
1 INTRODUCTION 
 

One of the most important variables for dam designing is the annual maximum reservoir wa-
ter level (X) for different return periods. Traditionally, these quantiles have been estimated us-
ing the concept of "Design Flood”, which is a deterministic single hydrograph for each return 
period. The exceedance probability of each Design Flood is assumed to be the exceedance prob-
ability of the total accumulated precipitation of a corresponding “Design Storm". This tradition-
al methodology has two main drawbacks: First, it makes no statistical sense assigning an ex-
ceedance probability to a multivariate process, such as a hyetograph or hydrograph. Secondly, 
the main problem of a deterministic "Design Storm" is the poor representation of the space-time 
structure of real storms, resulting in a significant additional uncertainty in estimating flood re-
lated quantiles.  

Our proposed innovative methodology to solve such problems is based on the construction of 
a trivariate statistical model between: i) the annual maximum daily precipitation (P), as repre-
sentative of the total storm; ii) the basin initial soil moisture (H), which is relevant for the runoff 
production specially in arid and semi-arid climates; and iii) the variable of interest (in this work, 
X).  

In the presented dam design case study, the marginal distribution of P was computed by 
means of a regional statistical analysis, in order to reduce the uncertainty for high return period 
quantiles. A set of 368 synthetic storms were generated using a space-time stochastic rainfall 
model based on the theory of point processes. This model is event-oriented and specifically 
conceived for representation of the main features and structural properties in extreme convective 
Mediterranean storms. 

The distributed hydrological model TETIS was used to properly transform the synthetic 
storms into dam reservoir input hydrographs and the corresponding synthetic X. Also, the dis-
crete marginal probabilities of 3 representative states of H were estimated by continuous hydro-
logical simulation of the available 57 years of daily rainfall and temperature records. 
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chastic and fractal rainfall models for applied purposes (Wheater et al. ,2005; Qin, 2011; Van-
denberghe et al., 2010; Calenda et al., 2005). The multidimensional definition of the rainfall 
field, including the evolution of the storm and a realistic representation of rainfall intensities 
fluctuations in space and time is a key aspect for an adequate hydrological modeling of high re-
turn period floods. 

The stochastic model after (Salson and García-Bartual, 2003) was conceived to adequately 
represent space-time patterns and internal structures of the rainfall fields typically found during 
the occurrence of intense Mediterranean storms of convective nature. This model is based on 
previous mathematical developments of point processes applied to rainfall modeling, presented 
in the 80’s (Rodriguez-Iturbe and Eagleson, 1987; Sivapalan and Wood, 1987). The model 
adapts such kind of formulations to the specific properties of the Mediterranean storms. Other 
approaches of stochastic modeling also based on point process theory have been used in Europe 
(Burton et al., 2008; Willems, 2001). 

The application of this stochastic model allows definition of a wide range of climatic scena-
rios consisting on space-time rainfall events, each of which consisting on a rainfall intensity 
field with 10-minutes time level of aggregation and spatial resolution of 1x1 km

2
. The asso-

ciated return period is estimated for each event after a detailed analysis of the files, by means of 
a procedure presented herein. For this particular hydrological application, a total of 368 climatic 
scenarios were generated.  

3.2 Parameter estimation 

The parameters of the model are estimated by the method of moments, using some relevant em-
pirical statistics obtained from rainfall intensity records. These include the spatial correlation 
function, the time autocorrelation function for different time levels of aggregation, the mean 
normalized function, which represents the evolution in time of the ratio between cumulative 
rainfall at time “t” and the total cumulative rainfall at the end of the storm and both. Finally, 
both the mean and variance of the total cumulative depth are used.  

3.3 Estimation of the return period for a multidimensional storm 

The concept of non-exceedance probability, and therefore the concept of return period, is inevit-
ably linked to a given random variable and its statistical distribution. From this point of view, a 
conceptual problem arises when trying to assign a return period value to a given event (i.e., 
rainstorm) which is basically defined in terms of a family of higher order matrix, each of them 
containing rainfall intensities over a geographical grid of points.  

To tackle this problem, the practical method proposed is based on the estimation of a unique 
equivalent value of rainfall, obtained from the storm multidimensional data. This value is named 
as the daily equivalent rainfall, PD eq, being a single representative value of cumulative rainfall 
to be later introduced in the extreme-value-distribution derived from the previous statistical re-
gional analysis.  

PD eq can be estimated as [24 Ix /ARF], being the return period T=[1-F(PD eq)]
-1
, where 

ARF is the areal reduction factor for the hydrological catchment, and “x” is time interval in 
hours so that  Ix≈ PD/24,  being Ix (mm/h) the annual maximum of average rainfall intensity for 
an interval of  duration “x” hours and PD the corresponding annual maximum of daily rainfall.  

According to the hydrological technical guidelines in Spain, a value of x=28 h is mostly used, 
with ARF=[1- (log A)/15], if no specific studies are available in the region.  “A” represents the 
catchment area in km2. For the case study presented herein (Marina Alta in the Valencian 
Community-Spain), both aspects were investigated. After analysis of historical records in se-
lected raingauges, a value of x= 29h 10min   was obtained for the region, very close to the gen-
eral recommendation of 28 hours.  

Additionally, and after areal analysis of extreme events occurred in the Valencian Communi-
ty, a value of ARF=[1+λAγ]-1  with λ=0.00783 and γ=0.65676  was obtained.  

For a given multidimensional storm, either generated from a stochastic rainfall model or de-
fined by actual rainfall records from the raingauge network or radar, the associated value of Ix 
should be obtained. To do so, the areal averaged hyetograph over the catchment is first esti-



mated. Figure 2 below shows the case of synthetic storm #106, over the Girona upper river cat-
chment in the Valencian Community.  

 
Figure 2. Areal averaged - synthetic rainfall event # 106. Upper Girona river catchment. 

4 HYDROLOGICAL MODELING WITH TETIS 

4.1 Event model implementation 

The TETIS model is a distributed and conceptual hydrological model with physically based pa-
rameters (Francés et al. 2002, Francés et al. 2007). It has been calibrated and validated at flood 
event scale (∆t = 10 minutes) in the actual Isbert dam, using the recorded events by the Flood 
Warning System of the Jucar Basin Authority since 1989. The calibration and validation was sa-
tisfactory, with Nash-Sutcliffe eficiency indexes greater than 0.8, in calibration (Fig. 3) and in 
most of the temporal validations. 

  

Figure 3. Actual Isbert dam (Girona River) observed and simulated reservoir output hydrograph (left) and 

reservoir water level (right) for the flood event of April 2003. 

4.2 Initial soil moisture analysis 

The objective of the hydrological modeling is the simulation of a set of independent synthetic 
storms, without a definition of the initial condition of the state variables, in particular, the initial 
soil moisture condition. For this reason, the TETIS model has been also calibrated and validated 
at daily temporal discretization. In this case, it was used the flow gauge station of “Gallinera” 
due to its better daily record. 
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Once the daily model has been adjusted, it has been used to simulate the soil moisture since 
1943 to nowadays, using the daily precipitation records of the Spanish National Weather Ser-
vice within the Gallinera basin. From these results, three different initial conditions for dry, me-
dium and wet soil (10, 40 and 80% of soil moisture respectively) has been considered and it has 
been assigned an occurrence probability. 

4.3 Synthetic events simulation 

Finally, at least with respect the hydrological modeling, TETIS model has been used to simulate 

the rainfall-runoff transformation for the 368 available synthetic storms, using the three differ-

ent initial soil moisture conditions computed previously. At the end, it was produced 1104 input 

hydrographs to the new dam site. 

5 PROBABILITY ESTIMATION 

The synthetic storm generator doesn’t assign a particular date at each storm, because it is a sin-
gle storm generator (not a continuous precipitation generator). So, it is needed an specific statis-
tical model to obtain non-exceedance probability of the random variable of interest, in this paper 
the annual maximum reservoir water level. We propose the use of a trivariate model of the an-
nual maximum daily precipitation, the initial soil moisture condition (a discrete random variable 
in this work) and the annual maximum reservoir water level. What it is a priori known are the 
marginal distributions of the first two and their cross-correlation. 

From elementary concepts of probability, it is possible the estimation of the empirical mar-
ginal distribution function (or plotting positions) of the random variable of interest, for the sam-
ple synthetically generated. The final equation is:  
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where Pj corresponds to the probability initial soil moisture is in the state j; nij(a) is the number 
of observations less or equal to a, within the interval i, which covers the annual maximum daily  
preciptation range [Ri, Ri+1] and Ni is the total number of observations within the precipitation 
interval i. In Figure 4 is represented the result for the case study. 

 
Figure 4. Plotting positions of the annual maximum reservoir water level for the new Girona River dam. 
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6 CONCLUSIONS 

One of the most common objectives of hydrological studies is the flood frequency analysis at a 
given section of a river. This analysis is used in the design of many hydraulic works (spillways 
of dams, diversion tunnels, channeling, etc..),  transverse drainage systems of linear infrastruc-
tures (bridges and culverts), flood hazard and risk mapping, and so on. The analysis of the fre-
quency of floods has the main target of getting the relationship between flood flows (or quan-
tiles) and their corresponding non-exceedance probability (or return period), although in most 
cases you can just get the flows quantiles for a few number of return periods. 

In many of the above described situations, the socioeconomic implications are enormous, so 
it is enforceable to work as accurately as possible: an underestimation error leads to an increase 
of the actual risk, while if the error is and overestimation, which is causing is an unnecessary in-
crease in the infrastructure cost. 

The traditional methodology based on the concept of the Flood Design have enough miscon-
ceptions to that recommend its abandonment, to the extent that is desirable the maximum preci-
sion in the calculations. In this article we have shown that it is possible to develop methodolo-
gies that address these misconceptions. 
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