaters. Enhancements to the glacier module (section 3.1.4) were used for glaciated parts in the western mountains. Blowing snow (Section 3.1.1) was activated for simulation of snow accumulation, transport, sublimation, redistribution and melt, affecting water balance and streamflow at the basin scale. Careful parameterization of major lakes, and calibration of sensitive parameters (as defined by SA studies – section 3.4.1) resulted in a high-fidelity model as indicated by streamflow simulated at major flow gauge stations (Figure 11). The fidelity of the model has been assessed for permafrost (Figure 2) and hydrological fluxes and states including evapotranspiration and snowpack total water storage. Bahrami et al. (2021) show an evaluation for the Liard sub-basin of simulated Total Water Storage in comparison with GRACE data and SWE against CMC (Canadian Meteorological Centre) snowpack data.
Modelling the MRB has proven to be demanding, not least because the large computational requirements and the complexities around permafrost simulation, and only preliminary simulations of future change are currently available for the basin. However, Rokaya et al. (2020) assessed the impacts of climate change on the Smoky River, a major sub-basin of the Peace tributary of the MRB, using a bias-corrected 15-member ensemble from the Canadian Regional Climate Model version 4 (CanRCM4) (Asong et al., 2020). The results indicate significant changes to the flow regime with increased winter and spring flows and lower summer flows for the end of the 21st century compared to the baseline period (1981-2010), with earlier peaks for open water flooding (see Figure 6 in Rokaya et al. (2020)). The projected changes are likely to have significant impacts on the ecologically sensitive Peace Athabasca Delta downstream. A similar methodology is proposed to assess the climate change impacts over the entire MRB.
Another large-scale MESH application is the 406,000 km2 Saskatchewan River Basin (SaskRB) (Figure 1). This system is characterized by hydrologically distinct cold regions, including the Rocky Mountains, Boreal Forest and semi-arid Canadian Prairies, and supplies water to major cities and irrigated farmland in the region. The different hydrology-land surface processes are further complicated by extensive water management, including multi-use reservoirs, diversion, irrigation, and inter-jurisdictional water sharing policy (Wheater and Gober, 2013). Irrigation (approximately 1.5 million acres irrigated almost exclusively from surface water) accounts for the largest consumptive use in the basin. 18 major reservoirs impact the natural flow regime and are explicitly included in this model. Glaciers account for a small fraction of the basin (340 km2) but strongly impact summer headwater flows.
Dominant process parameters were derived from satellite vegetation cover estimates, soil, glacier and drainage surveys, irrigation inventories, and digital elevation models.  Parameters that could not be estimated based on available data or physical characteristics were optimized using multi-objective calibration; reservoirs and irrigation were simulated as described above.  Figure 12 shows the model streamflow output at the major sub-basins.  The model provides a suitable basis for water balance evaluation and examination of the future impacts of climate change and increasing water use.
6. Discussion and conclusions
Modelling cold region hydrology at the large river basin scale remains an area of major importance but also of considerable challenge. The paper has demonstrated that without careful attention to the particular features of cold region hydrology, land surface schemes can produce erroneous results. Blowing snow and permafrost were just two examples presented above. The sensitivity of cold region processes to temperature change also poses a major challenge for model forcing data, particularly when derived from global climate models for future scenarios. Biases of a few degrees in temperature are common, yet have profound consequences for modelling fidelity.
MESH has undergone significant advances in recent years, in process representation and modelling flexibility. Parameters that were hard coded are now accessible to adapt algorithms to regional hydrology. The model includes lateral fluxes, though could be further improved for groundwater and wetland processes. Modelling landscape change remains a challenge. Current work is addressing the need for dynamic modelling of glacier geometry. A related challenge applies to the changing topography, connectivity and vegetation associated with permafrost thaw. 
Notably, remote sensing data has shown important benefits, particularly for large scale application and where surface observations are sparse. In particularly, the ability to constrain water storage using GRACE has improved simulation performance and reduced parameter uncertainty. The potential of water level assimilation, through missions such as SWOT, is currently being explored and offers major promise in understanding reservoir management as well as constraining model flow simulations. It was also shown that current tools for sensitivity analysis provide useful insights into high dimensional models such as MESH, and that multi-objective performance assessment can facilitate the use of multiple data sources in model conditioning.
The role of slope and aspect in influencing energy budgets in mountain regions focusses attention on the scope for refined model resolution to resolve topography, and current work is addressing improved model architectures to facilitate variable mesh geometries. The paper has also pointed to the need for high-resolution forcing data, and we foresee increased integration between high-resolution hydrological and meteorological models.
Recently, MESH systems have been implemented for operational flood forecasting for the 0.3 million km2 Yukon River basin (Elshamy et al., 2020b) and a reach of the Athabasca River (Lindenschmidt et al., 2019).  These applications demonstrate the capability of MESH for large scale and cold region flow forecasting.  Going forward, ECCC, provincial and territorial partners, and their partners in academia (i.e. GWF) are working together to develop national-scale capability and consistency in support of operational forecasting and decision making.  The advancements made to improve MESH directly feed into this effort, representing an important technology transfer.    
In summary, the physically-based MESH model is based on a legacy of process understanding founded on decades of Canadian observational and modelling experience. It is now a powerful tool for a wide range of applications, including simulation of climate and other anthropogenic change, from point to regional and global scales. It also provides an invaluable platform to analyze and assimilate improvements in hydrological, hydro-ecological and hydro-meteorological process understanding. Nevertheless, this community model remains a work in progress, and we look forward to exploring the potential of new science, data and modelling tools as we continue to enhance the platform’s capability.
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Figure Legends
Figure 1. Major river basins and tributary river systems of the interior of western Canada, where MESH developments and testing described in this paper primarily occurred.  Select Water Survey of Canada (WSC) hydrometric gauge locations and model testing sites referred to throughout the paper are indicated.
Figure 2. Performance of MESH in simulating permafrost at three sites in the MRB, top panel shows the simulated annual temperature envelopes for the top 15m of the profile compared to observations for a selected year at each site; lower panel shows, for each site, the annual RMSE for the temperature envelopes (Tmax and Tmin, calculated along the depth axis, interpolated at the measurement positions) and the bias in simulating the Active Layer Thickness in each year. Years vary by site depending on availability of observations. Site locations are shown in Figure 1.
Figure 3. Comparison of measured mass balance of Peyto Glacier submitted to the WGMS to a reference MESH simulation of the mass balance as configured with Mountain MESH (forcing meteorology accounts for slope, aspect, elevation lapse of P, T, RH and wind speed acceleration over complex terrain) with PBSM.  Falsification turns off Mountain MESH changes to forcing meteorology.
Figure 4. GRU discretization (shown by colour shading) using combined land cover and slope aspect for mountain MESH for Bow River Basin above Calgary, Alberta, Canada.
Figure 5. a) Simulated and observed snow depth at Fisera Ridge (2325 m) from Marmot Creek Research Basin (Fang et al., 2019) showing model improvements when using blowing snow sub-routine PBSM after Pomeroy & Li, (2000) compared to running the model without accounting for blowing snow. b) Observed and simulated snow depth under forest canopy at the Upper Forest (1848 m) from Marmot Creek Research Basin compared to observed snow in the Upper Clearing (1845 m).
Figure 6. Best ten stream flow simulations for using MESH without (a) and with (b) the PDMROF algorithm for the Assiniboine River at Sturgis (gauge 05MC001). Reproduced from Mekonnen et al. (2014) with the permission of Elsevier.
Figure 7. Improvements in reservoir simulation for the Gardiner Dam using the DZTR algorithm. 
Figure 8. Simulated changes in actual evapotranspiration resulting from Irrigation in the South Saskatchewan Basins.
Figure 9. Forecast from April 20, 2018 for April 28, 2018 breakup for the Athabasca River in western Canada. The x-axis is longitude and y-axis is latitude. The spatial resolution of the grid is 0.125°. The colored grids represent the river network. The red circle denotes the location of the town of Fort McMurray and the red triangle indicates the location of the town of Athabasca. Figure adopted from Rokaya et al. (2020) with permission.
Figure 10. Schematic diagram of the coupled ice-jam flood forecasting system. Figure adopted from Lindenschmidt et al. (2019) with permission.
Figure 11. Hydrographs of major tributaries and outlet of the Mackenzie River showing goodness of fit and bias estimates over the simulation period (2005-2016).   This includes both calibration and validation periods.  Gauge locations are shown in Figure 1.
Figure 12. MESH model long term average streamflow output for major sub-basins of the Saskatchewan River Basin. This period includes calibration and validation periods.  Gauge locations are shown in Figure 1.




