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Scientific requirements

Current generation land surface models (LSMs), including ELM,
routinely neglect many critical multi-component, multi-physics
processes such as:

I Lateral
redistribution of
water, energy, and
nutrients

I Transport of water
through soil-plant
continuum

I Advective transport
of energy
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suitablemedia for active groundwater systems. The study of groundwa-
ter in permafrost, referred to as cryohydrogeology, has typically received
very little attention in hydrological literature (Woo et al., 2008). Howev-
er, there has recently been a renewed interest in cryohydrogeology due
to the potential interactions between climate change, permafrost degra-
dation, and groundwater flow (e.g., Callegary et al., 2013; Cheng and Jin,
2013; Frampton et al., 2013; McKenzie and Voss, 2013; Wellman et al.,
2013).

Even in regions of continuous permafrost, where mean annual air
temperature is significantly below zero, three zones of groundwater
flow can exist. (1) Groundwater in the active layer (Figs. 1 and 2) is
known as supra-permafrost groundwater. Supra-permafrost aquifers
generally exhibit seasonally active (summer) and dormant (winter)
cycles (Woo, 1986; Freitag and McFadden, 1997; Woo, 2012). The per-
mafrost typically acts as a barrier layer (or ‘time dependent aquitard’,
Cheng and Jin, 2013) between the groundwater zones above and
below the permafrost (Williams, 1970; Freitag and McFadden, 1997;
Haldorsen et al., 2010). (2) Unfrozen zones within the permafrost layer
can provide conduits for in-permafrost groundwater flow (Fig. 2).
Cheng and Jin (2013) further divide in-permafrost groundwater into
(2a) en-permafrost groundwater, which is completely surrounded by
permafrost; (2b) intra-permafrost groundwater, which is bounded by
permafrost at the top and bottom; and (2c) talik channel groundwater,
which is laterally bounded by permafrost. Taliks are unfrozen zones
that are often formed by heat flowing from surfacewater bodies or heat-
ed buildings. They can be found at temperatures below 0 °C if the dis-
solved mineral content of the pore water is high (French, 2007).
Vertical taliks that extend through the entire permafrost zone are
known as open taliks or through-going taliks. (3) The third zone of
groundwater is sub-permafrost groundwater (Fig. 2), which exists due
to the geothermal gradient andwhich can provide amedium for regional
groundwater flow. For example, Kane et al. (2013) postulated that the
source of groundwater discharge from taliks in a continuous permafrost
zone in northeast Alaska was recharged water from the south side of a

mountain range that was transmitted to the taliks via a sub-permafrost
aquifer.

2.3. Subsurface effects of climate change in cold regions

Climate change is projected to be most severe at high latitudes
(Meehl et al., 2007), and observed hydrologic and ecological changes
to Arctic and subarctic regions due to climate warming have been well
summarized (Rouse et al., 1997; Serreze et al., 2000; Jorgenson et al.,
2001; Hinzman et al., 2005; Schindler and Smol, 2006). These changes
include decreasing sea ice, permafrost warming or degradation, in-
creased carbon dioxide release from soils, decreased glacier ice mass,
and shifting biological indicators. For example, increases in soil temper-
atures have been directly observed from long-term measurements or
inferred from borehole temperature profiles in high latitude or altitude
regions of North America (e.g., Romanovsky andOsterkamp, 1997; Smith
et al., 2010; Qian et al., 2011; Quinton et al., 2011), Asia (e.g., Zhang et al.,
2001; Yang et al., 2010; Wu et al., 2012), and Europe (e.g., Mauro, 2004;
Harris et al., 2009; Etzelmüller et al., 2011; Hipp et al., 2012). As the
climate warms, an imbalance arises between the rate of permafrost ag-
gradation and degradation, and thus the thickness and aerial extent of
permafrost is reduced (Quinton and Baltzer, 2013). In China, permafrost
area has decreased almost 20% in the past 30 years (Cheng and Jin,
2013). Romanovsky et al. (2010) provided a synthesis of the present
thermal state of permafrost in the polar Northern Hemisphere and stated
that significant permafrost warming (up to 2 °C) has occurred for the
past two to three decades. The rate of permafrost degradation is expected
to accelerate in the coming decades due to intensive global warming. For
instance, Schaefer et al. (2011) used output from three global climate
models (GCMs) to simulate a 29–59% reduction in global permafrost
area by 2200. Lawrence et al. (2012) used the land surface component
of a GCM to simulate a range of reductions (33–72%) in global near-
surface permafrost by 2100 for two climate warming projections.
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Fig. 2. Potential subsurface thermal and hydrologic effects of rising air and ground surface temperature in cold regions. Heat conduction from rising surface temperatures thaws the
underling permafrost, and heat advection from draining surface water bodies accelerates the rate of thaw (modified fromWilliams, 1970; Freitag and McFadden, 1997). New open taliks
may facilitate groundwater-surface water (GW-SW) exchange.
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Computational requirements

E3SM’s 10-year vision of a sub-kilometer resolution in terrestrial
components imposes several key computation requirements for the
terrestrial dynamical core (dycore):

I Scalable solver for nonlinear parabolic PDE with 1010 unknowns

I Support unstructured grids

I Spatial discretization that accounts for non-orthogonal grids

I Flexible framework to assemble a tightly coupled multi-component,
multi-physics problem

I Runtime configurability to use a range of numerical algorithms

Develop a rigorously verified, spatially adaptive, scalable,
multi-physics dycore for global-scale modeling of three-dimensional
subsurface processes in E3SM. The dycore will use PETSc to
provide numerical solution of discretized equations.
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Early results: Spatial discretization

I Identified two spatial discretization methods that account for
non-orthogonal grids and have been previously applied to solve for
flow and transport processes
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MultiPoint Flux Approximation: O-method Mixed FE with BDM1 basis

I Both methods lead to similar set of nonlinear equations with
unknowns pressure values at cell centers
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Early results: Spatial discretization

I Developed a prototype code for solving 2D steady-state diffusion
equation using MPFA-O method

∇ · (K∇P) = 0 with
K = 1, Psouth = 4, Pnorth = 3, Pright = 1, and Pleft = 2

I Preliminary comparison of our results show good agreement with
the MATLAB Reservoir Simulation Toolbox
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Early results: Temporal discretization

I Implemented PETSc TS–based solver in PFLOTRAN, which uses
first-order spatial discretization

Problem setup: Evolution of liquid pressure towards a hydrostatic
equilibrium starting with homogenous conditions in a 1D soil
column
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BER–ASCR Partnership

I Discussions between BER and ASCR colleagues have been
extremely useful in translating the mixed FE theory into code

I Application of PETSc’s Discretization Technology (DT)
capability to mFE discretization is expected to improve DT
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Thank you


