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Research Aims

� The ocean y key role in the climate system

� Already suffering from global warming

� Cover more than two thirds of out planet but yet little explored

The Aim:

Looking at past, present, future ocean changes

Investigating marine ressources

Developing techniques for their sustainable use

y Increase our understanding of ocean change and its potential and risks
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Algorithmic Optimal Control - C02 Uptake of the Ocean

� Natural causes + anthropogenic CO2 emissions y global warming

� CO2 concentration has doubled since 1900

� The ocean y biggest CO2 sink

More than half of anthropogenic CO2 stored for long time

y Crucial impact on climate

� Natural Sequestration based upon global CO2 cycle

� “Physical + Biological CO2 pump” are the operators
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� “Physical + Biological CO2 pump” are the operators

y CO2 can remain in the deep sea for years

� Ocean Circulation + Biogeochemical Models indispensible

Reserach Aims:

Reduce large uncertainties in existing biological models

y improve determination of current/ future CO2 sequestration potential



The Biogeochemical Models
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Motivation

Present-day sea-surface nitrate concentrations (Conkright et al., 1994)

� Represent ecological processes contributing to global C02 cycle

� Various models differing in complexity (# of state variables)

� Available data places signi�cant limitations on complexity

� Nitrogen-based ecosystem model y standard model

y From 0-D to fully 3-D coupled physical-biological simulations
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The Model Equations

� Linear transport/ advection – diffusion equations with nonlinear forcing

@ci

@t
= � v (r ci )

|    {z    }
Convection

+ r (� r ci )
|     {z     }

Diffusion/ Mixing

+ qi (c, x, t)
|     {z     }

biological processes

c 2
n
N,P,Z,D

o
,

8
>>>>>><
>>>>>>:

N = N(P,Z,D) : dissolved inorganic nitrogen
P = P(N,Z) : phytoplankton
Z = Z(P) : zooplankton
D = D(P,Z) : detritus

N P

D Z
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Minimize distance between model output f (x f ) and data y

argmin(f ,x f ) F (f , x f ) , F (f , x f ) =
"

1
2

�
���
��� f � y

���
���
2

+
�
2

�
���
��� x f � x f ,prior

���
���
2

#

under the constraints of the model equations

E (f , x f ) = 0

0 50 100 150 200 250 300 350

0

0.2

0.4

0.6

0.8

1

1.2
Year 1991

D
IN

 [m
m

ol
 N

 m
-
3]

 

 
real data
model output



Space Mapping (SM) Optimization



The Future Ocean

The Models

The OPT Problem

SM Optimization
» Aims and De�nitions
» The SM Function
» ASM Algorithm

The Coarse Models

Malte Prieß - 11/03/2009 - Excellence Cluster “The Future Ocean” Space Mapping Optimization - p. 14

Aims and First De�nitions

� SM approach intended for OPT of engineering models so far

� Seek at optimum of complex “�ne” model

� SM drives the OPT of the �ne model to a fast “coarse” model

y avoiding compuationally expensive �ne model gradients and
evaluations

� Key element is the mapping function (essential subproblem)

� Crucially depends on model similarity/ discrepancy
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x f f (x f ) xc c(xc)�ne model coarse model

�ne model

x�
f = argminx f 2Wf

1
2

���
��� f (t, x f ) � y

���
���
2

: �ne model optimum

x f 2 Wf � Rn f : control parameters

y 2 Rm : Data

y accurate but expensive, derivatives expensive/ not available

coarse model

x�
c = argminxc2Wc

1
2

���
��� c(t, xc) � y

���
���
2

: coarse model optimum

xc 2 Wc � Rnc : control parameters

y less accurate but fast, derivatives cheap
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The SM Function

x f ,1

x f ,2

xc,1

xc,2

p(x f ) = xc
�ne model coarse model

SM establishes mapping p : Wf ! Wc such that

f (x f ) ' c
h
p(x f )

i

p is de�ned as

x0
c = p(x f ) = argminxc2Wc

misalignment function
z    }|    {
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Example: The Aggressive SM (ASM) Algorithm

ASM just solves the nonlinear system

f (x f ) = p(x f ) � x�
c

!= 0

by a quasi-Newton iteration and a Broyden rank-one update

x(k+ 1) = x(k)
f + h(k) , h(k) = B(k) � 1

f (k)

B(k+ 1) = B(k) +
f (k+ 1)

h(k) T
h(k)

h(k) T
, f (k) B f (x(k)

f ) = p(x(k)
f ) � x�

c

until error becomes suf�ciently small
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Each step requires local OPT of misalignment
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The Coarse Models
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Types of Models

Time

obs data

fine model

course model 1

course model 2

� First idea to use grid coarsening in time and space

� Next step: to implement linearization of the model equations
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Misalignment of the Models

� Calculated misalignment for �ne and coarse models f , c(n)

r(xc, x f ) =
���
��� c(n)(xc) � f (x f )

���
��� at x f = xc = x0

f

� OPT of function r(xc, x f ) obtaining mapped parameter set, i.e.

p(x0
f ) = x0

c = argminxc2Wc
r(xc, x0

f )

� Using simple steepest descent method

factor n r(x0
f , x

0
f ) r(x0

c, x
0
f )

1 0 /
5 0.885 0.568
8 1.911 1.363
15 4.121 2.549
20 13.821 11.573
40 30.408 15.023



The Future Ocean

The Models

The OPT Problem

SM Optimization

The Coarse Models
» Types of Models
» Misalignment

Malte Prieß - 11/03/2009 - Excellence Cluster “The Future Ocean” Space Mapping Optimization - p. 21

 0

 5

 10

 15

 20

 25

 30

 35

 0  500  1000  1500  2000  2500  3000  3500  4000

co
st

fu
nc

tio
n

# iteration

factor = 40
factor = 20
factor = 15
factor = 8
factor = 5



The Future Ocean

The Models

The OPT Problem

SM Optimization

The Coarse Models
» Types of Models
» Misalignment

Malte Prieß - 11/03/2009 - Excellence Cluster “The Future Ocean” Space Mapping Optimization - p. 22
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Thank you for your attention
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