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• C1; time
• C2: incoming short-wave (W/m2)
• C3, net radiation (W/m2)
• C4, air temperature (oC)
• C5, VPD (Pascal), or relative humidity
• C6, windspeed ( m/s)
• C7, obs latent heat (W/m2)
• C8, obs sensible heat (W/m2)



Model as a set of hypotheses

ObservationDescription

Mechanisms

Models Predictions



Modelling

• Why modelling?

– Models as a set of hypothesis

– Models as a synthesis tool

– Interactions between modelling and 
measurements



Use of surface flux models for interpreting eddy 
flux measurements: some basic principles

• Absorbed radiation drives surface processes

• Conservation of mass and energy 

• Energy partitioning: demand and supply

• Stomatal functioning



Energy partitioning: the demand and supply

• Energy partitioning: Rn=λE + H + G

E
H
λ

β = :ratio Bowen

β =0.3 β =10



Overview of CBM
• CBM (CSIRO Biosphere Model) simulates 

exchange of heat, water and CO2 between land 
surface and atmosphere

• Key processes:
• Radiative transfer
• Leaf energy balance
• Stomatal conductance
• Leaf photosynthesis model
• Plant and soil respiration
• heat, water transfer in soil and snow
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The two-leaf canopy

• Why two-leaf approach?
– Multi-layered canopy requires more 

computing
– One-leaf approach is inaccurate

• Essence of two-leaf canopy
– Bulk parameter formulation for sunlit and 

shaded leaves separately
– Same equations for single leaf is used for big 

leaf



Solar radiation and its spectra



Radiation flux density

• The energy unit for radiation is Joule m-2 s-1, 
or Watt m-2;

• For photosynthesis, it is not the energy, but 
number of photos important for the 
photosystems in a leaf

• The amount of energy per photo decreases 
with an increase in wavelength. On average

1 W m-2 = 4.6 µmol m-2 s-1 for visible



Four radiation wavebands

• Three radiation wavebands of solar 
radiation (or shortwave radiation):

• Solar radiation (short-wave radiation)
– Ultraviolet (0.2 to 0.4 µm); 5-8%
– Visible (0.4 to 0.7 µm), 46-50%
– Near infra red (0.7 to 1.5 µm) 44-46%

• Long-wave radiation >10 ( µm)



Leaf optical properties



Surface radiation balance



Beer’s law
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Where 

a: is absorption coefficient;

l: path length;

c: concentration of absorbant;

k: extinction coefficient;

L: canopy leaf area index.



Extinction coefficient (k)
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Leaf angle distribution and kb

kb=(x2+cot2β)0.5/(A(x)x)Ellipsoidal leaves

kb=1/(2sinβ)Spherical leaves

kb=2cotβ/πVertical leaves

kb=1Horizontal leaves

kbLeaf angle 
distribution



Extinction coefficient for direct beam radiation (kb)



Sunlit leaf area fraction

• Fraction of sunlit leaf area, fsun is equal to gap 
fraction, exp(-kbL).

• For a canopy, total sunlit leaf area index, Lsun, is 
given by
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The two-stream approximation 
(Goudriaan’s model)

Canopy

Soil

Two-stream approximation



Two-stream approximation

Analytic solution to two-stream approximation 
suggests:

• the flux density of (unintercepted and scattered) 

diffuse radiation decreases exponentially with 

the exponent being        , where ξ is cumulative 

canopy LAI from the canopy top, and 

ξ*
dk
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Radiation absorption within a plant canopy



Total amount of radiation absorbed
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Leaf energy balance

HRlu   + H   +   λE        =  Rn

Rlu



Leaf energy balance

• The governing equation:

• Sensible heat:

• Latent heat (Penman-Monteith equation):
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Conductance for heat, water and CO2
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Stomatal conductance: coupling 
water use and CO2 uptake

• Through stomata, CO2 enters and H2O exits the leaf;
– When [CO2] in intercellular space and guard cell↓,K+ 

moves into guard cell, stomata opens, vice versa;
– Too much water loss, stomata close;
– Soil dries, ABA produced at root tips transported to 

leaf, and induce stomata closure.
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Leaf photosynthesis: the Calvin cycle



C3 photosynthesis model

Rubisco-limited Light-limited Sink-limited
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The combined model of stomatal conductance, 
photosynthesis and transpiration for a leaf

ffhafapf HTgTTcH  ,   :unknowns         ;)( −= ρ

( ) ( ) sfwhhapainf gEggsgcDsRE ,;//,  :unknows  γρλ ++=

fffrafapffn TEHgTTcEHR ,,;)(  :unknows             −++= ρλ

We have four unknowns with 
only three equations?



The combined model of stomatal conductance, 
photosynthesis and transpiration for a leaf
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We have four unknowns, only three equations?



The combined model of stomatal conductance, 
photosynthesis and transpiration for a leaf
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The extra equation forms a link between energy 
flux and CO2 exchange. These equations are the 
core of the combined model



Scaling conductance of leaf to big leaf



The combined model of stomatal conductance, 
photosynthesis and transpiration for a leaf
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Respiration: plants
Plant respiration includes growth and 
maintenance respiration (Rp=Rg + Rm)
– Growth respiration (Rg): about 30% of the total carbon 

for growth is respired;
– Maintenance respiration (Rm): a function of substrate 

concentration and temperature.

• Rm= R0exp(kT)
• k = a - bT



Respiration: soil

• Soil respiration, Rs, can be modelled as

)()( 210 sss vfTfRR =

f1(Ts)

Soil temperature (oC)
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Soil temperature and moisture 
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Soil temperature
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Soil temperature profile



Soil evaporation

Two-staged processes
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Modelling soil evaporation
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How is it implemented?



Nonlinear parameter estimation
- An introduction

• Some basic concept

• Linear inversion

• Nonlinear inversion

• Practicals



Inversion

• What is it? You often do it without knowing it. 

• Many commercial packages available

• Know your measurements well before inversion

• Often requires a few trials and errors to get the 
right answer



Some basic concept

• Parameters (p), variables (x, y) and state

• Models (y=f(x,p))

• Errors: systematic errors and random 
errors (ε)



Some basic concept

• Maximum likelihood
– The most probable solution

• Least squares
– Represent the squared difference, may not be 

the maximum likelihood solution 
• Sensitivity (derivatives)

– Important for any nonlinear optimization



When is max likelihood solution is 
the same as least square solution?
• When the errors of individual data points are 

normally distributed and independent.

• Often chi-square is a better distribution for 
assessing the goodness of fit.



Some basic concepts

• Estimate and probability distribution



Variance and covariance

)var()var()var(0
)var()var()var(0

2)var(
)var(;)var(

212112

212112

2112
2
2

2
121

2
22

2
11

PPPP
PPPP

Therefore
PP

PP

+<+<
+=+=

++=+

==

       
       

    

ρ
ρ

σσρσσ

σσ



General linear regression
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Linear inversion theory

• For a given set of measurements of (X0, 
Y0), the maximum likelihood estimate of 
coefficient b is given by 

• The covariance of b (cov(b)) is given by
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An example
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Y: dependent variable; x1 and x2 are two 
independent variables. The five set of 
observations are: (x1i, x2i, yi)
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Nonlinear inverse theory

• Assume a general nonlinear relationship 
between Y and X with parameter p, and 
we wish to estimate parameter p from a 
set of observations of (X0, Y0).

• The regression model can be written as

εε +=+= )(ˆ pX,FYY



Nonlinear inverse theory

• The least squared cost, Φ, is given

( )( ) ( )( )T

m

pX,F-YQpX,F-Y obsobs∑=φ

.

•The optimum is found when 

0=∂
∂

p
φ



Nonlinear inverse theory

Using the least square theory, the estimate 
of parameter p, pes, can be calculated as

and the covariance of p is given by
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What does it mean?

• Linear:

• Nonlinear:

• Solution to nonlinear problem is an tangent 
linear approximation
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Nonlinear parameter estimation

Parameter value

0 1 2 3 4 5 6

C
os

t

-0.4
0.0
0.4
0.8
1.2
1.6



Case study: Penman-Monteith equation

• The equation:

• Independent variables: Ta, Da, Rni

• Dependent variable: Ef

• Parameters, ga, gb, gs
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Examining the results
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Examining results (case 41)
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Examining the results (case 4)

-50 0 50 100 150 200

λ E
ob

s

-100
-50

0
50

100
150
200

b[0]=-12.34
b[1]=1.12
r ²=0.87

Predicted λE

-50 0 50 100 150 200

λ E
m

od
-λ

E
ob

s

-80
-60
-40
-20

0
20
40
60
80

b[0]=-12.34
b[1]=0.12
r ²=0.07



Radiation absorbed in a canopy
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Introduction to PEST
• PEST is model-independent, nonlinear

parameter estimation package. It is a widely 
used, free download software.

• It provides stable solution to most nonlinear
inversion problems, with the capability of 
powerful predictive analysis and regularization.

• It communicates to users and models by text 
files that can be modified by users



How PEST works?

Template file

Parameter value

Model

Instruction file

Model output

Control file

(running PEST)





Template file



Instruction file



Application I: interpretation
Response of NPP to CO2 doubling
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Application II: calibration
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Application III: predictive analysis



Model as a set of hypotheses

ObservationDescription

Mechanisms

Models Predictions



Land surface modeling

• As a key component of earth system

• Synthesis leads to a better representation 
of ecological processes

• Use data to test the model
– Discrepancies lead to improvement, new 

discoveries



What are we doing differently from 
10 years ago?

• More measurements with greater temporal 
and spatial resolution

• More synthesis and generalization

• Uncertainties in model and observations



Model-data fusion

• A technique being applied in physical 
sciences since 1960’s, and will become a 
standard tool within the next decade or so;

• A platform to facilitate the interactions 
between modelling and observations

• Synthesis of information of different scales



Future

• Model data fusion as a power data 
synthesis tool

• Emergence of global change biology and 
earth system sciences

• Reducing uncertainties


