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New theory and techniques

* Atheoretical framework of carbon storage
X(1) = Xe(t)- Xp(1)
* High-fidelity emulators of carbon cycle models

— Model evaluation via 3D parameter space,
traceability framework, variance decomposition

— Model improvement via semi-analytic spin-up and
data assimilation

— Model development via component evaluation



Recommendations

Tier 0 You do nothing, we will find ways to
analyze your results

Tier 1 Model outputs: GPP, residence time () to
estimate the equilibrium capacity (X;) and
potential (X,)

Tier 2 Developing an emulator for your model to
enable analytic spin-up, traceability, parameter
space, variance decomposition, and data
assimilation

Tier 3 Establishing a library of emulators to allow
various analyses
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What we have searched for

Common properties CLMS
. shared among models e

Forest BGC SDGVM TEM CASA’ O-CN  eee eee

Model Outputs

e.g., Ecosystem C stock




Fundamental properties of the terrestrial
carbon cycle

1. Photosynthesis as the
primary C influx pathway
' CANOPY 2. Compartmentalization,

3. Partitioning among pools

4. Donor-pool dominated
carbon transfers

5. 1st-order kinetics of carbon
transfers
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Fundamental properties of the terrestrial
carbon cycle

1. Photosynthesis as the
primary C influx pathway
' CANOPY 2. Compartmentalization,
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Autotrophic Phot(_)synthesis

2. respiration

{—*co,
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B: Shared model structure

D: General model C: Similar algorithm

dX( t) Generalization dX,(t)/dt =bU(t)-Ec,X,(¢)
) =7 Ax()CX (1) +BU(¢) Plant { dX,(t)/dt = b,U(t)- Ec, X, (1)
dX,(1)/dt = bU(t) - Ec, X, (1)
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A long history of using matrix equations

u—bNu
ATMOS_PHERE > BIOSPHERE
N <— N =O0OSN.
a
kb-c: Nb b ?
KaemMa Y AKpeaNm kh-aNh Y Kp-nNp

MIXED LAYER HUMUS
Npm= k2N, N, =1.5Ng

km-dNm¥ PNkgomNg

Bolin & Eriksson, 1958:;
Emanuel et al., 1981
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Major issue | ax() _ = AX(1)CX(£) + BU()

dt
X(t=0)=X,

N\

If the carbon cycle mathematically is an extremely
simple system,

 Why is the natural phenomenon so complex?



JFINIMBIoS Investigative Workshop

.f:}. and Biological Synthesis

Jim Cushing: Nonautonomous system



Nonautonomous system

A dynamical system with its input and parameters
being time dependent

d)g f’ ) = Ax(1)CX (1) + BU(F)

X(t=0)=X,

N

U(¢)is input, which is time dependent

Parameters x(¢)and B(¢)are time dependent



NIMBioS Working group

and Biological Synthesis




External vs. internal components of
carbon cycle dynamics

X'(t)=Ax(t)CX(¢)+BU(r)
X(t) = (A&(O)K)~'Bu(t) — (AE()K)~X'(¢)

Instantaneous responses Internal capacity
to external forcing of equilibriation



Three advances

X(t) = (AS(K)'Bu(t) — (AS(@K)1X'(6)



Advance 1: Emulator

Input: GPP, temperature and precipitation

X(t) = (AS(K)'Bu(t) — (AS(@K)1X'(6)

Exactly reproduce simulation output of original
models



CLM 4.5 iCi(2)

i

= Ri(2)+ Z (1=rj)T;ikj(2)Ci(2) =ki(2)Ci(2)
J#I

d D dC;
+d—( & HE)
Coarsg| =
Wood "‘d
—
:‘Litterl ‘,f’/'
= =
=0 Emulator
E.' ] Litter n w.g‘-«_:
= [
s |\ X(t) = (AE(OK) " Bu(t)
DiffusivitE |_|“ﬂc."c# —(AE(t)K)‘lX'(t)
] %'I %l Soil n
g g<> Shi et al. in progress
= —
=
Koven et al. 2013 =

Oleson et al. 2013



A is a block diagonal transfer matrix with dimension
70 by 70 (7 C pools per soil layer for 10 layers).

Al -1
, where -1
A70x70 - AL ds, -1
AL= A., -1
ALU_ As> As3 -1 UAse a7
Aos Aos !
Ars dre 1

A, is a block matrix with L being the soil layers taking
value from 1 to 10. a; , is C transfer from i" receiving pool

from jt" donating pool
Shi et al. Unpublished




Soil carbon concentration

by model (Kg C m3)
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Emulators

LPJ-GUESS

10 ha - 2500 km? or species cohort in patch

replicate paiches in various
stages of development
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100% reproducibility of the original models
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Luo et al. under review




Advance 2: Nature of the terrestrial carbon cycle

External forcing Terrestrial carbon cycle Response

Periodic climate Periodicity
(e.g., seasonal) \ /
Disturbance event R —> Pulse-
(e.g. fire and land —> ], dX(t) HSETTECOTErY
use) | —2=x(1)AX()+bU(¢)

I |
Climate change —|.. at > Gradual change
(e.g., rising CO,) T X(O) — XO
Disturbance regime disequilibrium

Ecosystem state change \

Abrupt change
(e.g., tipping point)

Complex phenomena of carbon cycle dynamics result from multiple
environmental forcing variables interacting with relatively simple

internal carbon cycle processes Luo, Smith, and Keenan, 2015, GCB



Advance 3: The targeted quantity

e Carbon cycle research
* Government negotiation on carbon credicts

e Carbon trading

Transient
dynamics

X(0)=t (ONPP() -

= Capacity - Potential



Two applications

e Model evaluation

* Model improvement
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Variance decomposition

X=XE_XP;XE=TE*NPP

2 -~ 2 — 2 — 2 v
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A traceability framework for terrestrial C cycle

Soil attributes

Climate forcing

Vegetation traits
* |
[ |
Precipitation Temperature Litter lignin Soil texture
l l fraction
GPP_ ., CUP
\ §|W §|T ¥
T
GPP v E
9 S
S |
c
i v
NPP (U, ) Te
X¢ Xia et al. Global Change Biol. (2013)
SS Xia et al. PNAS (2015)

Luo et al. Global Biogeochem. Cy. (2016)

X, — Ecosystem C storage capacity

¢ - Environmental scalar on C decay rates
CUE - C use efficiency as NPP/GPP

7 — Ecosystem C residence time



Source partitioning of model uncertainty

Xia et al. In Prep.



Model evaluations

* Minimal level Model outputs: GPP and
residence time (t;) to estimate the equilibrium
storage capacity (Xg) and the potential (X;)

* Medium level Developing an emulator of your
model to enable traceability analysis,
parameter space, variance decomposition

* Ideal level Establishing a library of emulators
of multiple models to allow various analyses



Application 2: Model improvement



Process
* Biophysics

* Hydrology

* Biogeochemistry

* \lggatation dynamics

Luo et al. 2012

Parameter
* State variables
* Rate variables
* Responses
* Feedback

Observations | » Temporal scale |
Data-model products s Error structure
Relationship and patterns | ;

e A priori thresholds

* Scoring systems
considering weights for
different processes and
data sets

To determine model’s

. * Acceptability
/e Ranking
o Strength and deficiency

4




TECO

Luo lab
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Data constraints
C1 MODIS leaf area
C2 Biomass (24)*
€3 Soil C(23)
*Tropics only

Model drivers
D1 Meteorology
D2 MODIS burned area

Simple but pool-based models
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NPP = Net primary production (GPP - Ra)
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Retrievals of NPP allocation to structural (wood and fine roots) and photosynthetic (labile and
foliage) C pools.
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NPP allocation to structural C Labile
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Community Land Model (CLM)
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Carbon Cycle Data Assimilation System (CCDAS)

Assimilation data

Forcing data

Evaluation data

Fossil fuel fluxes

Biomass bur fluxes

Meteo. data
Satellite Prior param.
NDVI calibration
Atmos.
[CO2]
FluxNet W _r-.x
data N « Carbond
h""h‘h
Ocean /
pCO2 data &

Physical fields

ata assimilation

system

.‘h-h., -
B -

Forest C stock

Soil C stock

Independent
land C fluxes

Independent
ocean C fluxes

#
-
-
-

Independent
satelite / Atm data

Optimized C

(values

arbon fluxes & pools

and model parameters

& uncertainties)

Peylin et al.
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Error

Flux data alone can
not constrain
turnover rates

When turnover rates
are unconstrained,
the models have low
predictive skills.

Both pool- and flux-
based data are
needed to constrain
global land models to
improve their
predictive skills.



Earth system modeling
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BDBM challenges

Model complexity Low tractability

Global optimization Computational
cost

Numerous parameters Equifinality

Heterogeneous Interoperatbility
datasets

X(@t) = (AEK)'Bult) — (ASK)X'(6)



Our approaches to BDBM challenges

Model complexity Low tractability Traceability

Global optimization Computational High-fidelity

cost emulator
Numerous parameters Equifinality Many datasets
Heterogeneous Interoperatbility Various data
datasets assimilation
strategies

X(@t) = (AEK)'Bult) — (ASK)X'(6)



Improvement of soil C modeling

Residuals before calibration
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Summary

* Atheoretical framework of carbon storage
X(1) = Xe(t)- Xp(1)
* High-fidelity emulators of carbon cycle models

— Model evaluation via 3D parameter space,
traceability framework, variance decomposition

— Model improvement via semi-analytic spin-up and
data assimilation

— Model development via component evaluation



Recommendations

* Tier 1 Model outputs: GPP, 7., X, X, to allow
analytic model evaluation

e Tier 2 Developing an emulator for your model
to enable analytic spin-up, traceability,
parameter space, variance decomposition,
and data assimilation

e Tier 3 Establishing a library (farm, zoo) of
emulators to allow various analyses






Matrix equation

X(¢)=t,.(¢)NPP(t)- X (¢)

p

X(t) = (Aé(t)K)"1Bul(t) — (AE(t)K)~1X'(t)



The traceability framework

/ Vegetation traits /

/ Climate forcing /

/ Soil attributes /

Litter lignin
fraction

So1l texture

Baseline residence time (1z")

y

— [ a\ \
Photosynthetic Vegetation o1 Temperature $r
type type .
dw Precipitation Ew
\ﬁ \C ) J
r /
Environmental Environmental
. I
Baseline NPP (NPP") scalar (8) scalar (£)
|
v ¥ :
NPP (U) C residence time (7g)

Chasing time (Tpe)

NEE (X")

[ C storage capacity (Xgg) ]

|

[ C storage potential (X}) ]

y

[ Carbon storage dynamics (X) ]

Lu et al. In prep.
Zhou et al. In prep.



