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Hydrological forecasting system

Goal: Probabilistic hydrological forecasts
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Hydrological forecasting system

2 major uncertainty sources
[Krzysztofowicz (2002)]
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Hydrological forecasting system

Ensemble weather forecasts
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Hydrological forecasting system

Ensemble weather forecasts

(animation.avi)
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An exchangeable construction

An exchangeable construction for ensemble forecasts
processing

Hierarchical model with 1 latent variable :
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(Xk,t |µt) = a + bµt + cεk,t

(Yt |µt) = a0 + µt + ε0,t

µt
iid∼
t
N
(
0, s2

)
εk,t

iid∼
t,k
N
(
0, σ2)

...For each location, forecast lead time and meteorological variable
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An exchangeable construction

An exchangeable construction for ensemble forecasts
processing

Hierarchical model with 2 latent variables :
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(Xk,t |µt) = a + bµt + cεk,t

(Yt |µt) = a0 + µt + ε0,t(
εk,t |σ2

t
) iid∼

k
N
(
0, σ2

t
)(

µt |σ2
t
)
∼ N

(
0,λσ2

t
)

σ2
t
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t
IΓ (α, β)

...For each location, forecast lead time and meteorological variable

(With conjugation for inferential convenience)
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An exchangeable construction

Other high resolution information sources (expertise ?)

→Gain in sharpness ?
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An exchangeable construction

An exchangeable structure to combine information sources

Multi-ensemble extension of the hierarchical model :
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(Xe,k,t |µt) = ae + beµt + ceεe,k,t(
εe,k,t |σ2

t
) iid∼

e,k
N
(
0, σ2

t
)

(
µt |σ2

t
)

∼ N
(
0,λσ2

t
)

σ2
t
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Where Yt = X0,1,t and b0 = c0 = 1 (identifiability)
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An exchangeable construction

Inference : classic EM algorithm

Deviance :

D (α, β,λ, a, b, c) = −2 log
[
X ,Y , µ, σ2|α, β,λ, a, b, c

]
=

E
∑
e=0

{
Ke

∑
k=1

(Xe,k − beµ− ae)
2σ−2c−2e −Ke log σ−2 −Ke log c−2e

}

+ µ2λ−1σ−2 − log(λ−1)− log σ−2 + 2βσ−2 − 2(α− 1) log σ−2 − 2 log βα

Γ(α)

E step : deviance expectation with regard to
(
µ, σ2|X ,Y

)
(using

conjugation properties)
M step :
(α, β,λ, a, b, c)(i+1) = argmin

(α,β,λ,a,b,c)
E(µ,σ−2|X ,Y ,(α,β,λ,a,b,c)(i)) {∑t Dt (α, β,λ, a, b, c)}
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An exchangeable construction

Inference results

(Xe,k,t |µt) = ae + beµt + ceεe,k,t
Where Yt = X0,1,t et b0 = c0 = 1 (identifiability)

For a 3 days forecasting horizon :

a b c
Y (= X0) 8.75 1.00 1.00

ECMWF ensemble (= X1) 8.68 1.10 0.87
high resolution ECMWF (= X2) 8.40 1.09 0.79

e ensemble member contribution : be
c2e
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An exchangeable construction

Forecast

Then :

(Yt |Xt) ∼Student

with
E (Yt |Xt) = a0 + λ′′ ∑E

e=1
be
c2e

Ke (X̄e − ae)

and
V (Yt |Xt) ∝

β + 1
2

(
∑E

e=1 c−2e ∑Ke
k=1(Xe,k − ae)2 − λ′′

(
∑E

e=1 c−2e beKe (X̄e − ae)
)2)

GEMOS : Generalized EMOS
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An exchangeable construction

Raw forecast
(50 members)
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An exchangeable construction

GEMOS forecast with high resolution forecasts
(50 simulations)
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An exchangeable construction

Scores
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Space-time consistency

Space-time consistency

Solution 1 : empirical copulas

Idea : copy a rank structure (...of past scenarios : Schaake shuffle [Clark
et al. (2004)])

Advantage : simultaneously copy inter-variables, space and time structures
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Space-time consistency

GEMOS-Schaake results

(animation2.avi)
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Space-time consistency
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Precipitations

Precipitation : a variable with a discrete component
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Precipitations

GEMOS for mixed variables
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(Xe,k,t |µt) = ae + beµt + ceεe,k,t(
X ′νe,k,t |X

)
= max (0,Xe,k,t)(

εe,k,t |σ2
t
) iid∼

e,k
N
(
0, σ2

t
)

(
µt |σ2

t
)

∼ N
(
0,λσ2

t
)

σ2
t

iid∼
t
IΓ (α, β)

Where Yt = X0,1,t and b0 = c0 = 1 (identifiability)
ν = 1 as a first try
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Precipitations

Raw forecasts

(50 simulations, 3-days lead time)
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Precipitations

GEMOS forecasts before censoring

(50 simulations, 3-days lead time)
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Precipitations

GEMOS forecasts after censoring
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Precipitations

Scores
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Conclusion and perspectives

Exchangeability virtues

Exchangeability : an expected property
If only exchangeable per blocks of members : get back to the
multi-ensemble case
Parsimonious models ⇒ shorter training sets are usable (necessary in
a changing world)
Explicit EM algorithm within the Normal framework
EMOS as a limiting case (in the standard framework)
Some straightforward extensions : several ensembles, mixed-type
variables (precipitations), normal-based multivariate distributions
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Conclusion and perspectives

Perspectives

Precipitation forecasts : work still in progress
Space-time consistency : use of parametric copulas
What about multi-modal distributions ?
To be directly applied to (log-transformed) hydrological ensemble
forecasts ?
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Conclusion and perspectives

Thanks for your attention !

M.C., P.B., E.P. (AgroParisTech/INRA) Probabilistic meteorological forecasts HEPEX 2016 34 / 35



References

Clark, M., Gangopadhyay, S., Hay, L., Rajagopalan, B., and Wilby, R. (2004). The Schaake
shuffle : A method for reconstructing space-time variability in forecasted precipitation and
temperature fields. Journal of Hydrometeorology, 5(1) :243–262.

Krzysztofowicz, R. (2002). Bayesian system for probabilistic river stage forecasting. Journal of
Hydrology, 268(1) :16–40.

M.C., P.B., E.P. (AgroParisTech/INRA) Probabilistic meteorological forecasts HEPEX 2016 35 / 35



Annexe

EDF’s rainfall-runoff model
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Empirical copula
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Annexe

Information mainly comes from the ECMWF ensemble
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Annexe

Rank histogram of cumulative air temperatures

Rank

F
re

qu
en

cy

0 10 20 30 40 50

0
2

4
6

8
10

12

M.C., P.B., E.P. (AgroParisTech/INRA) Probabilistic meteorological forecasts HEPEX 2016 35 / 35


