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Orb case-study: model output
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Property: influence of spatial support
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Critical surface area νc

νc =
SZ
SU
· φ[C(·)]

site sensitivity
indices

spatial covariance
of input Z(x)

Nov. 29th 2012 Sensitivity analysis of spatially distributed models 34 / 55



Introduction The Orb case-study Spatial inputs Scale issues General conclusion

Properties of block sensitivity indices
Property: influence of spatial support

Let ν ⊂ R2.
SZ (ν)

SU(ν)
=
νc
|ν|

Larger zone ν → averaging of local errors → lower SZ (ν)

Critical surface area νc

νc =
SZ
SU
· φ[C(·)]

site sensitivity
indices

spatial covariance
of input Z(x)

Nov. 29th 2012 Sensitivity analysis of spatially distributed models 34 / 55



Introduction The Orb case-study Spatial inputs Scale issues General conclusion

Properties of block sensitivity indices
Property: influence of spatial support
Let ν ⊂ R2.

SZ (ν)

SU(ν)
=
νc
|ν|

Larger zone ν → averaging of local errors → lower SZ (ν)

Critical surface area νc

νc =
SZ
SU
· φ[C(·)]

site sensitivity
indices

spatial covariance
of input Z(x)

Nov. 29th 2012 Sensitivity analysis of spatially distributed models 34 / 55



Introduction The Orb case-study Spatial inputs Scale issues General conclusion

Properties of block sensitivity indices
Property: influence of spatial support
Let ν ⊂ R2.

SZ (ν)

SU(ν)
=
νc
|ν|

Larger zone ν → averaging of local errors → lower SZ (ν)

Critical surface area νc

νc =
SZ
SU
· φ[C(·)]

site sensitivity
indices

spatial covariance
of input Z(x)

Nov. 29th 2012 Sensitivity analysis of spatially distributed models 34 / 55



Introduction The Orb case-study Spatial inputs Scale issues General conclusion

Properties of block sensitivity indices
Property: influence of spatial support
Let ν ⊂ R2.

SZ (ν)

SU(ν)
=
νc
|ν|

Larger zone ν → averaging of local errors → lower SZ (ν)

Critical surface area νc

νc =
SZ
SU
· φ[C(·)]

site sensitivity
indices

spatial covariance
of input Z(x)

Nov. 29th 2012 Sensitivity analysis of spatially distributed models 34 / 55



Introduction The Orb case-study Spatial inputs Scale issues General conclusion

Properties of block sensitivity indices

Property: influence of covariance of Z (x)

Assume now Z (x) is a Gaussian random field.
with range a and nugget η.

∂νc
∂a > 0 and ∂νc

∂η
< 0

Nov. 29th 2012 Sensitivity analysis of spatially distributed models 35 / 55



Introduction The Orb case-study Spatial inputs Scale issues General conclusion

Properties of block sensitivity indices

Property: influence of covariance of Z (x)

Assume now Z (x) is a Gaussian random field.
with range a and nugget η.

∂νc
∂a > 0 and ∂νc

∂η
< 0

Nov. 29th 2012 Sensitivity analysis of spatially distributed models 35 / 55



Introduction The Orb case-study Spatial inputs Scale issues General conclusion

Properties of block sensitivity indices

Property: influence of covariance of Z (x)

Assume now Z (x) is a Gaussian random field.
with range a and nugget η.

∂νc
∂a > 0 and ∂νc

∂η
< 0

Nov. 29th 2012 Sensitivity analysis of spatially distributed models 35 / 55



Introduction The Orb case-study Spatial inputs Scale issues General conclusion

Properties of block sensitivity indices

Property: influence of covariance of Z (x)

Assume now Z (x) is a Gaussian random field.
with range a and nugget η.

∂νc
∂a > 0 and ∂νc

∂η
< 0

Nov. 29th 2012 Sensitivity analysis of spatially distributed models 35 / 55



Introduction The Orb case-study Spatial inputs Scale issues General conclusion

Properties of block sensitivity indices

Property: influence of covariance of Z (x)

Assume now Z (x) is a Gaussian random field.
with range a and nugget η.

∂νc
∂a > 0 and ∂νc

∂η
< 0

2D error field

range a

Nov. 29th 2012 Sensitivity analysis of spatially distributed models 35 / 55



Introduction The Orb case-study Spatial inputs Scale issues General conclusion

Properties of block sensitivity indices

Property: influence of covariance of Z (x)

Assume now Z (x) is a Gaussian random field.
with range a and nugget η.

∂νc
∂a > 0 and ∂νc

∂η
< 0

2D error field

range a

less averaging

Nov. 29th 2012 Sensitivity analysis of spatially distributed models 35 / 55



Introduction The Orb case-study Spatial inputs Scale issues General conclusion

Properties of block sensitivity indices

Property: influence of covariance of Z (x)

Assume now Z (x) is a Gaussian random field.
with range a and nugget η.

∂νc
∂a > 0 and ∂νc

∂η
< 0

2D error field

range a

less averaging

Nov. 29th 2012 Sensitivity analysis of spatially distributed models 35 / 55



Introduction The Orb case-study Spatial inputs Scale issues General conclusion

Properties of block sensitivity indices

Property: influence of covariance of Z (x)

Assume now Z (x) is a Gaussian random field.
with range a and nugget η.

∂νc
∂a > 0 and ∂νc

∂η
< 0

2D error field

nugget η

Nov. 29th 2012 Sensitivity analysis of spatially distributed models 35 / 55



Introduction The Orb case-study Spatial inputs Scale issues General conclusion

Properties of block sensitivity indices

Property: influence of covariance of Z (x)

Assume now Z (x) is a Gaussian random field.
with range a and nugget η.

∂νc
∂a > 0 and ∂νc

∂η
< 0

2D error field

nugget η

more averaging

Nov. 29th 2012 Sensitivity analysis of spatially distributed models 35 / 55



Introduction The Orb case-study Spatial inputs Scale issues General conclusion

Properties of block sensitivity indices

Property: influence of covariance of Z (x)

Assume now Z (x) is a Gaussian random field.
with range a and nugget η.

∂νc
∂a > 0 and ∂νc

∂η
< 0

2D error field

nugget η

more averaging

Nov. 29th 2012 Sensitivity analysis of spatially distributed models 35 / 55



Introduction The Orb case-study Spatial inputs Scale issues General conclusion

Properties of block sensitivity indices

Elements of proof

SZ (ν)

SU(ν)

=
var [E (Yν | Z )]

var [E (Yν | U)]

=

block var. of E (Y (x) | Z (x))

var [E (Y (x) | U)]

(point-based)
(stationarity)

=
var [E (Y (x) | Z (x))] · A/|ν|

var [E (Y (x) | U)]
(A : integral range)

=
SZ
SU
· A
|ν|

Nov. 29th 2012 Sensitivity analysis of spatially distributed models 36 / 55



Introduction The Orb case-study Spatial inputs Scale issues General conclusion

Properties of block sensitivity indices

Elements of proof

SZ (ν)

SU(ν)
=

var [E (Yν | Z )]

var [E (Yν | U)]

=

block var. of E (Y (x) | Z (x))

var [E (Y (x) | U)]

(point-based)
(stationarity)

=
var [E (Y (x) | Z (x))] · A/|ν|

var [E (Y (x) | U)]
(A : integral range)

=
SZ
SU
· A
|ν|

Nov. 29th 2012 Sensitivity analysis of spatially distributed models 36 / 55



Introduction The Orb case-study Spatial inputs Scale issues General conclusion

Properties of block sensitivity indices

Elements of proof

SZ (ν)

SU(ν)
=

var [E (Yν | Z )]

var [E (Yν | U)]

=
block var. of E (Y (x) | Z (x))

var [E (Y (x) | U)]

(point-based)

(stationarity)

=
var [E (Y (x) | Z (x))] · A/|ν|

var [E (Y (x) | U)]
(A : integral range)

=
SZ
SU
· A
|ν|

Nov. 29th 2012 Sensitivity analysis of spatially distributed models 36 / 55



Introduction The Orb case-study Spatial inputs Scale issues General conclusion

Properties of block sensitivity indices

Elements of proof

SZ (ν)

SU(ν)
=

var [E (Yν | Z )]

var [E (Yν | U)]

=
block var. of E (Y (x) | Z (x))

var [E (Y (x) | U)]

(point-based)
(stationarity)

=
var [E (Y (x) | Z (x))] · A/|ν|

var [E (Y (x) | U)]
(A : integral range)

=
SZ
SU
· A
|ν|

Nov. 29th 2012 Sensitivity analysis of spatially distributed models 36 / 55



Introduction The Orb case-study Spatial inputs Scale issues General conclusion

Properties of block sensitivity indices

Elements of proof

SZ (ν)

SU(ν)
=

var [E (Yν | Z )]

var [E (Yν | U)]

=
block var. of E (Y (x) | Z (x))

var [E (Y (x) | U)]

(point-based)
(stationarity)

=
var [E (Y (x) | Z (x))] · A/|ν|

var [E (Y (x) | U)]
(A : integral range)

=
SZ
SU
· A
|ν|

Nov. 29th 2012 Sensitivity analysis of spatially distributed models 36 / 55



Introduction The Orb case-study Spatial inputs Scale issues General conclusion

Properties of block sensitivity indices

Elements of proof

SZ (ν)

SU(ν)
=

var [E (Yν | Z )]

var [E (Yν | U)]

=
block var. of E (Y (x) | Z (x))

var [E (Y (x) | U)]

(point-based)
(stationarity)

=
var [E (Y (x) | Z (x))] · A/|ν|

var [E (Y (x) | U)]
(A : integral range)

=
SZ
SU
· A
|ν|

Nov. 29th 2012 Sensitivity analysis of spatially distributed models 36 / 55



Introduction The Orb case-study Spatial inputs Scale issues General conclusion

Illustration on the Orb case-study
 ΔAAD

[k€/year]

N
4 km10

< 
-6

-6
 to

 -2

-2
 to

 -0
.1

-0
.1

 to
 0

.1

4 
to

 6

> 
80.

5 
to

 2

Nov. 29th 2012 Sensitivity analysis of spatially distributed models 37 / 55



Introduction The Orb case-study Spatial inputs Scale issues General conclusion

Illustration on the Orb case-study
 ΔAAD

[k€/year]

N
4 km10

< 
-6

-6
 to

 -2

-2
 to

 -0
.1

-0
.1

 to
 0

.1

4 
to

 6

> 
80.

5 
to

 2

output of interest: 
ΔAAD over

one cell

Nov. 29th 2012 Sensitivity analysis of spatially distributed models 37 / 55



Introduction The Orb case-study Spatial inputs Scale issues General conclusion

Illustration on the Orb case-study
 ΔAAD

[k€/year]

N
4 km10

< 
-6

-6
 to

 -2

-2
 to

 -0
.1

-0
.1

 to
 0

.1

4 
to

 6

> 
80.

5 
to

 2

outputs of interest: 
ΔAAD over
many cells

Nov. 29th 2012 Sensitivity analysis of spatially distributed models 37 / 55



Introduction The Orb case-study Spatial inputs Scale issues General conclusion

Illustration on the Orb case-study
 ΔAAD

[k€/year]

N
4 km10

< 
-6

-6
 to

 -2

-2
 to

 -0
.1

-0
.1

 to
 0

.1

4 
to

 6

> 
80.

5 
to

 2

outputs of interest: 
ΔAAD over
many cells

maps of
uncertainty

Nov. 29th 2012 Sensitivity analysis of spatially distributed models 37 / 55



Introduction The Orb case-study Spatial inputs Scale issues General conclusion

Illustration on the Orb case-study
Maps of uncertainty of ∆AAD indicator

uncertain signs of ∆AAD
spatial variability of uncertainty

Nov. 29th 2012 Sensitivity analysis of spatially distributed models 38 / 55



Introduction The Orb case-study Spatial inputs Scale issues General conclusion

Illustration on the Orb case-study
Maps of uncertainty of ∆AAD indicator

uncertain signs of ∆AAD
spatial variability of uncertainty

Nov. 29th 2012 Sensitivity analysis of spatially distributed models 38 / 55



Introduction The Orb case-study Spatial inputs Scale issues General conclusion

Illustration on the Orb case-study
 ΔAAD

[k€/year]

N
4 km10

< 
-6

-6
 to

 -2

-2
 to

 -0
.1

-0
.1

 to
 0

.1

4 
to

 6

> 
80.

5 
to

 2

outputs of interest: 
ΔAAD over
many cells

maps of
uncertainty

Nov. 29th 2012 Sensitivity analysis of spatially distributed models 39 / 55



Introduction The Orb case-study Spatial inputs Scale issues General conclusion

Illustration on the Orb case-study
 ΔAAD

[k€/year]

N
4 km10

< 
-6

-6
 to

 -2

-2
 to

 -0
.1

-0
.1

 to
 0

.1

4 
to

 6

> 
80.

5 
to

 2

outputs of interest: 
ΔAAD over
many cells

maps of
uncertainty

maps of
sensitivity indices

Nov. 29th 2012 Sensitivity analysis of spatially distributed models 39 / 55



Introduction The Orb case-study Spatial inputs Scale issues General conclusion

Illustration on the Orb case-study
 ΔAAD

[k€/year]

N
4 km10

< 
-6

-6
 to

 -2

-2
 to

 -0
.1

-0
.1

 to
 0

.1

4 
to

 6

> 
80.

5 
to

 2

outputs of interest: 
ΔAAD over
many cells

maps of
uncertainty

maps of
sensitivity indices(              )

Nov. 29th 2012 Sensitivity analysis of spatially distributed models 39 / 55



Introduction The Orb case-study Spatial inputs Scale issues General conclusion

Illustration on the Orb case-study
 ΔAAD

[k€/year]

N
4 km10

< 
-6

-6
 to

 -2

-2
 to

 -0
.1

-0
.1

 to
 0

.1

4 
to

 6

> 
80.

5 
to

 2

outputs of interest: 
ΔAAD over
many cells

maps of
uncertainty

average sensitivity
indices over the grid

Nov. 29th 2012 Sensitivity analysis of spatially distributed models 39 / 55



Introduction The Orb case-study Spatial inputs Scale issues General conclusion

Illustration on the Orb case-study
 ΔAAD

[k€/year]

N
4 km10

< 
-6

-6
 to

 -2

-2
 to

 -0
.1

-0
.1

 to
 0

.1

4 
to

 6

> 
80.

5 
to

 2

outputs of interest: 
ΔAAD over
many cells

maps of
uncertainty

average sensitivity
indices over the grid

for increasing
size of cells

Nov. 29th 2012 Sensitivity analysis of spatially distributed models 39 / 55



Introduction The Orb case-study Spatial inputs Scale issues General conclusion

Illustration on the Orb case-study
 ΔAAD

[k€/year]

N
4 km10

< 
-6

-6
 to

 -2

-2
 to

 -0
.1

-0
.1

 to
 0

.1

4 
to

 6

> 
80.

5 
to

 2

outputs of interest: 
ΔAAD over
many cells

maps of
uncertainty

average sensitivity
indices over the grid

for increasing
size of cells

Nov. 29th 2012 Sensitivity analysis of spatially distributed models 39 / 55



Introduction The Orb case-study Spatial inputs Scale issues General conclusion

Illustration on the Orb case-study
 ΔAAD

[k€/year]

N
4 km10

< 
-6

-6
 to

 -2

-2
 to

 -0
.1

-0
.1

 to
 0

.1

4 
to

 6

> 
80.

5 
to

 2

outputs of interest: 
ΔAAD over
many cells

maps of
uncertainty

average sensitivity
indices over the grid

for increasing
size of cells

Nov. 29th 2012 Sensitivity analysis of spatially distributed models 39 / 55



Introduction The Orb case-study Spatial inputs Scale issues General conclusion

Illustration on the Orb case-study

key uncertainty on small support: landuse & hazard maps

key uncertainty on large support: flood frequencies

0.05 0.1 0.2 0.5 1 2 5 10 20 50

size of support |  |  [km²]

0.0

0.2

0.4

0.6

0.8

1.0

average
sensitivity

indices

STi

landuse map

hazard maps

depth-damage
functions

flood frequencies

Nov. 29th 2012 Sensitivity analysis of spatially distributed models 40 / 55



Introduction The Orb case-study Spatial inputs Scale issues General conclusion

Illustration on the Orb case-study
key uncertainty on small support: landuse & hazard maps

key uncertainty on large support: flood frequencies

0.05 0.1 0.2 0.5 1 2 5 10 20 50

size of support |  |  [km²]

0.0

0.2

0.4

0.6

0.8

1.0

average
sensitivity

indices

STi

landuse map

hazard maps

depth-damage
functions

flood frequencies

Nov. 29th 2012 Sensitivity analysis of spatially distributed models 40 / 55



Introduction The Orb case-study Spatial inputs Scale issues General conclusion

Illustration on the Orb case-study
key uncertainty on small support: landuse & hazard maps

key uncertainty on large support: flood frequencies

0.05 0.1 0.2 0.5 1 2 5 10 20 50

size of support |  |  [km²]

0.0

0.2

0.4

0.6

0.8

1.0

average
sensitivity

indices

STi

landuse map

hazard maps

depth-damage
functions

flood frequencies

Nov. 29th 2012 Sensitivity analysis of spatially distributed models 40 / 55



Introduction The Orb case-study Spatial inputs Scale issues General conclusion

Illustration on the Orb case-study
key uncertainty on small support: landuse & hazard maps

key uncertainty on large support: flood frequencies

0.05 0.1 0.2 0.5 1 2 5 10 20 50

size of support |  |  [km²]

0.0

0.2

0.4

0.6

0.8

1.0

average
sensitivity

indices

STi

landuse map

hazard maps

depth-damage
functions

flood frequencies

slope depends on
covariance C(h)

Nov. 29th 2012 Sensitivity analysis of spatially distributed models 40 / 55



Introduction The Orb case-study Spatial inputs Scale issues General conclusion

Illustration on the Orb case-study

0 10 20 30 40 50 60

2

4

6

8

10

size of support |  |  [km²]

1

ratio

~

Nov. 29th 2012 Sensitivity analysis of spatially distributed models 41 / 55



Introduction The Orb case-study Spatial inputs Scale issues General conclusion

Illustration on the Orb case-study

0 10 20 30 40 50 60

2

4

6

8

10

size of support |  |  [km²]

1

ratio

~ ~ 6.7 km²

Nov. 29th 2012 Sensitivity analysis of spatially distributed models 41 / 55



Introduction The Orb case-study Spatial inputs Scale issues General conclusion

Illustration on the Orb case-study

0 10 20 30 40 50 60

2

4

6

8

10

size of support |  |  [km²]

1

ratio

~ ~ 6.7 km²

scalar
inputs

spatial
inputs

Nov. 29th 2012 Sensitivity analysis of spatially distributed models 41 / 55



Introduction The Orb case-study Spatial inputs Scale issues General conclusion

Conclusion (second research question)

how to account for spatial scale issues
with variance-based sensitivity analysis?

PhD methodological results

site/block sensitivity indices

block s.i. depend on both:
support ν of model output
spatial covariance of inputs

explicit equalities

PhD results on the Orb case-study

key uncertainties on ∆AAD:
small ν: landuse map,
hazard maps
large ν: flood frequencies,
depth-damage fct.

critical area νc ' 6.7 km2

maps of sensitivity indices
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Research goal

investigate the use of sensitivity
analysis for spatial models

Scope

VB-GSA: Variance-Based
Global Sensitivity Analysis

low CPU models

2 research
questions

1 how to deal with spatial inputs in VB-GSA?

2 how to account for scale issues with VB-GSA?

Applied goals

design a flood risk model on
the Orb floodplain

perform sensitivity analysis

Focus on

maps of flood damages at
different scales

uncertainty in spatial data
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Sensitivity analysis for spatial models

1. How to compute sensitivity indices for spatial inputs?

benchmark of available methods

decision tree

focus on map labelling
sampling issues (not presented here)
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Sensitivity analysis for spatial models

2. Scale issues in sensitivity analysis?

link with geostatistics theory

ratio of block s.i. SZ (ν)/SU(ν) depends on both:
spatial support ν of model output
spatial auto-correlation structure C(·) of model inputs

explicit equalities and inequalities

spatial discretization and approximations errors
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Sensitivity analysis for spatial models

Scope of these results?

1 spatial inputs in sensitivity analysis:

possibly any spatially distributed model. . .
. . . with low CPU cost
also other complex model inputs: time series. . .

2 scaling properties:

point-based & spatially additive models only
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Sensitivity analysis for spatial models

Further research

1 relaxing hypotheses on scaling results?
stationarity
point-based
spatially additive

2 methods for CPU intensive spatial models?

3 optimal sampling of spatial inputs?
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Uncertainties in flood risk models

What are the key sources of uncertainty?

No general ranking of uncertainty sources !

Key uncertainties depend on spatial averaging effect:

spatial aggregation level of the model output
spatial auto-correlation in water level maps and landuse maps

. . . on many other non spatial averaging effects

. . . and on the damage category (housing, agriculture. . . )
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Uncertainties in flood risk models

What are the key input data?

Key input data depends on the purpose of the model

produce a map of flood damages?
→ need for accurate terrain elevation and landuse map

report total annual avoided damages to project funders?
→ flood frequency estimates are probably the key data
(among them, events with small return intervals)
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Uncertainties in flood risk models

Directions for further work

1 improve description of input uncertainties:
hydraulic modelling
number and repartition of flood events considered
model uncertainty (e.g., GIS procedures)

2 relax some stationary hypotheses:
climate change, landuse change. . .
non point-based risk assessement. . .
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Uncertainties in flood risk models

Was sensitivity analysis useful?

1 for the modeller himself:
6= model validation !
better understand the model behaviour
find paths for model improvement

2 for model end-users (water managers):
what data should I put more money in?
do I want to know about uncertainty?
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Refereed journal publications (as lead author)

Change of support in spatial variance-based spatial sensitivity analysis
Mathematical Geosciences, 2012, 44(8) 945-958.

Analyse de sensibilité de Sobol d’un modèle spatialisé pour l’évaluation
économique du risque d’inondation
Journal de la Société Française de Statistique, 2011, 152(1), 24-46.

Ranking sources of uncertainty in flood damage modelling: a case study on the
cost-benefit analysis of a flood mitigation project in the Orb Delta, France
Journal of Flood Risk Management, submitted.

Other works non presented today. . .
LHS sampling of Gaussian Random Field for Sobol’ global sensitivity analysis of
spatial models
Proceedings of Accuracy 2010 conference, Leicester, UK, pp. 81-84.

Sensitivity of spatial models using geostatistical simulation
Proceedings of IAMG 2011 conference, Salzburg, Austria, pp. 178-189.
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