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Data Assimilation:Data Assimilation:
What is the point?What is the point?
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They are two very different goals outside PMSThey are two very different goals outside PMS
Within the Perfect Model Scenario, these two goals are likely toWithin the Perfect Model Scenario, these two goals are likely to coincide.coincide.

PMS: There exist model(s) within the given model class which couPMS: There exist model(s) within the given model class which could have produced the data.ld have produced the data.
(Borel “could”) (Borel “could”) 

Or perhaps better:  state of what?   ModelOr perhaps better:  state of what?   Model--state or “reality”state or “reality”

What state?What state?

Data Assimilation:Data Assimilation:
What is the point?What is the point?
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Data Assimilation:Data Assimilation:
What is the point?What is the point?

Most useful modelMost useful model--state(s) for forecasting.state(s) for forecasting.

Most useful modelMost useful model--state(s) for  nowstate(s) for  now--casting.casting.
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How might this be verified?How might this be verified? falsified?falsified?

Most useful modelMost useful model--state(s) for forecasting.state(s) for forecasting.

Most useful modelMost useful model--state(s) for  nowstate(s) for  now--casting.casting.

(Do we really gain/lose anything via this neo(Do we really gain/lose anything via this neo--platonic realist belief?)platonic realist belief?)

Data Assimilation:Data Assimilation:
What is the point?What is the point?

meameasured even once? sured even once? 
Our distributions are in modelOur distributions are in model--state spaces, not the “true state state spaces, not the “true state 
space” (if such a thing even exists!)         space” (if such a thing even exists!)         

knownknown
--------------------
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where where II is the “relevant background information at hand”.is the “relevant background information at hand”.
D.S. D.S. SiviaSivia

where Y are the observationswhere Y are the observations
X is the modelX is the model--state           state           CKW: ?true state?CKW: ?true state?

For For anyany interesting  dynamical system, outside PMS interesting  dynamical system, outside PMS 
ProbProb(Y|(Y|II) will be zero!) will be zero!

There is no model trajectory (stochastic or deterministic) consiThere is no model trajectory (stochastic or deterministic) consistent with the data.stent with the data.
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This is (“I find this”) a This is (“I find this”) a veryvery interesting question of  applied interesting question of  applied 
mathematics: How do we introduce “have a good idea” mathematics: How do we introduce “have a good idea” 
((akaaka: change : change I I )) into a modelling paradigm?into a modelling paradigm?

Other Other veryvery interesting maths questions include: interesting maths questions include: 
How to implement a Kalman Filter in a highHow to implement a Kalman Filter in a high--dimensional dimensional 
space with sparse observations? space with sparse observations? 
How to compute the local orientation of  How to compute the local orientation of  LyapunovLyapunov
vectors?vectors?
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But, regarding model inadequacy and current models,  I But, regarding model inadequacy and current models,  I doubt doubt 
any of these  are very relevant to improving operational weatherany of these  are very relevant to improving operational weather
forecasts…forecasts…

a) internally consistencya) internally consistency
b) empirical relevanceb) empirical relevance
c) operational utilityc) operational utility

… so I’ll try to motivate this … so I’ll try to motivate this doubtdoubt, examine  simple statistical , examine  simple statistical 
tests of relevance, and merely aim for ad hoc methods with:tests of relevance, and merely aim for ad hoc methods with:

When should When should youyou focus on getting a better approximation? focus on getting a better approximation? 
And  when on better implementatAnd  when on better implementation?ion?

Problem:Problem: Full Solution         Full Solution         Approximation         Implementation inApproximation         Implementation in RRmm

ProbabilProbabilityity Updating  Updating  KF                                filter.cKF                                filter.c
Growth of uncertainty        Growth of uncertainty        Lyapunov Lyapunov Vector    Vector    Breeding VectorBreeding Vector

Reformulate ProblemReformulate Problem

?Robust ?Robust vs vs “Accurate”?“Accurate”?
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x and x_tilde live in different state spaces!x and x_tilde live in different state spaces!
What is meant by the uncertainty in “F”?What is meant by the uncertainty in “F”?

The model:The model:

The system (unknown):The system (unknown):

From Smith (2001)From Smith (2001)

Lorenz 95Lorenz 95
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Is there a “correct” parameter value?Is there a “correct” parameter value?
Or a meaningful P(x | s, I) ?Or a meaningful P(x | s, I) ?

(No)(No)
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From Smith (2001):From Smith (2001):

Ignoring HIgnoring H11 and Hand H22, each model class is imperfect: , each model class is imperfect: 
The most appropriate form of P(x,t) depends on the user.The most appropriate form of P(x,t) depends on the user.

XX

None provide accountable probability forecasts.None provide accountable probability forecasts.

(Discrete time)(Discrete time)
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What is this?What is this?

Where did this come from?Where did this come from?

Utter and Senseless Destruction of Dynamical Information?Utter and Senseless Destruction of Dynamical Information?

Projection Operator(s)Projection Operator(s)
(?one(?one--toto--one?)one?)

ModelModel--State SpaceState Space

Obs Obs SpaceSpace

OneOne--day lead EPS Modelday lead EPS Model--statesstates

ModelModel--states Inconsistent with the states Inconsistent with the 
dynamics but “closer” to the dynamics but “closer” to the obsobs

Yesterday’s EPS of ModelYesterday’s EPS of Model--statesstates

Yesterday’s EPS of ModelYesterday’s EPS of Model--states states 
evolved forward under the dynamics.evolved forward under the dynamics.

Where  is the forecast?Where  is the forecast?
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ModelModel--State SpaceState Space

Obs Obs SpaceSpace

ModelModel--states Inconsistent with the states Inconsistent with the 
dynamics but “closer” to the dynamics but “closer” to the obsobs

OneOne--day lead EPS Modelday lead EPS Model--statesstatesYesterday’s EPS of ModelYesterday’s EPS of Model--statesstates

Yesterday’s EPS of ModelYesterday’s EPS of Model--states states 
evolved forward under the dynamics.evolved forward under the dynamics.

ForecastForecast ObservationObservation

NonNon--GaussianGaussian
Observational Observational 
Noise ModelNoise Model

Projection OperatorProjection Operator
(?one(?one--toto--one?)one?)
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What is this?What is this?

Where did this come from?Where did this come from?

Utter and Senseless Destruction of Dynamical Information?Utter and Senseless Destruction of Dynamical Information?

Projection Operator(s)Projection Operator(s)
(?one(?one--toto--one?)one?)

ModelModel--State SpaceState Space

Obs Obs SpaceSpace

ModelModel--states consistent with the dynamics, states consistent with the dynamics, 
“closer” to the “closer” to the obsobs,,
tighter EPS of modeltighter EPS of model--states at day 2states at day 2

++

++

++

Can I use my knowledge of the dynamics to find more relevant staCan I use my knowledge of the dynamics to find more relevant states?tes?
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M=11M=11
(x,y,z,u,w,v…)(x,y,z,u,w,v…)

Lets make an ensemble!Lets make an ensemble!

ObservationObservation
ObsObs--CovarCovar MatrixMatrix
Unknown Manifold Unknown Manifold 
(existence proof only)(existence proof only)

What is a manifold? What is a manifold? 
“Utter and Senseless Destruction of Dynamical Information?”“Utter and Senseless Destruction of Dynamical Information?”



16 June 2005 (Con)Fusing Geophysical Models with Data (Con)Fusing Geophysical Models with Data ©© L.A. SmithL.A. Smith

t=0t=0

Now evolve the ensemble under Now evolve the ensemble under 
the (perfect) model:the (perfect) model:

Lets make an ensemble!Lets make an ensemble!
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t=1t=1

Do I really want to make a KF update?Do I really want to make a KF update?
--oror--

Can I use the fact that the model dynamics Can I use the fact that the model dynamics 
(stochastic or deterministic) trace out the manifold (stochastic or deterministic) trace out the manifold 
I know exists but cannot sample directly?!?I know exists but cannot sample directly?!?

Now evolve the ensemble under the (perfect) model:Now evolve the ensemble under the (perfect) model:

And get a new observation…And get a new observation…
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“Of course, in general these tasks (prediction, “Of course, in general these tasks (prediction, 
separation, detection)  may be done better by separation, detection)  may be done better by 
nonlinear filters.” nonlinear filters.” 

Shree’s Shree’s movie is a nice illustration that with a movie is a nice illustration that with a 
perfect model, simple nonlinear filters can perfect model, simple nonlinear filters can 
outperform outperform hishis n+1n+1stst variant KF.variant KF.

Is this surprising?Is this surprising?

(Kalman, 1960; first substantial footnote)(Kalman, 1960; first substantial footnote)

But this talk is on model error, not ISIS (Indistinguishable But this talk is on model error, not ISIS (Indistinguishable 
States Importance Sampling)…States Importance Sampling)…
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This Galton Board is a mathematical model.
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This Galton Board is a mathematical model.

Stigler, 1999Stigler, 1999(our first hint of model error)(our first hint of model error)
{and a typical theoretician's response}{and a typical theoretician's response}
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… this is Not A… this is Not A GaltonGalton (NAG) Board.(NAG) Board.
It is neither stochastic or chaotic; but at least it is!It is neither stochastic or chaotic; but at least it is!

While the Galton Board is a mathematical model…
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Lorenz PDF evolution

What do you see when you What do you see when you 
look at an ensemble prediction look at an ensemble prediction 
system?system?

In the NAG board, this In the NAG board, this 
corresponds to predicting with corresponds to predicting with 
a collection (ensemble) of golf a collection (ensemble) of golf 
balls…balls… but if reality is not a but if reality is not a 
golf ball, then how do we golf ball, then how do we 
interpret these interpret these distribtionsdistribtions??

Reality needn’t be complex,Reality needn’t be complex,
it merely needs to be real.it merely needs to be real.

THAT IS THAT IS THETHE QUESTION QUESTION 
FROM MODEL ERROR!FROM MODEL ERROR!
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This is a real physical system.This is a real physical system.
It’s interest here lies in the It’s interest here lies in the 
fact that I fact that I cannotcannot forecast it!forecast it!
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Recurrent example:Recurrent example: Chaotic CircuitChaotic Circuit
Short term (weather) forecasts are Short term (weather) forecasts are 
very skilful both for statistical models very skilful both for statistical models 
and for simulation models.and for simulation models.

The best models I can find are Local The best models I can find are Local 
Polynomial Models (Smith 1994) Polynomial Models (Smith 1994) 
generalized from the Farmer and generalized from the Farmer and 
SidorovichSidorovich (1987) local linear models.(1987) local linear models.

Great several step Great several step rms rms error,error,
Informative Ensemble InformationInformative Ensemble Information
Poor probability forecasts.Poor probability forecasts.

Assimilation            Ensemble ForecastingAssimilation            Ensemble Forecasting

Run 1Run 1

Run 2Run 2

Run 3Run 3

Run 4Run 4

55--dim delay space, dim delay space, 
delay of ~three steps, delay of ~three steps, 
locally optimised neighbourhoodslocally optimised neighbourhoods
512 member ensembles512 member ensembles
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FForecasts busts in a Chaotic Circuitorecasts busts in a Chaotic Circuit

Why these fairly common Why these fairly common 
ensemble busts?ensemble busts?

And what is noise in this And what is noise in this 
context, really? context, really? 

(Outside PMS, there is no “true” (Outside PMS, there is no “true” 
modelmodel--state with which to define state with which to define 
this realisation of the noise this realisation of the noise 
model)model)

Why do good models go bad?Why do good models go bad?
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Consider many outConsider many out--ofof--sample analogue forecasts.sample analogue forecasts.
(Lorenz 1963)(Lorenz 1963)

Each forecast is at Each forecast is at 
a fixed lead time a fixed lead time 
(15 steps).(15 steps).

An “x” over a “+” An “x” over a “+” 
is good!is good!

Base points are Base points are 
chosen from nearchosen from near--
returns in the returns in the 
modelmodel--state space.state space.
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The model dynamics look like The model dynamics look like a circuita circuit, but not , but not this circuitthis circuit……

This suggests that  that model inadequacy keeps “perfect” PDF This suggests that  that model inadequacy keeps “perfect” PDF 
forecasts beyond our reach in a manner analogous to the way forecasts beyond our reach in a manner analogous to the way 
observational noise rules out definitive RMS forecasts.observational noise rules out definitive RMS forecasts.
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Is this a pessimistic view?Is this a pessimistic view?

Yes: in exactly the same sense that accepting that the square Yes: in exactly the same sense that accepting that the square 
root of 2 was an irrational number was a pessimistic choice root of 2 was an irrational number was a pessimistic choice 
for the Pythagoreans!for the Pythagoreans!

It meant a lovely [rational] mathematical dream was merely a It meant a lovely [rational] mathematical dream was merely a 
dream; and opened up huge possibilities for the advancement dream; and opened up huge possibilities for the advancement 
of maths and applied maths.of maths and applied maths.

Nevertheless, it has proven  more useful!  Nevertheless, it has proven  more useful!  
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How might we see this in a 10How might we see this in a 1077 dimensional model?dimensional model?

So we have blatant inconsistency between theory and practice.So we have blatant inconsistency between theory and practice.
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T=0T=0

T=?T=?

EstrangementEstrangement
(but with 52 pts in 10^7 D)(but with 52 pts in 10^7 D)

Detecting Ensemble Estrangement in practiceDetecting Ensemble Estrangement in practice



16 June 2005 (Con)Fusing Geophysical Models with Data (Con)Fusing Geophysical Models with Data ©© L.A. SmithL.A. Smith

Any 51 points in a 10^7 space will lie in the same ‘line’.Any 51 points in a 10^7 space will lie in the same ‘line’.
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Bad Spread Bad Spread 
(with the(with the
correctcorrect
magnitude)magnitude)

ECMWFECMWF
20012001
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NCEP NCEP 
June 2004 June 2004 –– June 2005June 2005
T2m (US and EU)T2m (US and EU)
D = 213  (6D = 213  (6oo x 6x 6oo))
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2004/06/052004/06/05
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Histogram of one year of statistics.Histogram of one year of statistics.
For each day, the distance of target from the plane defines the For each day, the distance of target from the plane defines the unit distance.unit distance.
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T=0T=0

T=?T=?

Detecting Ensemble Estrangement in practiceDetecting Ensemble Estrangement in practice

EstrangementEstrangement
(but with 52 pts in 10(but with 52 pts in 1077 D)D)

“Inflating” the variance will not “capture” the verification.“Inflating” the variance will not “capture” the verification.
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You can make up lots of these type of consistency tests:You can make up lots of these type of consistency tests:

To verify relevance of  claims of “optimality”:To verify relevance of  claims of “optimality”:
I Gilmour, LA Smith & R Buizza (2001) Linear Regime Duration: IsI Gilmour, LA Smith & R Buizza (2001) Linear Regime Duration: Is 24 24 

Hours a Long time in Weather Forecasting? JAS Hours a Long time in Weather Forecasting? JAS 5858:3525:3525--3539.3539.

Or relevance of various approximations in adaptive Or relevance of various approximations in adaptive obsobs::
J Hansen & LA Smith (2000) The role of operational constraints iJ Hansen & LA Smith (2000) The role of operational constraints in n 

selecting supplementary observations. JAS selecting supplementary observations. JAS 5757 (17): 2859(17): 2859--2871.2871.

Or indications of drift and systematic stateOr indications of drift and systematic state--dependent model error:dependent model error:
D Orrell, LA Smith, J Barkmeijer and TN Palmer (2001) Model erroD Orrell, LA Smith, J Barkmeijer and TN Palmer (2001) Model error in r in 

weather forecasting. weather forecasting. NonlinNonlin Processes in Geophysics Processes in Geophysics 88:357:357--371.371.

Can we linearly interpolate climate sensitivity in HADAM3 parameCan we linearly interpolate climate sensitivity in HADAM3 parameters?ters?
D Stainforth et al, Nature (2005)                               D Stainforth et al, Nature (2005)                               (no!)(no!)

Rank Histograms in higher dimensionsRank Histograms in higher dimensions
Smith and Hansen (2004) MWRSmith and Hansen (2004) MWR

I’ll skip these and look at model error in the I’ll skip these and look at model error in the bigbig picture…picture…

Deployable Deployable ad hocad hoc tests are valuabletests are valuable
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Model manifold

Model manifold

AA00 = = Variational Variational Analysis at t=0Analysis at t=0

SS00 = Shadowing Analysis at t=0= Shadowing Analysis at t=0

PP00 = Empirically ideal t=0 model= Empirically ideal t=0 model--statestate

RR10,000,00010,000,000
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Model manifold

Model manifold

AA00 = = Variational Variational Analysis at t=0Analysis at t=0

SS00 = Shadowing Analysis at t=0= Shadowing Analysis at t=0

PP00 = Empirically ideal t=0 model= Empirically ideal t=0 model--statestate

RR10,000,00010,000,000

We might keep We might keep PPnn as a target/verification, as a target/verification, 
but Pbut P00 is unlikely to provide modelis unlikely to provide model--initial condition(s).initial condition(s).

Variational Variational Assimilation pulls the initial conditions away from the manifoldAssimilation pulls the initial conditions away from the manifold..
What happens when we “let go” and forecast…What happens when we “let go” and forecast…
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Model manifold

Model manifold

SS00

AA00

PP00

ffnnAA00

ffnnSS00

What happens when we “let go” and forecast…What happens when we “let go” and forecast…
AA00 immediately falls toward immediately falls toward somewheresomewhere on the manifoldon the manifold..
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Model manifold

Model manifold

SS00

AA00

PP00

ffnnAA00

ffnnSS00

PP44

We are allowed a projection operator to map We are allowed a projection operator to map f f nnSS0 0 into a distribution; into a distribution; 
we take this freedom even if we verify against P!we take this freedom even if we verify against P!

f f nnSS0 0 alone provides a alone provides a 
forecast distributionforecast distribution

AA44
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Model manifold

Model manifold

SS00

AA00

PP00

ffnnAA00

ffnnSS00

PP11
PP22 PP33

PP44
SS11

SS22
SS33 SS44

AA11 AA22
AA33

AA44

(Note the state dependent drift(Note the state dependent drift
due to model inadequacy…)due to model inadequacy…)
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Model manifold

Model manifold

SS00

AA00

PP00

ffnnAA00

ffnnSS00

PP11
PP22 PP33

PP44
SS11

SS22
SS33 SS44

AA11 AA22
AA33

AA44

But if we have taken ensembles seriously then But if we have taken ensembles seriously then 
we have an ensemble of simulations from near we have an ensemble of simulations from near SS..
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Model manifold

Model manifold

SS00

AA00

PP00

ffnnAA00

ffnnSS00

PP11
PP22 PP33

PP44
SS11

SS22
SS33 SS44

AA11 AA22
AA33

AA44

And an ensemble of model simulations from near And an ensemble of model simulations from near A.A.
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Model manifold

Model manifold

SS00

AA00

PP00

ffnnAA00

ffnnSS00

PP11
PP22 PP33

PP44
SS11

SS22
SS33 SS44

AA11 AA22
AA33

AA44

Of course, points near Of course, points near A A can fall onto other bits of the manifold.can fall onto other bits of the manifold.
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Model manifold

Model manifold

SS00

AA00

ffnnAA00

SS11
SS22

SS33 SS44

AA11 AA22
AA33

AA44

in Rin R10,000,00010,000,000

ffnnSS00

What can we know operationally?What can we know operationally?
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ffnnAA00

ffnnSS00

AAnn

TravellingTravelling
TrianglesTriangles

Model manifold

Model manifold

SS00

AA00

ffnnAA00

SS11
SS22

SS33 SS44

AA11 AA22
AA33

AA44

in Rin R10,000,00010,000,000

TravellingTravelling
TetrahedaTetraheda

(Following Kevin Judd)(Following Kevin Judd)

ffnnSS00

But could we ever interpret such diagrams operationally?But could we ever interpret such diagrams operationally?
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Model manifold

Model manifold

SS00

AA00

ffnnAA00

SS11
SS22

SS33 SS44

AA11 AA22
AA33

AA44

in Rin R10,000,00010,000,000

ffnnSS00

What is the aim of DA given two models?What is the aim of DA given two models?
P(x(t >t0)  | si, Fa(x), a, na Gb(x’), b, nb) 

Model 2’s manifold
Model 2’s manifold

SS00

in Rin R10,000,00710,000,007



16 June 2005 (Con)Fusing Geophysical Models with Data (Con)Fusing Geophysical Models with Data ©© L.A. SmithL.A. Smith



16 June 2005 (Con)Fusing Geophysical Models with Data (Con)Fusing Geophysical Models with Data ©© L.A. SmithL.A. Smith

Data Assimilation with a human face:Data Assimilation with a human face:
Better balance between observations and modelBetter balance between observations and model

Noise model:  Gaussian and informativeNoise model:  Gaussian and informative
P(X|P(X|II): extremely inhomogeneous): extremely inhomogeneous

Perfect Bayes: ideal result (assuming perfect model class)Perfect Bayes: ideal result (assuming perfect model class)

(you can leave now: the problem if finished)(you can leave now: the problem if finished)

If you stay, prepare to go If you stay, prepare to go ad hoc ad hoc (and sample somehow)(and sample somehow)
(Real World) Accountable Bayes (ABIS)(Real World) Accountable Bayes (ABIS)
En+1 KF EnsemblesEn+1 KF Ensembles
ISIS EnsemblesISIS Ensembles

Use some large finite computational resource to level the playinUse some large finite computational resource to level the playing field…g field…
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Starting with no knowledge of the current state of the system, Starting with no knowledge of the current state of the system, 
my prior is the invariant measure:my prior is the invariant measure:

(This picture, of course is only a sample from the prior…)(This picture, of course is only a sample from the prior…)

NonNon--Bayesian By Choice (even within PMS)Bayesian By Choice (even within PMS)
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Next I get an observation, knowing my Next I get an observation, knowing my obsobs noise is Normal:noise is Normal:

Applying Bayes’ Theorem, I get a posterior: this is the correct Applying Bayes’ Theorem, I get a posterior: this is the correct 
answer any algorithm is ultimately judged against…answer any algorithm is ultimately judged against…

++

NonNon--Bayesian By Choice (even within PMS)Bayesian By Choice (even within PMS)
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Next I get an observation, knowing my Next I get an observation, knowing my obsobs noise is Normal:noise is Normal:

Applying Bayes’ Theorem, I get a posterior: this is the correct Applying Bayes’ Theorem, I get a posterior: this is the correct 
answer any algorithm is ultimately judged against…answer any algorithm is ultimately judged against…

++

++

NonNon--Bayesian By Choice (even within PMS)Bayesian By Choice (even within PMS)
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Shree’sShree’s slidesslides

I want to compare a variety of DA methods that give me a I want to compare a variety of DA methods that give me a 
sample of points (each with weights) when estimating the sample of points (each with weights) when estimating the 
location of “truth” in PMS given noisy location of “truth” in PMS given noisy obsobs..

EnKF                 EnKF                 ISIS                 ISIS                 Obs Obs NoiseNoise

To compare these (without dressing, &c) we will place a To compare these (without dressing, &c) we will place a 
series of epsilon balls about truth, compute the total weight series of epsilon balls about truth, compute the total weight 
each method assumes to a ball of a given radius, then see each method assumes to a ball of a given radius, then see 
which method wins: ties count for both methods.which method wins: ties count for both methods.

AllAll sampling methods are somewhat sampling methods are somewhat ad hocad hoc, I aim to , I aim to 
level playing field in terms of computational resource; level playing field in terms of computational resource; 
(this is done only roughly in the following graphs)(this is done only roughly in the following graphs)
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As models improve, coping with model inadequacy As models improve, coping with model inadequacy 
Will become more important, not less.Will become more important, not less.

(we’ll have more to gain!)(we’ll have more to gain!)

And while in a sense the problem will be come more tractable, And while in a sense the problem will be come more tractable, 
it will it will nevernever go away (if we are looking for things like go away (if we are looking for things like PDFsPDFs).).

There is no stochastic ‘fix’.There is no stochastic ‘fix’.



16 June 2005 (Con)Fusing Geophysical Models with Data (Con)Fusing Geophysical Models with Data ©© L.A. SmithL.A. Smith



16 June 2005 (Con)Fusing Geophysical Models with Data (Con)Fusing Geophysical Models with Data ©© L.A. SmithL.A. Smith



16 June 2005 (Con)Fusing Geophysical Models with Data (Con)Fusing Geophysical Models with Data ©© L.A. SmithL.A. Smith

Whys is the Speed of Light like Climate Sensitivity?Whys is the Speed of Light like Climate Sensitivity?

Olaf Roemer (Philosophical Transactions; June 25, 1677)  reported a finite 
speed of light. Generally disbelieved until Bradley gave independent 
confirmation of the finite speed of light in  January 1729.

Since  1983, the speed of light was defined to be constant.
And definition of the metre became:

"The metre is the length of the path travelled by light in vacuum during a time 
interval of 1/299,792,458 of a second."

In ~1953 the speed of  light was revised by several standard In ~1953 the speed of  light was revised by several standard 
errors, almost certainly due to “anchoring” (the search and errors, almost certainly due to “anchoring” (the search and 
“correction” of systematic experimental errors  until the result“correction” of systematic experimental errors  until the result
agrees with previously accepted values, and no further). agrees with previously accepted values, and no further). 

If  anchoring has this effect on the empirical measurement ofIf  anchoring has this effect on the empirical measurement of c, c, 
then can we really ignore it in estimates of “climate sensitivitthen can we really ignore it in estimates of “climate sensitivity”?y”?

(This is nothing to  be embarrassed about)(This is nothing to  be embarrassed about)
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Climate Modelling is inClimate Modelling is in--sample by definition.sample by definition.

This is nothing to be ashamed of (but should not be ignored).This is nothing to be ashamed of (but should not be ignored).
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Uncertainty in Climate Sensitivity

Climate sensitivity is defined as the equilibrium global mean suClimate sensitivity is defined as the equilibrium global mean surface temperature rface temperature 
change for a doubling of COchange for a doubling of CO22 levels.levels.
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BlackBlack: As sampled in cp.n: As sampled in cp.n
BlueBlue: Entrainment : Entrainment coefcoef constantconstant
RedRed: Cloud: Cloud--toto--rain conversion threshold constantrain conversion threshold constant
Note that sampling uniform inNote that sampling uniform in aa differs from uniform in differs from uniform in 1/a1/a..
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Climate is defined as a distribution of weather states; we must Climate is defined as a distribution of weather states; we must 
sample initial states in order to describe this distribution andsample initial states in order to describe this distribution and to to 
obtain statistically meaningful results on instabilities.       obtain statistically meaningful results on instabilities.       

Model dynamics reduces the impact of the particular initial condModel dynamics reduces the impact of the particular initial conditionsitions

To sample To sample parameter valuesparameter values, however, the input distribution , however, the input distribution 
determines the output distribution: determines the output distribution: 

Are all these parameter (and heat flux) values realistic?Are all these parameter (and heat flux) values realistic?
Do they yield “stateDo they yield “state--ofof--thethe--art” climates?art” climates?

Details of the input distribution determine general Details of the input distribution determine general 
shape of the sensitivity distributioshape of the sensitivity distribution!n!
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BlackBlack: As sampled in cp.n: As sampled in cp.n
BlueBlue: Entrainment : Entrainment coefcoef constantconstant
RedRed: Cloud: Cloud--toto--rain conversion threshold constantrain conversion threshold constant
Note that sampling uniform inNote that sampling uniform in aa differs from uniform in differs from uniform in 1/a1/a..
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% > 8o

Black:Black: 4.24.2
Red:Red: 4.94.9
Blue:Blue: 0.00.0

Data AssimilationData Assimilation
and the Press and the Press 

Data Assimilation and the Press Data Assimilation and the Press 
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Is the climateprediction.net ensemble “state-of-the-art”?
How should we best judge if a climate model is realistic?

Relative RMS Error relative to unperturbed model.Relative RMS Error relative to unperturbed model.
Yellow DiamondYellow Diamond: Single Parameter Perturbation: Single Parameter Perturbation
Black PlusBlack Plus: Multiple Parameter Perturbation: Multiple Parameter Perturbation
Blue  TriangleBlue  Triangle: CMIP II Model: CMIP II Model
Red TriangleRed Triangle: HadCM3 (same atmosphere with dynamic ocean): HadCM3 (same atmosphere with dynamic ocean)



16 June 2005 (Con)Fusing Geophysical Models with Data (Con)Fusing Geophysical Models with Data ©© L.A. SmithL.A. Smith

Direct test of linear prediction of climate sensitivity of (MurpDirect test of linear prediction of climate sensitivity of (Murphy hy 
et al 2004);  et al 2004);  color color indicates the error (in standard deviations)indicates the error (in standard deviations)
GreenGreen is less than one, is less than one, BlackBlack up to two, up to two, RedRed greater than two.greater than two.

The approximation is not reliable.The approximation is not reliable.
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So where are we?So where are we?
Aim for Deployable Probabilistic Forecasts with:       Aim for Deployable Probabilistic Forecasts with:       

Accountability, Resolution, and RelevanceAccountability, Resolution, and Relevance

InformativeInformative

Assigns nonAssigns non--trivial probabilities (to what happened, not trivial probabilities (to what happened, not 
what is the chance x happenedwhat is the chance x happened

Suffers only from sampling finite N effectsSuffers only from sampling finite N effects

Towards Towards betterbetter ignoring ignoring bestbest

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx



16 June 2005 (Con)Fusing Geophysical Models with Data (Con)Fusing Geophysical Models with Data ©© L.A. SmithL.A. Smith

“Remember that all I am offering is the truth. Nothing more”
Morpheus

So now you have to make a choice: 
You take the blue pill and the lecture ends, you wake–
up in your bed and happily do mathematics…

You take the red pill, and try to do physics 
knowing all models are wrong.
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Will being Bayesian buy me better probability forecasts?Will being Bayesian buy me better probability forecasts?

Is there an alternative approach, which uses the same resource Is there an alternative approach, which uses the same resource 
to find a much higher resolved estimate of (an inferior) PDF?to find a much higher resolved estimate of (an inferior) PDF?
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This is a very pretty picture:This is a very pretty picture:

Try computing the “normalization” from a Try computing the “normalization” from a samplesample of the  of the  
true blue density (few ~50 in a 10true blue density (few ~50 in a 1077--D space…) and see D space…) and see 
how much information from the prior and the likelihood how much information from the prior and the likelihood 
is preserved…is preserved…

Given the option, we would all exploit the results of  Perfect BGiven the option, we would all exploit the results of  Perfect Bayes. ayes. 
These are, of course, inaccessible even in the perfect model sceThese are, of course, inaccessible even in the perfect model scenario.nario.
Whatever we do, we aim to use probability calculus coherently,Whatever we do, we aim to use probability calculus coherently,
but it is no longer clear we want to approximate the Perfect Babut it is no longer clear we want to approximate the Perfect Bayes answeryes answer
in a naïve Bayesian fashion! (balance prior, in a naïve Bayesian fashion! (balance prior, obsobs, , dynamcisdynamcis))
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Data Assimilation:Data Assimilation:
From Observations to Model State(s)            OneFrom Observations to Model State(s)            One--toto--ManyMany

?sequential??sequential?
Simulation:Simulation:

Current ModelCurrent Model--state to future modelstate to future model--state      ?onestate      ?one--toto--one?one?

Forecast:Forecast:
Future modelFuture model--state(s) to physical forecast       ?scenarios?state(s) to physical forecast       ?scenarios?

?joint??joint?
?user?user--specific?specific?

Nonlinearity Couples all of this!Nonlinearity Couples all of this!

In its simplest terms, a “model” consists of:In its simplest terms, a “model” consists of:
A noise model (of the A noise model (of the obsobs))
A dynamical model  (deterministic or stochastic)A dynamical model  (deterministic or stochastic)
Two Projection operatorsTwo Projection operators

If the model is perfect, everything is well defined; if not, notIf the model is perfect, everything is well defined; if not, not..

Model error (better known as Model Inadequacy)Model error (better known as Model Inadequacy)
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Will being Bayesian buy me better probability forecasts?Will being Bayesian buy me better probability forecasts?

Probability Calculus still provides the ultimate goal: but givenProbability Calculus still provides the ultimate goal: but given
finite resources which approach is more valuable?finite resources which approach is more valuable?

Is there an alternative approach, which uses the same resource Is there an alternative approach, which uses the same resource 
to find a much higher resolved estimate of (an inferior) PDF?to find a much higher resolved estimate of (an inferior) PDF?
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Traditional aims of state estimation:

P(x(t0)  |  si, Fa(x), a, n)
x(t0)  current model state 
si  observations 
Fa(x)  dynamical model 
a        parameter values
n        obs noise model

Traditional aim of forecasting (in statistics)

P(x(t >t0)  | si, Fa(x), a, n)

In cases where Fa(x) is imperfect (i.e. in practice),
these two procedures may have different target 
different distributions for P(x(t0)).

You will have understood the main point of this talk
if you leave it unsure of the target in the second case.
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where where II is the “relevant background information at hand”.is the “relevant background information at hand”.
D.S. D.S. SiviaSivia

NonNon--Bayesian By Choice (even within PMS)Bayesian By Choice (even within PMS)

Even given a perfect model, if we want to move beyond (1.3) thenEven given a perfect model, if we want to move beyond (1.3) then we will we will 
be forced to sample the distributions.be forced to sample the distributions.

Given the model, we can build an Accountable Bayes Importance SaGiven the model, we can build an Accountable Bayes Importance Sampler mpler 
(ABIS) which will yield weighted posterior ensembles which are (ABIS) which will yield weighted posterior ensembles which are 
accountable (suffer only from finite sample effects).accountable (suffer only from finite sample effects).

ISIS (Indistinguishable States Importance Sampler) ignore our abISIS (Indistinguishable States Importance Sampler) ignore our ability to ility to 
sample the prior, but arguably give more useful posterior ensembsample the prior, but arguably give more useful posterior ensembles than les than 
ABIS for any finite computational resource! ABIS for any finite computational resource! 

Even the Even the EnKF EnKF is likely to beat ABIS if only small computational resource is likely to beat ABIS if only small computational resource 
is available.is available.



This week you have to make a choice on how/whether to model realThis week you have to make a choice on how/whether to model reality!ity!

Noting the words of past masters of physics, policyNoting the words of past masters of physics, policy and public and public 
relations.relations.

Prediction is very difficult

The future will be better tomorrow.  
Dan Quayle

, especially about the future.
Niels Bohr

Maybe we oughta help him see,
the future ain’t what it used ta be.

Tom Petty

There is no spoonThere is no spoon

The Truth is out thereThe Truth is out there (Maths/Stats)(Maths/Stats)

(Physics)(Physics)
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Even inside PMS, the justified resource will depend Even inside PMS, the justified resource will depend 
on the user’s aimson the user’s aims

Aim: Deployable Probabilistic Forecasts with       Aim: Deployable Probabilistic Forecasts with       
Accountability, Resolution, and RelevanceAccountability, Resolution, and Relevance

InformativeInformative

Assigns nonAssigns non--trivial probabilities (to what happened, not trivial probabilities (to what happened, not 
what is the chance x happenedwhat is the chance x happened

Suffers only from sampling finite N effectsSuffers only from sampling finite N effects
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If we had enough data, could we predict anything?If we had enough data, could we predict anything?

Alt: If we had enough data, could we predict more profitably?Alt: If we had enough data, could we predict more profitably?
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Resource allocation   Resource allocation   
(Identifying Weakest Links)(Identifying Weakest Links)

Improved Improved 
ObservationsObservations

Bigger ComputerBigger Computer
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(In this particular case, (In this particular case, obs obs were more valuable than theory)were more valuable than theory)
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Wager £100  each day on the temperature at Heathrow, betting an Wager £100  each day on the temperature at Heathrow, betting an amount  amount  
proportional to your predicted probability of that outcome (Kellproportional to your predicted probability of that outcome (Kelly Betting).y Betting).

How would a probability forecast based on the  ECMWF EPS fare agHow would a probability forecast based on the  ECMWF EPS fare against a ainst a 
house that set its odds using climatology?house that set its odds using climatology?

In practice: Probability forecasts do not have to be accountableIn practice: Probability forecasts do not have to be accountable to be useful!to be useful!
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Head to head comparisons of probability forecasts allow Head to head comparisons of probability forecasts allow 
insight on resource allocation, at least for a subset of users…insight on resource allocation, at least for a subset of users…


