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'Motivation: The management of the
hydrosystem for the water supply of Athens
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Mornos river

/ Requirements for
stochastic simulation

1. Multivariate model

2. Time scales from annual to 2001 |
monthly or sub-monthly
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o
o

Normal average

6-year average

Runoff, mm

S
o
o

3. Preservation of essential ’ g 8 3 5 & 3
marginal statistics up to third S & 3 8 8 8
order (skewness) _ B. Kifisos river

4. Preservation of joint second S =
order statistics (auto- and 5
cross-correlations) 1

5. Capturing/reproduction of 1007
“patterns” observed in the last 0TI
severe drought — Preservation e e 2 s 82
of long-term persistence 5 2 2 8 3 o
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Annual minimum
water level of the
Nile river for the
years 622 to
1284 A.D.

(663 years)

Hurst exponent
= 0.85

Standardised tree
ring widths from
a paleoclimatolo-
gical study at
Mammoth Creek,
Utah, for the
years 0-1989
(1990 years)

Hurst exponent
= 0.75
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Methodology 1: The generalised

autocovariance function (GAS)

General expression
V;= Yo (1 + k Bj) P
where

;! autocovariance
for lag j

Y, + variance
K, . parameters

(The two parameters
allow for preservation of
y, and Hurst exponent)

For =00 ARMA
V; = Yo €Xp (=K J)

For k = (1/B) (1-1/B)F
(1-1/2B)F O FGN

Autocovariancey
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— Generalized autocovariance
¢ Fractional Gaussian noise
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See details in: Koutsoyiannis, D., A generalized mathematical framework for stochastic simulation
and forecast of hydrologic time series Water Resources Research, 36(6), 1519-1534, 2000.
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Methodology 2: Generalised generating

scheme for any covariance structure

Typical (backward) moving

. 1
average (BMA) scheme SIS
5 8
XI-=...+81V,-_1+30VI- ég 01 -
where V; innovations and s 2
a; parameters. < £0017
. . = <
Symmetric moving 5 0001 -
average (SMA) scheme 2
=
_ 0.0001 -
X=..+aV._,+aV 0
+a, V.., + ..
LA 0.00001 - -
SMA has several advantages
over BMA. Among them, it 0.000001

allows a closed solution for a;:
s (w) = [2 5 w)]">

where s (w) and s (w) the DFTs of the series a; and y; respectively.

5

Autocovariance

& BMA parameters, 100 terms o0,
BMA parameters, infinite terms|-- -~ - -~ - - -~ Son
° SMA parameters, 100 terms | L oy,
------- SMA parameters, infinite terms | | I %2
0 20 40 60 80 10C

Both schemes are applicable for multivariate problems.

See details in: Koutsoyiannis, D., A generalized mathematical framework for stochastic simulation
and forecast of hydrologic time series Water Resources Research, 36(6), 1519-1534, 2000.
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Methodology 3: Stochastic simulation in
forecast mode

&

&

In terminating simulations of a hydrosystem the
present and past states must be considered.

The observed values of the present and past must
condition the hydrologic time series of the future.

This is attainable using a two-step algorithm

1. Generate future time series without reference to the
known present and past values.

2. Adjust future time series using the known present and
past values and a linear adjusting algorithm.
The linear adjusting algorithm:
1. is expressed in terms of covariances among variables;
2. preserves exactly means, variances and covariances;
3. is easily implemented.

See details in: Koutsoyiannis, D., A generalized mathematical framework for stochastic simulation
and forecast of hydrologic time series Water Resources Research, 36(6), 1519-1534, 2000.
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Methodology 4: Coupling stochastic

models of different time scales

“Actual”
processes

~_

X

>
A

/—{ Step 4 (Output)

Auxiliary
processes

Consistent

Coupling
transformation

f(Xs, Z,, Z,)

N

Step 1 (Input):
Generated by the
annual model

~_

X,

Consistent

<

"BNI

<i Monthly level

Step 2:
Generated by a
monthly model

¢ Annual level

Step 3:
Constructed by
aggregating X;

The linear
transformation

X, =X, +h (Z,-Z,)

where

h = Cov[X,, Z,] [
{Cov[Z,, Z,]}

preserves the vectors of
means, the variance-
covariance matrix and
any linear relationship
that holds among X; and
Z,.

See details in: Koutsoyiannis, D., Coupling stochastic models of different time scales, Water

Resources Research, 37(2), 379-392, 2001.
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Methodology 5: Preservation of skewness
in multivariate problems via appropriate
decomposition of covariance matrices

# Consider any linear multivariate stochastic model of the form
Y=aZ+bV

where Y: vector of variables to be generated, Z: vector of variables with
known values, V: vector of innovations, and a and b: matrices of parameters.

The parameter matrix b is related to a covariance matrix ¢ by
bb'=c

This equation may have infinite solutions or no solution.

The skewness coefficients & of innovations V depend on b.

The smaller the values of §, the more attainable the preservation of the
skewness coefficients of the actual variables Y.

Therefore, the problem of determination of b can be solved in an optimisation
framework, that combines

= minimisation of skewness §, and
= minimisation of the error ||b b™ = c||.
# A fast optimisation algorithm has been developed for this problem.

See details in: Koutsoyiannis, D., Optimal decomposition of covariance matrices for multivariate
stochastic models in hydrology, Water Resources Research 35(4), 1219-1229, 1999.
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Implementation of the methodology:

The Castalia software
@ Designed as part of a decision support system for the
water resource system of Athens

# Linked to a simulation-optimisation model of a
hydrosystem

# Can also perform as a stand-alone software

# Written in Delphi; utilises Oracle.

# Simulates several hydrological variables at multiple sites
# Uses annual and monthly time scales

# Preserves:
» essential marginal statistics up to third order (skewness)
= joint second order statistics (auto- and cross-correlations)
= long-term persistence
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‘Castalia:Data base operations for time series

E‘EASTALIA Slohaatic Simulabon of Hydrological Yanablcz

Scenarin Fomat Bun Grash Eelp

ﬁlﬁl = Staistics 2 Elﬁl QI
|

Annual model paramelers
Tine senes tonthly model parameters | o
Yiew lime series O] x|
[Vaiobe1 | Varisble2 | Varisbled | Varisbled Warable® | Varisble | Varieble7 | Variabled |

Historical time series of rainfall at location Mdpvos {Hydrological years: 1958 - 2000} ﬁl _%I
Tear Oct Nov | Dec I Jan | Feb | Mar | Apr | May I Jun | Jul | Aug | Sep | Annual Iil
1958 iz a6 1171 20875 63 Fal= L 4.5 126 1na G4.5 TE.8 9227
1969 E41 117.2 1923 18EE E3.4 200 11EE 7EE £21 0.0 232 2E.9 11002
1960 291 E14 2631 a0y ara B35 AYE 24.4 17.3 236 11.8 0.0 269

1361 424 1053 2261 564 1353 1433 42K 0.7 17.6 a7 104 26.8 8736
1962 1301 2730 3341 2104 23 5E.1 53t 924 ‘1.8 haz 0z 41.0 1604.1
=15 £U1.4 424 did.d 21U bd.g b= lal ) .4 =1 El.b 442 £ fui= Rl JLL=] 8-
1964 BE.E 1714 1573 13649 1561 E25 ,ME 47.5 4.2 5.9 0.4 0.0 222
1365 284 2393 1853 3313 838 933 155 1.6 A2 0.0 1.8 i 1201.3
19EE 46.9 2687 1BB3 1529 A0 261 B1.t 321 12.4 E21 319 853 9.2
1367 1.4 410 2884 332 NF B4.5 96 561 £3.2 0.8 16.8 43.8 1011.6
=t dib Laufa) 2454 1401 Tak. 4 ol 2410 14k 1.8 Tad 2.4 =N 144k
1963 E.2 1085 FIES 16416 115.4 958 3.4 24.9 122 0.5 22 Fa.0 1041.1
1970 242 14293 1231 1289 1789 Z3hd4 3 14.1 zh 103 9.2 E27 10208
1371 55.3 1859 1253 1463 (1220 472 8a8.1 471 18.9 628 254 183 B2
1972 209.0 V04 120 13/83 2269 1164 BLE 59.49 40.6 252 2.0 15.E 961.8

I973 lon. | 1433 I71.3 423 2331 g1.3 | 25.6 g1.0 15.4 106 358 B35 025.9
1974 1878 1820 E7.7 337 1J4.E 114.2 17.E BE.2 EB.7 24 4AE0 0.0 2334 ;I
v Hiztarical § Groop 1

Koutsoyiannis & Efstratiadis, A stochastic hydrology framework for the management of multiple reservoir systems 11




N

E‘EAETALIA - Stohastic Simulation of Hydrological Yanables
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Stochastic forecast
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Castalia:
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‘Castalia:

EEASTALIA - Stohastic Simulation of Hydrological ¥anables
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Utilisation of Castalia’s results in the
hydrosystem of the Athens water supply:
System'’s firm yield
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Utilisation of Castalia’s results in the
hydrosystem of the Athens water supply:
Stochastic forecast of system storage

Equal-probability system storage curves
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Summary

# A generalised stochastic modelling framework for
hydrological variables has been developed.

# The methodology involves the combination of
novel stochastic techniques, and preserves long-
term persistence and asymmetric distributions in
multivariate, sequential or disaggregation,
problems.

# The methodology has been implemented in the
Castalia program.

# The methodology and the program have been
tested in a large hydrosystem involving 4
hydrologic catchments with 4 reservoirs.
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