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Motivation: Scientific requirements

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

Transport of water through
soil-plant continuum

How hydraulic functional traits of
root, stem, and leaf will determine
the response of trees to future
drought?

Lateral redistribution of soil
moisture

How topography may mitigate
drought effects on vegetation along
a hillslope gradient?

Advective transport of energy

Will inclusion of advective energy
transport significantly alter
prediction of permafrost thaw?
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Table 1 ( continued ) 

Symbol Description Units 
RWU net Net root water uptake m 3 s −1 
ρw Water density kg m −3 
S e Ecosystem scale plant water storage m 3 
S w Soil saturation –

S s Elastic storage term m −1 
t Time s 
T Transpiration rate m 3 s −1 
θ p , j Xylem water content of plant j m 3 m −3 
θ p,sat , j Xylem water content at saturation of plant j m 3 m −3 
V c,max , j Maximum carboxilation capacity of plant j (at 25 °C) µmol m −2 s −1 
V r , j Volume of the root zone of plant j m 3 
VPD Vapor Pressure Deficit mol mol −1 
WUE Water use efficiency µmol m −3 
x, y, z Cartesian coordinates –

z sb , j Elevation of the stem base of plant j m 
z top , j Elevation of the canopy top of plant j m 
⟨·⟩ s Root-zone spatial averaging –

⟨·⟩ e Ecosystem-scale spatial averaging –

Fig. 1. (a) Model structure and (b) conceptual description of light-water competition by multiple plants. The pathway of water movement from the soil through the plant 
system into the atmosphere is modeled using a 1D porous medium approach accounting for storage in the plant tissues. Water fluxes are proportional to potential energy 
gradients between the soil ( ψ), the stem base ( ψ sb ), the plant xylem ( ψ p ) and leaves ( ψ L ). The soil compartment is modeled as a 3D porous medium. The RWU/HR flux 
by plant j at the soil node i (i.e. q r, i , j ) is calculated by considering the soil conductance ( g s, i , j ), relative to the average path l i from the soil to the nearest rootlet, and the 
root membrane conductance ( g r, i , j ). Energy losses within roots are neglected and the water potential inside the rooting system is assumed equal to ψ sb (see Manoli et al., 
2014 for details). Overstory-Understory competition for light and soil water is evaluated by modeling light attenuation (as modulated by leaf area density, LAD , distribution) 
among trees with overlapping root systems ( B o and B u for overstory and understory, respectively). 
integral in Eq. (3) can be rewritten as Q j = Q + 

j + Q −
j , where Q + 

j is 
the total RWU and Q −

j is the HR flux. Given that the model ac- 
counts for multiple plants competing for soil water ( Manoli et al., 
2014; 2015 ), the total water uptake per unit soil volume appearing 
in Eq. (1) is expressed as the uptake from all plants having non- 
zero root biomass at each grid node, i.e. q r = ∑ 

j q r, j . 
2.2. Stem water flow 

The above-ground compartment of the plant system can be 
described by a one-dimensional porous medium (domain $j in 
Fig. 1 ), resulting in a conservation equation for water in plant tis- 
sues ( Bohrer et al., 2005; Chuang et al., 2006; Huang et al., 2017; 
Kumagai, 2001; Mirfenderesgi et al., 2016 ): 
[∫ z+%z 

z A p, j (z) dz ]C p, j (ψ p, j ) ∂ψ p, j 
∂t = −∂q p, j 

∂z %z−T j (z) in $ j ∈ R , 
(4) 

where ψ p , j is the water potential in the sapwood [m], A p , j is the 
cross-sectional area [m 2 ] of conductive sapwood at height z, C p , j 

is the capacitance of sapwood [m −1 ], T ( z ) is the transpiration rate 
[m 3 s −1 ] and q p , j is the sap flux [m 3 s −1 ] assumed to follow 
Darcy’s law: 
q p, j = −K p, j (ψ p, j )A p, j (∂ψ p, j 

∂z + 1 ), (5) 
where K p , j ( ψ p , j ) is the plant hydraulic conductivity [m 
s −1 ] that is commonly used to account for the vulnera- 
bility of the xylem to embolism ( Daly et al., 2004; Manoli 
et al., 2014; Manzoni et al., 2013; Volpe et al., 2013 ), i.e. 
K p, j = K p,max exp [ −(

−ψ p, j /d K p )c K p ] . The stem cross-sectional area 
is calculated by assuming a cone-shaped tree volume ( Huang et al., 
2017 ): A p, j (z) = A p,max, j (1 − a p · z/h p, j )2 

, where A p,max , j is the area 
at the base of the stem, a p a tapering coefficient, and h p , j is the 
canopy height. The hydraulic capacitance C p , j accounts for plant 
water storage and any hysteresis between leaf water potential 
and RWU rate. It is defined as the ratio of change in tissue water 
content θp , j with the water potential ψ p , j , i.e. C p, j = d θp, j /d ψ p, j . 
When the water potential increases, the capacitance supplies wa- 
ter to the leaf and acts as a source. In a porous medium analogy 

Manoli et al. (2017), Adv. Water Res. 
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used to represent the level of plant vascular impairment
(McDowell et al., 2008). Hydraulic safety diminishes as drought
progresses, and in theory, hydraulic failure could occur some-
where along the water transport pathway when the hydraulic
safety drops to zero (Hacke et al., 2000; McDowell et al., 2008).
Although climatic water deficit terms can capture reductions in
plant-available soil water, hydraulic safety integrates the
hydraulic response of the whole soil–plant–atmosphere contin-
uum and is related more mechanistically to plant hydraulic dys-
function during drought (Fig. 1).

Second, studies typically account for spatial heterogeneity of
tree mortality using either direct climatic variables or moisture
indices derived from climatic variables (Rehfeldt et al., 2009;
Anderegg et al., 2013a; Williams et al., 2013; Worrall et al.,
2013). However, the role of topography in creating variations of
micro-site condition within the same climate is considered insuf-
ficiently. Topography causes variations in both the energy and
water input to forest systems, especially in complex terrains
(Adams et al., 2014). Elevation is often used as a surrogate for
making spatial adjustments of temperature and precipitation, and
hillslope aspect is used for quantifying radiation load (K€orner,
2007; Rinehart et al., 2008). Elevated mortality at low elevations
and on sunward facing hillslopes is widely seen (Allen & Bres-
hears, 1998; Frey et al., 2004; Worrall et al., 2008; Kaiser et al.,
2013). We complement those relatively well-known topographic
effects in mediating climate extremes on mortality and focus on
evaluating the role of topographic convergence.

Topography-driven convergence reorganizes the water balance
driven by climate, creating persistently wetter valleys and drier
ridges (Fig. 1). Its influence on the spatial structure of soil mois-
ture is recognized to be prevalent from local to global scales
(McDonnell et al., 2007; Brooks et al., 2011; Thompson et al.,
2011; Voepel et al., 2011; Fan, 2015; Zapata-Rios et al., 2015).
Various hydroclimatic processes could be responsible for the co-
evolution of soil moisture with topography. One frequently
attributed process is the subsidy of groundwater (Fig. 1) (Clark
et al., 2015; Fan, 2015). As groundwater moves laterally from
topographic divergent (e.g. convex ridges and divides) to topo-
graphic convergent (e.g. concave valleys and topographic hol-
lows) areas (Dingman, 1994), it raises the water table towards the
surface locally and thus supplies additional water to the root zone
through capillary lift or hydraulic redistribution (Dawson, 1993;
Liu et al., 2006). Greater exposure to radiation and wind at ridges
could also cause ridges to be drier compared to valley locations
(Adams et al., 2014). In addition, snow accumulation is corre-
lated with surface convergence with thicker snowpack in concave
areas, resulting in pockets of relatively higher soil water (Winstral
& Marks, 2002). But the effects of topographic convergence on
the spatial variations of soil moisture are often neglected in cur-
rent mainstream LSMs (Nijssen et al., 2001; Clark et al., 2015;
Fan, 2015). Given the critical role of soil moisture on plant
development, incorporating this variability of soil moisture may
improve predictions of drought-induced mortality compared to
only considering the soil–plant–atmosphere column.

(a)

(b)

(c)

Fig. 1 (a) Plant water stress during drought is represented by soil water content solely accounting for the vertical water flux, which assumes homogeneous
soil moisture within a simulation unit irrespective of topographic variations. P is precipitation and Et is evapotranspiration. (b) Plant water stress is
represented by hydraulic safety, which considers the response of the whole soil–plant–atmospheric continuum to drought. Hydraulic safety is derived by
introducing plant hydraulic conductance (K) as a function of xylem water potential (Ψ). See Sperry et al. (1998) for details. (c) Lateral groundwater moves
from divergent to convergent areas and causes variations in local groundwater table depth and thus reorganization of the soil moisture following
topography. Color bar, the level of soil moisture wetness; f(G), subsidy of groundwater to root zone water storage; f(G) = 0, neutral area where there is no
redistribution of soil moisture following topography; f(G) > 0, convergent areas that receive above average subsidy from groundwater; and f(G) < 0,
divergent areas that receive below average subsidy from groundwater.

New Phytologist (2017) 213: 113–127 ! 2016 The Authors
New Phytologist! 2016 New Phytologist Trustwww.newphytologist.com

Research
New
Phytologist114

Tai et al. (2017) New Phytologist
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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.

Permafrost

Perennially Unfrozen Soil

Growing Active Layer
(seasonally freezing)

Permafrost
Talik Formation

Supra-permafrost
Groundwater

Sub-permafrost
Groundwater

Supra-permafrost
Groundwater

In-permafrost
GroundwaterOpen Talik

Perennially Unfrozen Soil

Active Layer
(seasonally freezing)

a) Current climate

b) Warming climate

Temp

Time

Temp

Time

Sub-permafrost
Groundwater

Lake

Shrinking
Lake

Enhanced GW-
SW exchange

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.

316 B.L. Kurylyk et al. / Earth-Science Reviews 138 (2014) 313–334

Kurylyk et al. (2014), Earth-Science Reviews
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Motivation: Computational requirements

ELM’s existing numerical algorithms are inadequate for solving
tightly coupled, multi-dimensional, multi-physics problems

ELM’s monolithic software design is not extensible to support
solution of tightly coupled multi-physics problems

Numerical implementation of processes in ELM are coded for
a single spatial-temporal discretization and a fixed set of
boundary and source-sink conditions
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Multi-Physics Problem (MPP) library

Challenges of efficiently solving
multi-physics problems are not
unique to the LSM community

Multiphysics simulations:
Challenges and opportunities

David E Keyes1,2, Lois C McInnes3, Carol Woodward4,
William Gropp5, Eric Myra6, Michael Pernice7, John Bell8,
Jed Brown3, Alain Clo1, Jeffrey Connors4, Emil Constantinescu3, Don Estep9,
Kate Evans10, Charbel Farhat11, Ammar Hakim12, Glenn Hammond13, Glen Hansen14,
Judith Hill10, Tobin Isaac15, Xiangmin Jiao16, Kirk Jordan17, Dinesh Kaushik3,
Efthimios Kaxiras18, Alice Koniges8, Kihwan Lee19, Aaron Lott4, Qiming Lu20,
John Magerlein17, Reed Maxwell21, Michael McCourt22, Miriam Mehl23,
Roger Pawlowski14, Amanda P Randles18, Daniel Reynolds24, Beatrice Rivière25,
Ulrich Rüde26, Tim Scheibe13, John Shadid14, Brendan Sheehan9, Mark Shephard27,
Andrew Siegel3, Barry Smith3, Xianzhu Tang28, Cian Wilson2 and Barbara Wohlmuth23

Abstract
We consider multiphysics applications from algorithmic and architectural perspectives, where ‘‘algorithmic’’ includes both
mathematical analysis and computational complexity, and ‘‘architectural’’ includes both software and hardware environ-
ments. Many diverse multiphysics applications can be reduced, en route to their computational simulation, to a common
algebraic coupling paradigm. Mathematical analysis of multiphysics coupling in this form is not always practical for
realistic applications, but model problems representative of applications discussed herein can provide insight. A variety
of software frameworks for multiphysics applications have been constructed and refined within disciplinary commu-
nities and executed on leading-edge computer systems. We examine several of these, expose some commonalities
among them, and attempt to extrapolate best practices to future systems. From our study, we summarize challenges
and forecast opportunities.

Keywords
Multiphysics, multimodel, multirate, multiscale, implicit and explicit algorithms, strong and weak coupling, loose and tight
coupling.
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Keyes et al. (2011)

Uses PETSc to provide numerical solution of discretized equations

PETSc’s DMComposite is used to solve tightly coupled
multi-physics problems

Open source available at https://github.com/MPP-LSM/MPP

Follows an open development framework

Using Travis-CI for testing on Linux and OS X

Solution verification is being performed via method of
manufactured solutions

https://github.com/MPP-LSM/MPP
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Outline

1 Application of MPP to solve subsurface hydrologic processes

Single physics, single component

2 Application of MPP to solve subsurface thermal processes
with lateral redistribution of energy

Single physics, multi dimension

3 Application of MPP to resolve transport of water through
soil-plant continuum

Single physics, multi component

4 Verification for MPP
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Improving subsurface hydrologic processes in ELM

Groundwater is a source for 30% of all freshwater withdrawals used for
agriculture, domestic, and industrial purposes

ELM-v0 treats subsurface hydrologic processes separately in unsaturated and
saturated zone

Water table observation of Fan et al. (2013) is deeper than the extent of soil
ELM soil column for 13% of land grid cells
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Variably Saturated Flow Model (VSFM)

Model:
A unified physics formulation is developed in ELM-v1 to solve subsurface
hydrologic processes in a variably saturated soil

Spatial and temporal discretization leads to a set of nonlinear equations
that are solved using PETSc

Global offline ELM simulations showed that subsurface drainage flux
(qdrain) had a dominant control on predicted water table depth (WTD)

qdrain = qdrain,maxexp(−fdrainzWTD)

Simulation configuration:

Vertical discretization of soil column was modified to include 59 soil
layers that reached a depth of 150 m

An ensemble of global simulations with multiple fdrain values were
performed for 200-years on 1.9◦ × 2.5◦ grid to estimate an optimal
fdrain for each grid cell

A global simulation with optimal fdrain was performed for 200-years on
1.9◦ × 2.5◦ grid
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Estimation of fdrain parameter
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Bisht et al. (2018) GMDD, in review
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Estimation of fdrain parameter
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Simulated water table depth anomalies

Bisht et al. (2018) GMDD, in review

ELM with default fdrain ELM with estimated fdrain
Bias RMSE R2 Bias RMSE R2

-10.3 21.3 0.28 2.3 8.3 0.91
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Lateral redistribution of heat in Arctic polygonal ecosystem
Objective:

How spatial heterogeneity of soil
temperature due to spatially
variable snow depth is impacted by
inclusion of lateral redistribution of
heat?

Model:
Incorporated lateral energy
transport in the subsurface within
ELM.
Spatial and temporal discretization
leads to a set of linear equations
that are solved via PETSc

Micro-topography

Snow

Polygonal Arctic LandscapePolygonal Arctic Landscape

Snow

Micro-topography

4.9

4.8

4.7

4.6

4.5

4.4

4.3

[m]
5.0

Linear system: A x = b
Sparsity pattern of A for two soil columns

that are laterally connected

Linear system: A x = b
Sparsity pattern of A for two soil columns

that are laterally disconnected

Linear system: A x = b
Sparsity pattern of A for two soil columns

Laterally disconnected 
soil columns

Laterally connected 
soil columns

Simulation configuration:

10-years long simulations for a two-dimensional transect across polygonal
landscape at the Barrow Environmental Observatory, AK are run for 1D and 2D
physics formulation.
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Simulated soil temperature profiles

Bisht et al. (2017), GMD

The model accurately reproduces observed soil temperature vertical profiles in
the polygon rims and centers
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Simulated soil temperature spatial variability

Timeseries of spatial standard deviation for each soil layer averaged

      (a)

      (b)

Bisht et al. (2017), GMD

Excluding lateral subsurface thermal processes had modest impact on mean
states (not shown here) but an overestimation of spatial variability in soil

temperature
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Application of VSFM to resolve plant hydraulics

VSFM uses PETSc’s extensible framework (DMComposite) to
resolve tightly coupled transport of water through the
soil-plant continuum

Xylem

Leaf

Soil
Root

Macropore
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Application of VSFM to resolve plant hydraulics

VSFM uses PETSc’s extensible framework (DMComposite) to
resolve tightly coupled transport of water through the
soil-plant continuum

Soil

Solution of nonlinear equations for a soil system(
Js,s

) (
∆Xs

)
= −

(
Rs

)
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Application of VSFM to resolve plant hydraulics

VSFM uses PETSc’s extensible framework (DMComposite) to
resolve tightly coupled transport of water through the
soil-plant continuum

Soil
Root

Solution of nonlinear equations for a soil-root system(
Js,s Js,r
Jr ,s Jr ,r

)(
∆Xs

∆Xr

)
= −

(
Rs

Rr

)
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Application of VSFM to resolve plant hydraulics

VSFM uses PETSc’s extensible framework (DMComposite) to
resolve tightly coupled transport of water through the
soil-plant continuum

Xylem

Soil
Root

Solution of nonlinear equations for a soil-root-xylem system Js,s Js,r 0
Jr ,s Jr ,r Jr ,x
0 Jx ,r Jx ,x

 ∆Xs

∆Xr

∆Xx

 = −

 Rs

Rr

Rx


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Application of VSFM to resolve plant hydraulics

Collaborating with Gil Bohrer and Golnazalsadat Mirfenderesgi (OSU), developers of
FETCH2

Study site: US-UMB contains Oak and Pine; Study period: 2015-2017

Vertical profile of potential transpiration is derived based on meteorological data and
tree characteristics

Model computes vertical transport of water and actual transpiration based on leaf
water potential
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Verification via Method of Manufactured Solutions (MMS)

Validation: Solving the correct equations?

Verification: Solving the equations correctly?

MMS is an approach used for model verification

Model: 0 = −∇ · (−λ∇T ) + Q

Manufacture a solution:
T (x , y , z) = 10 sin(xπ) cos(2yπ) sin(3zπ) + 270
λ(x , y , z) = exp(x + y + z − 1)

Derive Q(x , y , z) by substituting the manufactured solution into the model.
Prescribe Q to each grid cell in the numerical model and solve for T (x , y , z).
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