
1. Abstract 
 Castalia is a software package (Koutsoyiannis, D., and A. Efstratiadis, A stochastic 

hydrology framework for the management of multiple reservoir systems, Geophysical 
Research Abstracts, Vol. 3, European Geophysical Society, 2001) that uses an original 
two-level multivariate scheme (from annual to monthly time scale) appropriate for 
preserving the most important statistics of the historical time series and reproducing 
characteristic peculiarities of hydrological processes such as long-term persistence, 
periodicity and skewness. A module was developed as an expansion of Castalia, which 
implements a methodology for the multivariate stochastic simulation and 
disaggregation of monthly hydrological time series into daily series. This upgraded 
version of Castalia uses a three-level multivariate scheme that simultaneously preserves 
the above characteristics for the annual, monthly and daily time scale. Moreover, this 
module efficiently handles additional difficulties due to peculiarities which frequently 
appear in daily hydrological series, such as high variation coefficients, high values of 
skewness and intermittency (preservation of probability dry in rainfall). The computer 
system was applied for the generation of synthetic hydrological time series within 
simulation models that are components of a decision support system for hydrosystem 
management. 

2. Introduction 
Castalia is a software package (Koutsoyiannis and Efstratiadis, 2001) for the stochastic 
simulation of hydrological series. It uses a two-level multivariate scheme which: 

 
Preserves the most important statistics of the historical time series for the annual and 
monthly time scales: 
1. Mean 
2. Standard deviation 
3. Skewness  
4. Autocorrelation coefficient (lag one) 
5. Cross-correlation coefficient (lag zero) 

Reproduces characteristic peculiarities of hydrological processes such as: 
o Long-term persistence 
o Periodicity 

The software is used by the Athens Water Supply and Sewage Company (EYDAP) for the 
optimization  of the water supply system in Athens. It has also been used for the management 
of several hydrosystems in Greece. 

Here we upgraded Castalia to implement a three-level multivariate scheme that simultaneously 
preserves the above characteristics for the annual, monthly and daily time scales. 

Furthermore, this upgraded version of Castalia efficiently handles additional difficulties due to 
peculiarities which appear in daily hydrological series, such as high variation coefficients, high 
values of skewness and intermittency (preservation of probability dry). 
 

Marginal statistics 

Joint statistics 

3. Generation of daily time series 
The periodic autoregressive model of order 1 (PAR (1)) is used for the generation of 
initial values of daily series: 

 

Ys,  = asYs, – 1 + bsVs,  
 where:  
 
     Ys,  = (Ys,

1, …, Ys,
m) : vector of daily variables with size m (subscripts s and are  

     integer time indices that stand for period (month) and  
     subperiod (day) respectively), 

  as, bs: (m x m) matrices of parameters (for every period), 

      Vs,  = (Vs,
1, …, Vs,

m) : vector of innovations (independent, both in time and space,  
     random variables) with size m. 

 

The estimation of the multivariate PAR(1) model parameters requires the 
decomposition of covariance matrices cs = bs bs

T: 
 

bs bs
T = Cov [Ys, , Ys, ] – as Cov [Ys, – 1, Ys, – 1] as

T 
 

 A generalized method (Koutsoyiannis, 1999) is implemented for the decomposition of 
cs, which is applicable to both positive definite and indefinite matrices.  

 

4. Disaggregation methodology (1)  
 Let = ( 1, …, m) and Y  = (Y 1, …, Y m)  be the higher-level (monthly) and lower-level (daily) 

discrete time processes, respectively (m denotes the number of variables used in the simulation 
scheme). The higher- and lower-level processes are related by the additive property: 
 

 where s is the number of fine-scale time steps within each coarse-scale time step. 
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Figure 1. Schematic representation of the processes (actual and auxiliary), their links and the steps followed to 
construct the actual daily-level rainfall series from the actual monthly-level rainfall series (Koutsoyiannis, 2001). 

5. Disaggregation methodology (2)   
For each period (month), the following coupling transformation (Koutsoyiannis, 2001) is applied 
in the disaggregation scheme: 
 

 where:   
    X    denotes the corresponding synthetic value of the higher-level process,  

   where s is the number of fine-scale time steps within each coarse-scale time step, 

          stands for the initial daily value generated by the PAR(1) model, 

     for each subperiod, where n is the number of wet subperiods in each period.  

      Also, for each period: 

 This method does not affect the preservation of the probability dry, as the coupling 
transformation is only applied to wet subperiods in each period. 

Moreover, a Monte Carlo repetition scheme is applied in order to increase the efficiency of the 
simulation: for every period several sequences of subperiods are generated via the daily PAR(1) 
model, until the following value is minimized (Koutsoyiannis and Manetas, 1996):  
 

  

 where m denotes the number of variables used in the simulation scheme.           
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6. Preservation of skewness  
Hydrological processes at fine time scales have asymmetric distribution 
functions. 
 
While the methodology applied in Castalia is appropriate for preserving the first 
and the second moments of the processes, it cannot preserve high values of 
skewness.  
 
Therefore, a power transformation is applied to the daily variables for the 
preservation of skewness (Koutsoyiannis et al., 2003): 
 

Yt := Yt (m)  
 

 where the symbol (m) means that all items of the vector Yt are raised to the 
power m (0 < m < 1).  
 
The preservation of the statistics of the untransformed variables does not 
necessarily lead to the preservation of the statistics of the transformed variables. 
However, these discrepancies are expected to be insignificant for high values of 
m (e.g., for m  

7. Preservation of probability dry (1) 

Simulation of hydrological processes (such as rainfall and runoff) at fine 
time scales requires the preservation of the probability dry.  

The proportion of dry intervals cannot be preserved by linear stochastic 
models in an explicit manner. Therefore, in Castalia the total number of 
dry periods results according to the following methodology: 

  
 

1) The negative values, unavoidably generated by any linear 
stochastic model when the coefficient of variation is high, are 
truncated to zero (Koutsoyiannis et al., 2003). 

2) A proportion 0 of the very small positive values, chosen at 
random among the generated values that are smaller than a 
threshold l0 (e.g., 0.1– 0.3 mm), are set to zero (Koutsoyiannis et al., 
2003). 

3) An additional method is applied which respects the Markov  
property and takes into consideration dry days in space. 

8. Preservation of probability dry (2) 
If a dry period is generated at a time step (Yl

t-1), then there is a probability k1,j that it 
will be followed by another dry period (Yl

t) (Markov property). 
On the contrary, if a wet period is generated at a time step (Yl

t-1), then there is a 
smaller probability k2,j that it will be followed by a dry period (Yl

t).  
 The probabilities k1,j and k2,j  (k1,j > k2,j) are defined for every month j in proportion of 

the historical probability dry pj:  k1,j = 1 pj and k2,j = 2 pj. 
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 Moreover, for every dry period resulted by 
this method (Y1

t), the following technique is 
applied: There is a probability (k3) that dry 
periods are forced to the rest of the locations at 
the same time step (e.g., Y2

t  to Yn
t). Thus, the 

rainfall simulation scheme takes into 
consideration dry days in space. An 
overprediction of the cross-correlations is 
expected, but it should be insignificant for low 
values of k3 (e.g., for k3  

9. Methodology implementation 
Castalia was applied for the generation of daily synthetic series (length: 1000 years), 
using 43 years (01/01/1964 – 31/12/2006) of daily data series from three rain gauges 
(Tithorea, Pavlos and Drimea).  

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

The following parameters were used at this implementation of Castalia: m=0.95  (power transformation), 
0=0.99 and l0=0.3 mm  (threshold method), 1 2=0 and k3=0.60  (Markovian method). 
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Figure 2: Comparison of empirical (blue), theoretical Gamma (purple) and theoretical Normal (green) distribution 
functions for the historical series at the three gauges (Tithorea, Pavlos and Drimea) for the month of September. 

Figure 3: Comparison of empirical (blue), theoretical Gamma (purple) and theoretical Normal (green) distribution 
functions for the synthetic series at the three gauges (Tithorea, Pavlos and Drimea) for the month of September. 

Castalia was applied for the generation of daily synthetic series (length: 1000 years), 
using 43 years (01/01/1964 – 31/12/2006) of daily data series from three rain gauges 
(Tithorea, Pavlos and Drimea).  
 

10. Results  
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The following figures show for each month the preservation of the most important daily statistics (mean, 
standard deviation, autocorrelation coefficient (lag one), skewness coefficient and probability dry) for Pavlos 
gauge, in addition to the cross-correlation coefficient (lag zero) between Pavlos and Tithorea gauges for the 
transformed and the untransformed variables.  

11. Conclusions 
Castalia (Koutsoyiannis and Efstratiadis, 2001) uses an original two-level 
multivariate scheme (from annual to monthly time scale) appropriate for 
preserving the most important statistics and reproducing characteristic 
peculiarities of hydrological processes such as long-term persistence, 
periodicity and skewness. 

Here we developed a module as an expansion of Castalia, which 
implements a methodology for the multivariate stochastic simulation and 
disaggregation of monthly into daily hydrological series. 

The updated version of Castalia: 

1) Simultaneously reproduces the above characteristics for the annual, 
monthly and daily time scale. 

2) Efficiently handles additional difficulties due to peculiarities which 
frequently appear in daily hydrological series, such as high variation 
coefficients, high values of skewness and intermittency.  

3) Can be used in the framework of decision support systems for 
hydrosystem management.  
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