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Motivation: The complex soil problem

Plant inputs !

Increased temperatures can lead to
greater enzyme production because of
increased nutrient demands. Alterna=-
tively, microbes may decrease enzyme

Enzymatic depolymerization

increases with warming. In the production as enzymatic activity of the Increased maintenance

absence of phsyio-chemical r;::\:nenzym pool increases with :0:(5 «‘R:ﬂm::‘f.tnemnetm-
s = microblal respiration and
sensitivity of enzyme activity '

increases with the complexity Unpfotected SOM d;crrased carbon use

of the substrate, efficiency.

Enzyme

Respiration

High molecular weight polymers

C‘mn’& nen-sobobe B P Occlusion within
aggregates slows
decomposition of
otherwise available SOM
as well as SOM stabilized

through mineral
Interactions.

1T = Tadsorption

Physiochemically Protected SOM
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Many BGC formulations
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Which one is more plausible?



1-D mathematical representation

%(CVOV +C0,+CP,)= a—az{elz),%wVDV aaCZv } aaz(%cz)”
v:.vapor

[:liquid

1:ice

S :sink / source through runoff, transpiration, drainage
Bottom boundary condition: gcharge

Top boundary condition: net infiltration

Identical physics but variable biogeochemical
formulations
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CLM BeTR-v1
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CLM BeTR-v1
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Uniform representation

of tracer transport

- multiphase diffusion

- aqueous advection

- gas ebullition

- parenchyma transport

Flexible subsurface BGC
- diagnostic mode

- active mode

- coupling to different veg
dynamics



CLM BeTR-v1 applications
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Difference of BeTR v1 and v2

BeTR v2

semi-lagrangian advection

Implicit multiphase diffusion
for any # of phase fronts
- Tang and Riley, BG, 2014

Dominant-gas based
ebullition scheme

OOP modular interfaces
Unit testing of solvers

BeTR vl

e 1st-2nd grder flux limiter
advection

Crank-Nicholson diffusion
for < 3 phase fronts

e Ebullition based on all gases

 Over-engaged coding style
(high maintenance)



The OOP based coding in v2

- Revision 68617: /clm2/branch_tags/clm4_5_1_r085_betr_tags/cim4_5_1_r085_betr10/models/Ind/clm/src/betr

ﬁGCRcactionsFactorvMod F90

BGCReactionsMockRunType.F90

BGCReactionsMod.F90
BeTRTracerType.F90
BetrBGCMod.F90
EquilibriumChemMod.F90
KineticsMod.F90
PlantSoilnutrientFluxType.F90
SOMState VarUpdateMod .F90
TracerBalanceMod.F90
TracerBoundaryCondType.J90
TracerCoeffType .F90
TracerFluxType.F90
TracerParamsMod.F90
TracerStateType.F90

Tracer varcon.F90
TransportMod.F90
betr_initializeMod.F90
bgc_O18transport/
bge_century/

math/

3/4/15

%(CVGV +CO +Ci0i):a% QID,%WVDV aaiv —a%(qlCl)+S
v:vapor

[:liquid

I:ice

S :sink / source through runoff, transpiration, drainage
Bottom boundary condition: qcharge

Top boundary condition: net infiltration
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kinetics module to handle
competitions

interface mmcomplex ithe m-m kinetics
module procedure mmcomplex vls,mmcomplex_vle, mmcomplex m
end interface mmcomplex

interface ecacomplex !the eca kinetics

module procedure ecacomplex vls,ecacomplex _vle, ecacomplex m
end interface ecacomplex

3/4/15 Land WG meeting
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Remaining fraction (%)

Kinetics are important

—E&— Sugar maple litter
—— Aspen litter
—+— White oak litter
—¥— White pine litter
—H— Red oak liter
—&— Red pine litter
—¥— Red maple litter
—%*— Black oak litter
—— Yellow birch litter
—— Sugar maple lignin
—— Aspen lignin
—+— White oak lignin
—¥— White pine lignin
—H— Red oak lignin
—&— Red pine lignin
—% — Red maple lignin
—%— Black oak lignin
—==— Yellow birch lignin

Time (month)

ECA kinetics

Tang and Riley, Biogeosciences,2013ing

Remaining litter (%)

Litter LCI

Fraction of microbial C

. : 1 ~ 1
0 10 20 30 40 50 60 70 80
Time (month)

M-M kinetics doomed
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Unit testing example: diffusion

algorithm

= Analytic
°  Numeric: N20
* Numeric: N100

05 1
e g Tracer (mol mi™)

?P/éﬁé and Rlley, BiOgeOSCiences, 2014 Land WG meeting

— Analytic

i Numeric: N20

* Numeric: N100
1 1

1
1 2
CH, conc (mol ms)

x10™
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The OOP based flexible BGC

* Polymorphism based

0 implementation

(Ce +C6 +ce)=a%{apa ac}

ot i 0z " 0z . .
: - diagnostic BGC
57196 i
- - water isotope
vivapor - Reaction-based bgc
[:liquid

iice - Mock example
S:sink / source through runoff, transpiration, drainage
Bottom boundary condition: qcharge

Top boundary condition: net infiltration




The polymorphism implementation for
flexible subsurface BGC

module BGCReactionsMod

1
! module doing bgc reaction
! created by Jinyun Tang
! This is dirty version just to make sure the model is running
! Eventually, I want to introduce polymorphism to make it
1
implicit none
save

private
public :: bgc_reaction_type

type, abstract :: bgc_reaction_type
private
contains
!linitialize betr bgc
procedure(Init_betrbgc_interface) , deferred
!doing bgc reaction
procedure(calc_bgc_reaction_interface) , deferred

!set boundary condition for related tracer transport
procedure (set_boundary_ conditions_interface) , deferred

procedure(init_boundary_condition_type_ interface) , deferred

!do equilibrium tracer chemistry
procedure (do_tracer_equilibration_interface ) , deferred

!do cold initialization of different tracers
procedure(initCold_interface) , deferred
end type bgc_reaction_type

3/4/15 Land WG meeting
abstract interface

-
-

-
-

-
-

-
-

-

-
-

consistent with other developments in soil hydrology and the clm4.5/clm5 bgc

Init_betrbgc

calc_bgc_reaction

set_boundary_conditions

init_boundary_condition_type

do_tracer_equilibration

initCold
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Mock example

public :: bgc_reaction_mock_run_type

type, extends(bgc_reaction_type) :: &
bgc_reaction_mock_run_type

private
contains
procedure :: Init_betrbgc ! initialize betr bgc
procedure :: set_boundary conditions ! set top/bottom boundary conditions for various tracers
procedure :: calc_bgc_reaction ! doing bgc calculation
procedure :: init boundary condition_type ! initialize type of top boundary conditions
procedure :: do_tracer_equilibration ! do equilibrium tracer chemistry
procedure :: InitCold ! do cold initialization

end type bgc_reaction_mock_run_type

interface bgc_reaction_mock_run_type
module procedure constructor

end interface bgc_reaction_mock_run_type

betrtracer_ vars%tracernames(betrtracer_ varstid trc_n2)='N2'
betrtracer_ vars$tracernames(betrtracer varst%id trc o02)='02"'
betrtracer_ vars%tracernames(betrtracer_ varstid trc_ar)='AR'
betrtracer vars$tracernames(betrtracer varst%id trc_co2x)='CO2x'
betrtracer_ vars%tracernames(betrtracer_varst%id_trc_ch4)='CH4'

betrtracer_ vars%is_volatile(betrtracer_varst%id_trc_n2)=.true.
betrtracer vars%is_volatile(betrtracer varst%id trc_o2)=.true.
betrtracer_ vars%is_volatile(betrtracer_varst%id_trc_ar)=.true.
betrtracer vars%is volatile(betrtracer varst%id trc_co2x)=.true.
3/4/15 betrtracer_vars%isjﬁ@fﬂ@fﬁ@ﬁﬁ%trtracer_vars%id_trc_ch4)=.true. 16
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Example tracer profiles
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Reaction-based subsurface BGC (in ACME)

Century Soil C pool structure

CLM-CN Soil C pool structure

A4

CLMA4.5 tech note

ad
10

1litl +yO, ->yCO, + (1-y)SOM, + -, NH, + f, P(mineral)
X=[lit1, O,, CO,, SOM,, NH,, P]"

dX/dt= [_1)_ Y.V, 1_VI fCN; fCP]TR
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Reaction based BGC

litl+ a102 + c12NH4 + a3N03 — a1€02 +(1- al)SOMl
lit2+..
lit3+..

2

NH,"+(2- £)0,+(2- f)OH™ —(1- f)NO, +§N20+[3—§jH 0

dx
—=|C|r
X :state variable,

r: kinetics based reaction rates

» Stoichiometric based mass balance
» Consistent treatment of substrate competition
» Easy extension to new processes



Reaction based BGC

Iit1+a102 +a,NH, +a3N03 — a1C02 +(1—a1)SOM1
lit2+...
lit3+..

2

NH," +(2-£)0,+(2— f)oH" %(1—f)N03‘+£N20+(3—£jH 0
d

d—);:[C]r

X :state variable,

r: kinetics based reaction rates

Using standard solvers
call ode_adapt_mbbksl(one_box_century_bgc, y@(:,c,j), centurybgc_vars¥nprimvars,centurybgc_vars#nstvars, time, dtime, yf(:,c,j))

3/4/15 Land WG meeting 20



Summary

CLM-BeTR provides opportunities to do more
advanced BGC modeling
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