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Objectives

I The need to mechanistically simulate transport of water through the
soil-plant-atmosphere continuum (SPAC); and vertical regimes of
light, water vapor, and momentum within the canopy air space (CAS)
have been recognized as key processes to accurately capture
vegetation response to future climate change.

I It is imperative that all new model developments include support for
heterogenous computing architectures, which will be the norm in
upcoming Exascale class of DOE supercomputers.

Approach

I Developed an open-source library (libMPP) for
solving terrestrial multi-physics processes with
support for flexible coupling strategy.

I libMPP uses PETSc to provide numerical
solution of discretized equations.

I Method of manufactured solutions are used to
verify the numerical implementations in
libMPP.

I Plant hydraulics model solves vertical transport of water through
root-soil-xylem

I Multi-layer canopy model
includes:

1. Two-stream shortwave and
longwave radiation model.

2. Boundary layer model.
3. Photosynthesis model

(Ball-Berry and Medlyn).
4. Roughness sublayer (RSL)

turbulence model.
5. Leaf energy balance model.
6. Vertical transport of scalars

(such as water vapor and
energy) in CAS.
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Figure 1. Resistance analogue for a multi-layer canopy approximation of n levels, to which the energy balance applies at each level. Refer
to Table 1 for interpretation of the symbols.

There is thus a modified expression for ki , with Rnf acting
effectively as a tuning coefficient for the near-field transport:

k
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The necessity to account for the near-field transport ef-
fect in canopies, remains a question under discussion (Mc-
Naughton and van den Hurk, 1995; Wolfe and Thornton,
2011).

3.5.1 Fluxes of sensible and latent heat between the
canopy layers

We re-write the expression for scalar conservation (Eq. 16,
above), as applied to canopies, as a pair of expressions for
the fluxes of sensible and latent heat; therefore, comparing
with Eq. 16, � ⌘ T or q, F ⌘ H or �E, and S ⌘ (the source
sensible or latent heat flux at each vegetation layer). Neither
the sensible or latent heat-flux profile is constant over the
height of the canopy. The rate of change of Ta,i (the temper-
ature of the atmosphere surrounding the leaf at level i) and
qa,i (the specific humidity of the atmosphere surrounding the
leaf at level i) are proportional to the rate of change of the re-
spective fluxes with height and the source of heat fluxes from
the leaf at that level:
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We now assume the flux-gradient relation and therefore write
Eq. (19) according to sensible heat flux at level i:
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which is substituted in Eq. (23)
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and following the same approach for the expression for latent
heat flux at level i, �Ea,i :
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which is, again, substituted in Eq. (23):
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Results: Plant hydraulics model
I Simulations performed for US-UMB study site for 2010-2016.
I Early successional, maple, oak, and pine share a soil column.
I Boundary and source-sink conditions:
I A time-varying top pressure boundary condition.
I A time-invariant water table as a lower boundary condition.
I A time and space varying potential transpiration is prescribed.

I The model computes actual transpiration based on xylem pressure.
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Results: Multi-layer canopy model

I Idealized simulation of a CAS shared by
a single tree with sunlit and shaded
leaves is performed.

I The simulation configuration includes
models for RSL, leaf energy balance, and
vertical transport scalars in CAS.

I The model includes flexibility for
multiple trees to share a single CAS.
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I PETSc:
I Support GPUs using CUDA and ViennaCL.
I Allows user code to be written independent of

computing architecture.
I Provides runtime options to choose numerical

methods.

I Model was configured for a single CAS
to be shared by 50 trees leading to
18,786 degree of freedoms (DoFs)

I Simulations are performed on ORNL’s Summit supercomputer for
1–100 CAS systems with a maximum 1.8×106 DoFs.
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