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Programme

• Recap: Earth System, BETHY, Key 

Earth Observation Variables, (non-) 

Sequential Data Assimilation
• Assimilation of fAPAR Data
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BETHY
(Biosphere Energy-Transfer-Hydrology Scheme)

• gross primary productivity (GPP):
C3 photosynthesis – Farquhar et al. (1980)
C4 photosynthesis – Collatz et al. (1992)
stomata – Knorr (1997)

• autotrophic respiration (Raut):
maintenance respiration = f(Nleaf, T) – Farquhar, Ryan (1991)
growth respiration ~ NPP   – Ryan (1991)

• heterotrophic respiration (Rhet):
fast/slow pool resp. = wκ Q10 

T/10 C fast/slow / τ fast/slow

• leaf area index (LAI):
budbreak/shedding/leaf growth= f(T, NPP)

• fraction of vegetation-absorbed PAR (fAPAR):
two-flux canopy + soil light absorption scheme

• spatial resolution:
0.5°x0.5°, up to 6 plant functional types/grid cell

• time resolution:
1 hour

definition:
net primary productivity
NPP=GPP–Raut



BETHY
(Biosphere Energy-Transfer-Hydrology Scheme)

"off-line"
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(Non-) Sequential DA

sequential DA
(e.g. NWP)

observation(s)

t

x(t)

∆t~6h
analysis

background

next analysis

t

x(t)

Τ~1...20 years

first guess M(t;m0)

optimized
trajectory M(t;mopt)

subsequently correct 
the state vector x by 
small amounts

correct model parameter 
vector m

non-sequential DA
(e.g. carbon cycle, 

hydrology)



Programme

• Recap: Earth System, BETHY, Key 

Earth Observation Variables, (non-) 

Sequential Data Assimilation
• Assimilation of fAPAR Data



fAPAR Assimilation

BETHY

carbon and water
fluxes

climate &
soils data**

Prescribed PFT distribution*

* derived from: land cover info by Wilson and Henderson-Sellers; PFT: plant functional type

** from: CRU climate data archive, University of East Anglia; FAO soil type

model-derived
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ecosystem model
parameters

satellite
fAPAR
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BETHY vs. SeaWiFS fAPAR
broadleaf forest
51.1°N, 10.5°E



fAPAR Assimilation

BETHY

carbon and water
fluxes

climate &
soils data**

Prescribed PFT distribution*

* derived from: land cover info by Wilson and Henderson-Sellers; PFT: plant functional type

** from: CRU climate data archive, University of East Anglia; FAO soil type

model-derived
fAPAR

ecosystem model
parameters

satellite
fAPAR

mismatch

optimization



The Cost Function

Measure of the mismatch (cost function):

  
J( r m ) =

1
2

[ r m − r m 0 ]Cm 0
-1 [ r m − r m 0 ]T +

1
2

[r y ( r m ) − r y 0 ]Cy
-1 [ r y ( r m ) − r y 0]T

model diagnostics

error covariance matrix
of measurements

measurements

assumed
model parameters

a priori error covariance
matrix of parameter sa priori

parameter values

aim: minimize J(m)

[for each grid point separately]



The Parameters

parameter vector m={m1,m2,m3}:

m1

m2

m3

∆Tφ

wmax

fc

shift of leaf 
onset/shedding 
temperature

maximum soil water 
holding capacity

fraction of grid cell 
covered with 
vegetation

temperature 
limitation

water limitation

residual, unmodelled
limitations (nitrogen, 
land use)

vector of prior 
parameter 
values m0:

∆Tφ,0=0

wmax,0
(derived from 
FAO soil map)

fc,0
(function of 
P/PET and 
Temp. of 
warmest 
month)

represents:



Prior Parameter 1

phenology model:

temperature-limited phenology model:

Λ = min{ΛT ,ΛW ,ΛG}

ΛT(T ) = ˆ Λ 
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if T>Tφ
T: 0.5 m soil temperature (summergreen trees/shrubs, grass); 

or mean of warmest month (boreal evergreen)
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if T<Tφ

if Tφ<T<Tφ
^�

if T>Tφ
T: 0.5 m soil temperature (summergreen trees/shrubs, grass); 

or mean warmest month (boreal evergreen)

Tφ=5°C
Tφ=12°C  for crops
Tφ=15°C^

prior parameters:



Prior Parameter 1

Tφ=5°C
Tφ=12°C  for crops
Tφ=15°C^

prior parameters:

map reflects presence of crops; red: unvegetated

note: each 0.5°x0.5° has 
mixture of up to 6 PFTs



Prior Parameter 2

phenology model:

water-limited phenology model:

Λ = min{ΛT ,ΛW ,ΛG}

temperature-limited LAI

water-limited LAI
growth-limited LAI

ΛW: LAI value, that maximises NPP, if >ΛW(t-1)
else, LAI value, where NPP=0

if soil moisture is limiting, stomata close, CO2 uptake declines
while respiration (~LAI) stays high => NPP drops 

under water stress, too high LAI can lead to decline in, 
or even negative NPP



wmax,0 [mm]

Prior Parameter 2

bucket model:

precipitation
=input

runoff
=overflow

full
bucket:
wmax

current
bucket:
w



Prior Parameter 3

fc,0=Pannual/PETannual∗ΛW(Twarmest month)/Λ
^



Prior Parameter Errors

error covariance matrix of parameters Cm0:

  

Cm0 =
1K2 0 0
0 (2wmax,0)

2 0
0 0 0.252

 

 

 
  

 

 

 
  

⇒ off-diagonal elements assumed 0 here
= no prior correlation between errors of different parameters

σm,1
2

σm,2
2 σm,3

2



The Assimilated Data

model diagnostics vector y={y1,y2,...,y12}:

yi modelled fAPAR of month i

satellite-derived diagnostics vector y0={y0,1,y0,2,...,y0,12}:

y0,i SeaWiFS derived fAPAR of month i



Prior Errors of Measurements

error covariance matrix of measurements Cy:

  

Cy i, j =
0.052 if valid measurement

∞ if data gap

 
 
 

= σ y,i
2

⇒ off-diagonal elements again 0
= no prior correlation between errors of different months

i=j



Simple Case of Cost Function

Measure of the mismatch (cost function):

J(m1,m2,m3 ) =
1
2

m i − m i,0( )2

σ m,i
2

i =1

3

∑ +
1
2

y i (m1,m2,m3) − yi,0( )2

σ y,i
2

i=1

12

∑

model diagnostics

error of measurements

measurements

assumed
model parameters

a priori error
of parameters

a priori
parameter values



fAPAR Assimilation

y0,i ( x ) yi ( x )



fAPAR Assimilation

• model, prior

• SeaWiFS

• model, optimized



Parameter 1

shift of temperature trigger
of

leaf onset / shedding 



optimized

Parameter 2

soil water-holding capacity

prior



optimized

Parameter 3

fraction vegetation cover

prior



Parameter 2 (regional)
soil water-holding capacity

prior optimized

(1) (2)



Local Simulations

La Tagua
0°N  74°W 300 m

La Tagua
0°N  74°W 300 m

-

-

precipitation [mm/month]

evapotranspiration [mm/month]
NPP [gC/(m2 month)]

fAPAR

soil moisture [mm]

evapotranspiration

NPP

remote sensing data



Local Simulations

Paragominas
3°S  48°W 63 m

Paragominas
3°S  48°W 63 m

-

-

precipitation [mm/month]

evapotranspiration [mm/month]

fAPAR

without satellite data

FPAR prescribed

assimilated

no remote sens. data
fAPAR prescribed
fAPAR assimilatedNPP [gC/(m2 month)]

1992

remote sensing data



Measured Soil Moisture

Paragominas
3°S  48°W 63 m

Paragominas
3°S  48°W 63 m

-

-

precipitation [mm/month] fAPAR

without satellite data

FPAR prescribed

assimilated

no remote sens. data
fAPAR prescribed
fAPAR assimilated1992

measurements: Nepstad D.C. & al. (1994) Nature 372, 666-669.
1992 1992

0...2m depth 0...8m depth

remote sensing data



NPP (regional)

prior

gC/(m2 year)

(1) (2)

optimized

gC/(m2 year)



evapotranspiration (regional)

prior

(1) (2)

optimized

mm/yearmm/year



July soil moisture (regional, 
dry season)

prior

(1) (2)

optimized

mmmm



Next Lecture:

• Data assimilation in CO2

science  – including 

uncertainties 
= more maths...


