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Over the past several years, increasing attention has been directed towards understanding flow and solute transport processes occurring over the land surface and in the subsurface in a discipline- and computationally-integrated framework. Issues that have driven the development of such an integrated framework range from forecasting the impacts of climate change, to computing solute fluxes across groundwater/surface water interfaces in order to estimate changes in the quantity and quality of water resources.  Climate change models, for example, typically ignore the dynamics of groundwater flow in subsurface aquifers although groundwater comprises the bulk of the Earth’s freshwater and it forms the base flow that maintains streams, lakes and wetlands and the ecosystems within them. This presentation will first briefly describe the underlying theoretical basis of the HydroGeoSphere model, a fully-integrated surface/subsurface numerical model designed to simulate water flow and advective-dispersive solute transport on the 2D land surface and in the 3D subsurface under variably-saturated conditions. Full coupling of the surface and subsurface flow regimes is accomplished implicitly by simultaneously solving one system of non-linear discrete equations describing flow and transport processes in both flow regimes, as well as the natural exchange of water and solutes between continua. Several 3D illustrative applications of the model over various spatial and temporal scales will then be presented in order to demonstrate its utility for process understanding. The examples range from the scale of a controlled rainfall-runoff experiment (~1500m2) performed at Borden, Ontario, to that of a watershed of about 300 km2 in area, to the continental scale that comprises a simulation of the impact of the Wisconsinian glaciation on groundwater flow system and groundwater age evolution (-120 k-year to present) over the entire Canadian land mass. Results from the analysis of the rainfall-runoff experiment suggest that the “old water paradox”, as it is commonly referred to in the literature, may largely be the result of the explicit neglect of dispersive/diffusive mixing in a traditional tracer-based approach for stream hydrograph separation. The watershed-scale example is presented to demonstrate the utility of an integrated surface/subsurface modelling approach for water resources management and protection. For the final example, a state-of-the-art glacial systems model is used to drive HydroGeoSphere, and includes the effects of ice sheet loading and unloading, sea-level change, isostasy, permafrost formation and thawing, and the surficial routing and drainage of proglacial lakes. It is shown that groundwater recharge from subglacial meltwater production during the ice-sheet retreat following the last glacial maximum (~23 k-years BP) may have been as large as 20% of the total meltwater produced, that the Pleistocene meltwater may have penetrated as deep as one kilometre into the subsurface in some recharge areas, and that remnant over-pressurized zones due to glacial loading should still be present at depth. 

