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Abstract. This paper presents a comprehensive study on the occurrence rates of flood and extreme rainfall events in 

mainland Portugal, aiming at verifying if those rates comply or not with stationarity principle. For that purpose, 38 river 

gauge stations under natural conditions in what concerns the floods and having long series of mean daily flows were 

analyzed. For each of these watersheds, a rain gauge, with a long series of daily rainfalls, located inside or nearby the 

same watershed and expectable able of explain the extreme rainfall-flood process was assigned. The selection of the 

extreme discharge and rainfall events utilized the peaks-over-threshold technique applied to the daily series of mean 

daily flows and rainfall at river gauge stations and rain gauges, respectively. As for the occurrence rate analysis of the 

extreme events, a nonparametric method, based on a kernel estimator, combined with a pointwise bootstrap 

confidence band was applied. The results suggest that, over time, the occurrence rate of flood and extreme rainfall 

events show a nonstationary behavior with a decreasing trend, with the lowest rates or rates near the lowest ones in 

recent years. The study showed that it is necessary to revise the mathematical formulation of the models for extreme 

hydrological events which is typically used in Portugal and that relies on the stationarity assumption. It also clearly 

showed that, contradicting the expected consequences of the climate changes, the occurrence rates of the floods and 

of the extreme rainfalls are not higher in the present: on the opposite, they were more frequent in the past. However, it 

is crucial to ascertain whether or not the non-stationary behavior of the analyzed events also affects their magnitudes 

and not only in their frequencies. 
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1 – Introduction 

 

According to Quintela and Portela (2002), the majority of research and projects on hydrological modeling in Portugal 

relies on the principle of the stationarity of hydrological variables. However, Bates et al. (2008) says that nowadays 

there is a consensus among the scientific community that, due to climate change, there is an intensification of the 

hydrological cycle, leading to a change of behavior from the natural hydrological systems and to a more frequent 

extreme hydrological phenomena, like floods, droughts and extreme rainfalls. 

Therefore, it is important to execute an extensive research in mainland Portugal that could ascertain whether or not 

the hydrological time series that allow the monitoring of extreme hydrological phenomena exhibit signs of 

nonstationary behavior. Silva et al. (2016), says that if it’s verified a nonstationary behavior by these kind of events 

there must be a revision of the mathematical formulations present in extreme hydrological events models relying on 

stationarity typically used in Portugal, as well as to analyze the need for reinforcement and/or changes in the 

maintenance of infrastructures and systems related to the use and control of water resources. 

According to Ramos and Reis (2001), in Portugal, floods were the natural disasters that originated the most material 

damages and human losses. Due to the small size of most of Portuguese watersheds, with concentration times lower 

than one day, Portugal is prone to the occurrence of flash floods, which is the type of flood that pose the highest 

danger for human lives and assets. 

The present study followed the studies developed by Silva et al. (2012a) aiming at an extensive study on flood and 

extreme rainfall events occurrence rates in mainland Portugal, verifying if it shows a stationary or non-stationary 

behavior. To comply with that purpose, 38 river gauge stations under natural conditions, each one with a long series of 

mean daily flows, were studied. For each of these watersheds, a rainfall gauge station located inside or nearby the 

watershed, and having a long series of daily rainfalls was also selected.  

The selection of flood and extreme rainfall events was done by applying the peaks-over-threshold technique to the 

mean daily flows and daily rainfall series of those 38 stream and rainfall gauge stations, respectively. The occurrence 

rate analysis of these events applied a nonparametric method, based on kernel estimator combined with a pointwise 

bootstrap confidence band. 

Following this Introduction, the methods used in this study are described in Section 2. Section 3 presents the used 

data sets, while in Section 4 the results of this study are shown and discussed. Finally, in Section 5 the most relevant 



conclusions of the article are drawn and opportunities of future research are presented. 

 

2 – Methods 

 

2.1 – Flood regime of a certain watershed 

The study of flood occurrence rate must be done on watersheds that have a low alteration of its flood regime, that is, 

that are almost under natural conditions. To ascertain the degree of the man-induced flow alteration the reservoir 

index (RI) proposed by Lopez and Francés (2013) was applied. RI is an indicator of the impact of reservoir regulations 

on the flood regime of rivers given by  

 𝑅𝐼 = ∑
𝐴𝑖𝐶𝑖

𝐴𝑔𝐶𝑔

𝑁

𝑖=1

 (1) 

where 𝐴𝑖 is the catchment area, 𝐶𝑖 is the capacity of reservoir 𝑖, 𝐴𝑔 is the catchment and 𝐶𝑔 is the mean annual flow at 

the river gauge station. Lopez and Francés (2013) mention the RI value of 0.25 as the threshold between low and high 

alteration of the flood regime (𝑅𝐼 > 0.25 means high alteration of flood regime). 

 

2.2 – Transposition of the mean daily flow records 

The selection of the flood events occurrence utilized the mean daily flow series at each river gauge station. However, 

in order to have the longest possible mean daily flow series, some of the gaps exhibited by the samples were filled 

based on a transposition/regionalization procedure. 

Portela and Quintela (2001, 2002a, 2002b, 2005b), showed that for mainland Portugal the mean annual flow depth 

(�̅�) and the relative temporal variability (annual, monthly and daily) of the flow regime are closely related. Based on 

that circumstance, the authors developed and tested for Portugal a regional model that uses the mean annual flow 

depth as the regionalization parameter. Its application to fill the gaps at a give river gauge station under natural 

condition, identified by the index 2, based on the records at another river gauge station, also under natural conditions, 

identified by the index 1, uses the following equation: 

 𝑄𝑖,𝑗
2 = 𝑄𝑖,𝑗

1
𝑄𝑚𝑜𝑑2

𝑄𝑚𝑜𝑑1

 (2) 

where, 𝑄𝑖,𝑗
𝑘  is the daily streamflow on day or month 𝑗 of year 𝑖 at the section 𝑘, and 𝑄𝑚𝑜𝑑𝑘

 is the modulus at section 𝑘. 

The model requires that the mean annual flow depths at the watersheds of both river gauge stations are necesseraly 

close (𝐻1 ≈ 𝐻2). 

 

2.3 – Transposition of the daily rainfall records 

To compare the occurrence rates of the extreme runoff and rainfall events, a rain gauge station with a long series of 

daily rainfall and located inside or nearby the watershed was coupled to each watershed. However, as for the case of 

the mean daily flows, in order to have the longest possible daily rainfall series, some of the missed rainfall data was 

filled. 

The model applied for that purpose was the one described by Portela (n.d.), based on the simple linear regression 

model without random variables, according to the following equations: 

 𝑦𝑡
′ = �̅� + 𝑏(𝑥𝑡 − �̅�) (3) 

 𝑏 =
∑ 𝑦𝑖(𝑥𝑖 − �̅�)𝑁

𝑖=1

∑ (𝑥𝑖 − �̅�)2𝑁
𝑖=1

 (4) 

where, 𝑌 is the daily rainfall series at the rain gauge station with a gap in a given day, 𝑡; 𝑋 is the rainfall series a rain 

gauge station having a record at that same day; 𝑁 is the number of simultaneous daily rainfall records at 𝑡 of 𝑋 and 𝑌; 

𝑦𝑖 and 𝑥𝑖 are generic elements of 𝑌 and 𝑋 respectively (𝑖 = 1, 2, … , 𝑁); �̅� and �̅� are averages of 𝑦𝑖 and 𝑥𝑖 respectively; 

𝑏 is the regression parameter; 𝑦𝑡
′ is the estimated daily rainfall at 𝑡 for the rainfall gauge station associated to 𝑌 and 𝑥𝑡 

is the known daily rainfall at 𝑡 for the rainfall gauge station associated to 𝑋. 

It must be noted that the daily rainfall data was not only used for the study of extreme rainfall events occurrence rate 

but also for the purpose of checking whether there are significant discrepancies between peaks in rainfall and daily 

flows, which would eventually suggest that the behavior exhibited by the flows was under significant anthropogenic 

influence. 

 

2.4 – Peaks-over-threshold (POT) sampling 

The analysis of the stationary behavior of the occurrences rates of the floods and extreme rainfall events utilized 

samples of mean daily flows and daily rainfall above given thresholds. These samples were obtained by applying the 



POT technique, instead of Annual Maximum Series (AMS) technique, over the long series of mean daily flows and 

rainfalls. 

Conventional analysis by the POT sampling technique consists of the following: from a continuous time series 𝑋𝑡, with 

𝑡 running continuously from 𝑡0 to 𝑡𝑛, the i-th peak value 𝑋𝐷𝑃 corresponds to the largest value among those exceeding 

the threshold 𝑢, in the interval [𝑡0 + 𝑡𝑖 ,  𝑡0 + 𝑡𝑖 + ∆𝑡], comprised in [𝑡0,  𝑡𝑛] (Silva et al., 2012a). Formally, POT is 

characterized by the following equation. 

 {𝑋𝐷𝑃𝑖
} = 𝑚𝑎𝑥{𝑋𝑡|𝑋𝑡 > 𝑢}𝑡=𝑡0+𝑡𝑖

𝑡=𝑡0+𝑡𝑖+∆𝑡
 (5) 

POT technique permits the composition of more representative exceedances samples, as it allows selecting more 

than one event per year, and disregards events that, despite not being exceedances, would be included in the AMS 

analysis because they are annual maxima. However, the application of POT technique involves a great level of 

complexity and the selection of 𝑢 a great level of subjectivity.  

If the time of occurrence of 𝑋𝐷𝑃 is denoted by 𝑇𝑖 ∈ [𝑡0,  𝑡𝑛] and if there are 𝑀 exceedances episodes of a certain kind 

(extreme rainfall, floods or droughts), {𝑇𝑖 ,  𝑋𝐷𝑃𝑖
}

𝑖=1

𝑀
 represents a marked point process for the variable 𝑋 (Silva et al. 

2012a). On the other hand, such process can only be made if a given exceedance sample checks the following 

conditions: 𝑇𝑖 is associated to a Poisson process with the number of occurrences in a given interval (e.g. a year) being 

a Poisson variate with parameter 𝜆 (Cunnane, 1979), and 𝑋𝐷𝑃 must be independently distributed (Lang et al. 1999). 

Thus, the selection of a certain 𝑢 should lead to the constitution of an exceedance sample where it can be applied the 

marked point process enunciated above, and that will enhance the advantages of POT technique over the AMS one. 

For this to happen, the following criteria must be verified: 

1. The mean annual number of exceedances, 𝜆, should be such that the advantages of using the POT 

technique, in comparison of using the AMS one, are greater than the disadvantages. Cunnane (1973), says 

that this is verified if 𝜆 > 1.65, and Lang et al. (1999) suggests 𝜆 > 2 or 3. 

2. 𝑋𝐷𝑃 must be independently distributed. For the mean daily flow series, NERC (1975) and Cunnane (1979) 

suggest that peaks should be separated in time by three times the time to peak and that the flow between two 

consecutive peaks should decrease below as much as two thirds of the first peak. For the daily rainfall series, 

Silva et al. (2012a) suggests that between two peaks the daily rainfall must decrease to zero. Like Miquel 

(1984) proposed, the independence criteria can be evaluated by computing the lag-one and lag-two 

autocorrelation coefficients for the exceedances samples obtained by the application of POT technique. The 

values of these coefficients must be close to zero. 

3. The chosen threshold should be in a linear section of mean exceedance over the threshold graph, 𝑋𝐷𝑃 − 𝑢̅̅ ̅̅ ̅̅ ̅̅ ̅̅ . 

According to Davidson and Smith (1990), this criterion ensures the stability of the probability distribution 

parameters that model the POT exceedance samples. 

4. The number of exceedances per year, 𝑀, must follow a Poisson distribution. Cunnane (1979), says that this 

criteria can be evaluated through the calculation of Fisher’s dispersion index, 𝐼𝐷, which value must be close to 

one. Fisher (1950), informs that if 𝑀 is a Poisson variable, so, 𝐼𝐷 follows a Chi-squared distribution, 𝜒2, with 

𝑁 − 1 degrees of freedom. 

On the other hand, as this analysis is only focused on the exceedances time of occurrence, {𝑇}, the verification of 

criteria 3 and 4 is not very important, it can even be ruled out. 

 

2.5 – Nonparametric occurrence rate estimation of flood and extreme rainfall events 

In this study, a nonparametric method was implemented to estimate the flood and extreme rainfall occurrence rate 

curves, �̂�(𝑡), once this type of method was also implemented in similar previous studies (Mudelsee et al., 2003, 2004, 

2006; Silva et al. 2012a). For the same reason and because Silverman (1986) states that it is the method whose 

properties are best known and has broad applicability, the nonparametric method applied in this study was the kernel 

density estimation one. Therefore the kernel technique is applied to the POT time data sampled from the original 

mean daily flows and daily rainfall series.  

The kernel technique was developed by Diggle (1985) for smoothing point process data. For estimating the intensity of 

a point process such as the time dependent occurrence rate, �̂�(𝑡), this technique may be formulated as the following 

equation (Silva et al., 2012a). 

 �̂�(𝑡) = ℎ−1 ∑ 𝐾 (
𝑡 − 𝑇𝑖

ℎ
)

𝑚

𝑖=1

 (6) 

where, 𝐾 is the kernel function, ℎ is the bandwidth and 𝑚 is the total number of points in {𝑇}. As, in this case, �̂�(𝑡) 

represents the number of occurrences above threshold per day at a given point in time (𝑑−1), in order to facilitate the 

comprehension of the results, �̂�(𝑡) can be multiplied by 365.25, as this was the estimated number of occurrences 

above threshold per year (𝑦−1).  



Like in the previous works of Mudelsee et al. (2003, 2004, 2006) and Silva et al. (2012a), the Gaussian kernel was 

used: 

 𝐾(𝑦) =
1

√2𝜋
𝑒

(−
𝑦2

2
)
 (7) 

The application of equation 6 may lead to a boundary bias near 𝑡0 and 𝑡𝑛, consisting of an underestimation of �̂�(𝑡) due 

to the nonexistence of data outside the interval [𝑡0,  𝑡𝑛]. According to Mudelsee et al. (2004), this boundary effect can 

be reduced by generating pseudodata, pseudo extreme events, 𝑝𝑇, outside of the observation interval, before 

estimating �̂�(𝑡). For that, one method that can be applied is the reflection one, which is formally characterized by the 

following equation system. 

 {
𝑝𝑇(𝑖) = 𝑡0 − (𝑇𝑖 − 𝑡0)              𝑓𝑜𝑟 𝑡 < 𝑡0

𝑝𝑇(𝑖) = 𝑡𝑛 + (𝑡𝑛 − 𝑇𝑖)              𝑓𝑜𝑟 𝑡 > 𝑡𝑛
 (8) 

Thus, equation 6 can be rewritten as: 

 �̂�(𝑡) = ℎ−1 ∑ 𝐾 (
𝑡 − 𝑇𝑖

ϯ

ℎ
)

𝑚ϯ

𝑖=1

 (9) 

where, 𝑇𝑖
ϯ is the original point data, {𝑇}, augmented with generated pseudodata, 𝑝𝑇, and 𝑚ϯ is the total number of 

points in {𝑇ϯ}. Nevertheless, Mudelsee et al. (2004) and Mudelsee (2010, 2011), advises that �̂�(𝑡) near the 

boundaries should be analyzed very cautiously. 

The selection of the bandwidth, ℎ, determines the bias and variance properties of the occurrence rate estimator �̂�(𝑡): a 

too small ℎ results in a fewer data points that effectively contribute to the kernel estimation, which leads to a reduced 

bias and a high variance; on the other hand, a too large ℎ leads to an oversmoothing of the estimator, resulting in a 

small variance and increased bias (Silva et al., 2012a). 

According to Silva et al (2012a), in order to blur the effect of high seasonal variability of the hydrological regime in 

Portugal, ℎ should be considerably higher than 365 days for describing the inter-annual variability �̂�(𝑡). 

As suggested by Silverman (1986), for the Gaussian kernel, ℎ should be calculated by the following equation. 

 ℎ = 0.9𝑚𝑖𝑛 {𝑠,
𝐼𝑄𝑅

1.34
} 𝑚−

1
5 (10) 

where, 𝑠 and 𝐼𝑄𝑅 are the standard deviation and interquartile range, respectively, of {𝑇}. 

As in similar previous studies (Cowling et al., 1996; Mudelsee, 2011; Silva et al., 2012a), the uncertainty measurement 

associated to the estimation of flood and extreme rainfall occurrence rate curves, �̂�(𝑡), was done through the 

construction of a pointwise confidence band around �̂�(𝑡) by means of bootstrap simulations. 

Bootstrap is a procedure that relies on random sampling with replacement, consisted on drawing a set of 𝑛 extreme 

events dates from the original POT data, augmented by pseudodata, with replacement, and calculating �̂�∗(𝑡) with 

equation 9, using the resampled data and the same bandwidth ℎ. This procedure must be repeated until 𝑥 estimated 

curves �̂�∗(𝑡) are obtained. Like in the previous works of Mudelsee et al. (2003, 2004), Mudelsee (2011) and Silva et al. 

(2012a, 2016), the Cowling et al. (1996) algorithm was applied to the obtained �̂�∗(𝑡) estimations, obtaining this way a 

confidence band around �̂�(𝑡) of percentile-t type. 

Then it is over the estimated flood and extreme rainfall occurrence rate curves, �̂�(𝑡), accompanied by the generated 

confidence bands, that is possible to verify if these kind of extreme hydrological events exhibit a stationary or 

nonstationary behavior. 

 

3 – Data 

 

As mentioned in section 1, this paper focuses primarily on an extensive research in mainland Portugal to ascertain 

whether or not the hydrological time series that allow the monitoring of extreme hydrological phenomena (i.e., flood 

and extreme rainfall events) exhibit signs of nonstationary behavior. Therefore, river gauge stations were studied 

overlooking natural watersheds, each one with a long series of mean daily flows. As previously said, a rain gauge with 

a long series of daily records was assigned to each of these watersheds. 

The data were collected by the Portuguese Water Institute, INAG, and made available via SNIRH database (Sistema 

Nacional de Informação de Recursos Hídricos), which has high data quality standards and is the main source of 

Portuguese hydrological and hydrometeorological data used by researchers and practitioners of water resources 

engineering and science (Silva et al., 2012a). 

The mean daily flow samples were selected based on the following criteria: 

1. The rivers must have no significant regulation that could influence the watershed’s response to floods, and the 

watershed’s area must be between 3 and 6000𝑘𝑚2. 



2. Lopez and Francés (2013) reservoir index (RI), explained in section 2.1, must be below 0.25 (if applicable, 

e.g. if there are regulating reservoirs upstream the river gauge stations). It must be noted that: (i) the 

catchment areas were obtained from documents from the ex-Direção Geral dos Recursos e Aproveitamentos 

Hidráulicos; (ii) the capacities of the Portuguese reservoirs from the CNPGB (Comissão Nacional Portuguesa 

de Grandes Barragens); and (iii) those of the Spanish reservoirs from the SEPREM (Sociedad Española de 

Presas y Embalses). 

3. The data series must span over a sufficiently long and recent time, at least 29 years. 

4. The daily flow sample should have less than 35% missing values. 

From these criteria, 44 mean daily flow samples were pre-selected, some of them having missing values that needed 

to be filled in. For that purpose, and as explained in section 2.2 the model developed by Portela and Quintela (2005b) 

was used provided that the two next criteria were ensured: (1) for each day with a gap there must be at least 15 years 

of simultaneous records of mean daily flows at river gauge stations 1 and 2, and (2) the correlation, 𝑅, between those 

simultaneous records must be 𝑅 ≥ 0.8. Because the implementation of such procedure is time consuming, a 

computational algorithm was developed, using an extensive database of mean daily flow samples, in order to achieve 

better and faster results. From the pre-selected 44 mean daily flow samples and imposing that each one must have 

after filling the gaps at least 25 years of continuous records, only 38 complied with all the criteria. Those 38 river 

gauge stations are identified in Table 1. It should be mentioned that the recording periods and the number of years 

shown in Table 1 refer to hydrological years, which in Portugal begin at 1st of October. 

The criteria applied to select the daily rainfall samples are next presented. 

1. The rain gauge should be located inside or relatively close to one of the previously selected 38 river gauge 

stations. 

2. The daily series should span over a sufficiently long and recent time, at least 30 years. 

3. The daily series should have less than 35% missing values. 

By applying these criteria, 176 daily rainfall samples were selected, some of them having missing values. As 

explained in section 2.3, the model applied to fill these gaps was the one described by Portela (n.d.). In order to apply 

it to each missing value in rainfall gauge 1 based on the existing record at rainfall gauge 2, with two main criteria were 

previously checked: (1) the two rainfall gauges must present at least 15 simultaneous records at the day to which the 

missing record relates; and (2) the correlation, 𝑅, between those simultaneous records must be 𝑅 ≥ 0.7, for days 

comprehended between October and May, and 𝑅 ≥ 0.6 for the rest of the year, where, in fact, never an annual 

maximum occurred. To accomplish the filling procedure a computational algorithm was developed, based on an 

extensive database of daily rainfall samples. It should be stressed that, after filling all the possible gaps, only those 

daily rainfall samples with at least 30 years of continuous records were consider possible candidates to the further 

development of the analysis. 

The analysis continued by assigning a rainfall gauges under the previous conditions to each one of the 38 river gauge 

stations previous selected. The criteria applied for that purpose were the following ones: 

1. The selected rain gauge station should preferably be located inside the watershed of the river gauge station. 

2. Between two nearby rain gauge stations although located outside of the watershed, the one closer to the 

watershed’s limit should be selected. Between two stations located in inside the watershed the one closer to 

the mass center of the watershed should be selected. 

3. Among different rain gauges in equivalent conditions, the one with the longest and most recent span of rainfall 

data that ensure the longest span of continuous and simultaneous daily rainfall and flow records (at least 25 

years) should be selected. 

4. Among different rain gauges in equivalent conditions the one with the smaller percentage of filled missing 

values is preferable. 

5. At least a distinct rainfall gauge should be assigned to each river gauge station. 

Table 1 shows that more than one rain gauge was initially assigned to each one of the 38 river gauges stations in 

order to compare the occurrence rate of the extreme rainfall and runoff events. 

The POT technique, explained in section 2.4, was then applied to each long sample of daily values of mean discharge 

and rainfall in order to get the samples of exceedances above the thresholds. 

On what concerns the series of mean daily flows, all the possible thresholds for an increment of 0.1 m3/s were 

obtained. The threshold chosen to characterize the occurrence rate, 𝑢, in each river gauge station was the one that 

complied with criteria mentioned in section 2.4, except the fourth (considering for the first criteria 𝜆 > 2, and for the 

second one that the time to peak is equal to one day, due to the relatively small areas of the considered watersheds – 

Silva et al., 2012a), provided that it was close to 7 times 𝑄𝑚𝑜𝑑  (Quintela, 1984, says that 7𝑄𝑚𝑜𝑑 provides a lower limit 

to identify a flood occurrence). If none of the tested thresholds met the criteria, a second attempt was carried out 

considering 𝜆 > 1.65. If this new attempt did not allowed to identify a threshold able of meeting the other criteria, the 

river gauge station under consideration was discarded from the study. 

The application of the POT technique to the long series of daily rainfall, utilized an equivalent approach, except for 

7𝑄𝑚𝑜𝑑 criteria. However, an additional criteria was adopted saying that the chosen threshold should lead to a  



Table 1. Mean daily streamflow and daily rainfall data, and their relationship. Set code; station code, name, location and period of continuous records of the samples; period of simultaneous and 

continuous records between samples in a certain set; POT sampling threshold values, 𝑢 (𝑚3𝑠−1 and mm, respectively). 

Set code 

River gauge station Rainfall gauge station 
Period of simultaneous and continuous records of 

𝑸𝒎𝒆𝒂𝒏 𝒅𝒂𝒊𝒍𝒚 e 𝑷𝒅𝒂𝒊𝒍𝒚 
Station code Name 

Period of continuous records of 
𝑸𝒎𝒆𝒂𝒏 𝒅𝒂𝒊𝒍𝒚 

𝒖 
(𝒎𝟑𝒔−𝟏) 

Station 
code 

Name 
Location with respect to 

the watershed 

Period of continuous records of 
𝑷𝒅𝒂𝒊𝒍𝒚 

𝒖 
(𝒎𝒎) 

C1 EH1 Albernoa 1969-10-01 to 1997-09-30 (28 years) 9.0 
PU1 São Marcos da Ataboeira Outside 1956-10-01 to 2010-09-30 (54 years) 20.0 28 years 

PU11 Castro Verde Outside 1930-10-01 to 2016-09-30 (86 years) 19.6 28 years 

C2 EH2 Alto Cávado (Rio) 1966-10-01 to 2011-09-30 (45 years) 23.1 PU2 Sezelhe Inside 1949-10-01 to 2016-09-30 (67 years) 59.1 45 years 

C3 EH3 Azibo (Rio) 1976-10-01 to 2011-09-30 (45 years) 19.0 PU3 Lamas de Podence Inside 1974-10-01 to 2016-09-30 (42 years) 30.8 35 years 

C4 EH4 Boticas 1970-10-01 to 2011-09-30 (41 years) 11.2 PU4 Cervos Outside 1956-10-01 to 2016-09-30 (60 years) 42.0 41 years 

C5 EH5 Cabriz 1966-10-01 to 2011-09-30 (45 years) 2.9 PU5 Gralheira Outside 1945-10-01 to 1996-09-30 (51 years) 65.1 30 years 

C6 EH6 Castanheiro 1958-10-01 to 2006-09-30 (48 years) 302.3 

PU6 Rio Torto Inside 1913-10-01 to 2016-09-30 (103 years) 23.1 48 years 

PU18 Jou Inside 1956-10-01 to 2016-09-30 (60 years) 36.5 48 years 

PU32 Gestosa Inside 1931-10-01 to 2016-09-30 (85 years) 34.4 48 years 

PU38 Vinhais Inside 1913-10-01 to 2016-09-30 (103 years) 38.9 48 years 

C7 EH7 Castelo Bom 1956-10-01 to 2011-09-30 (55 years) 64.9 PU7 Miuzela Inside 1956-10-01 to 2010-09-30 (54 years) 28.8 54 years 

C8 EH8 Castro Daire 1945-10-01 to 2011-09-30 (66 years) 46.7 PU8 Pendilhe Inside 1943-10-01 to 2007-09-30 (64 years) 56.1 62 years 

C9 EH9 Cidadelhe 1955-10-01 to 2011-09-30 (56 years) 106.8 

PU7 Miuzela Inside 1956-10-01 to 2010-09-30 (54 years) 28.8 54 years 

PU9 Pinhel Inside 1932-10-01 to 2016-09-30 (84 years) 23.4 56 years 

PU23 Pínzio Inside 1955-10-01 to 2010-09-30 (55 years) 25.0 55 years 

C10 EH10 Cunhas 1949-10-01 to 2011-09-30 (62 years) 75.4 

PU4 Cervos Inside 1956-10-01 to 2016-09-30 (60 years) 42.0 55 years 

PU10 Couto de Dornelas Inside 1931-10-01 to 2010-09-30 (79 years) 64.4 61 years 

PU35 Barracão Inside 1944-10-01 to 2009-09-30 (65 years) 45.6 60 years 

C11 EH11 Entradas 1971-10-01 to 2000-09-30 (29 years) 2.0 PU11 Castro Verde Outside 1930-10-01 to 2016-09-30 (86 years) 19.6 29 years 

C12 EH12 Ermida Corgo 1956-10-01 to 2011-09-30 (55 years) 57.0 PU12 Campeã Inside 1958-10-01 to 2016-09-30 (58 years) 63.4 53 years 

C13 EH13 Fragas da Torre 1946-10-01 to 2011-09-30 (65 years) 145.0 

PU8 Pendilhe Inside 1943-10-01 to 2007-09-30 (64 years) 56.1 61 years 

PU13 Mezio (Paiva) Inside 1943-10-01 to 2007-09-30 (64 years) 59.7 61 years 

PU28 Castro Daire Inside 1915-10-01 to 2001-09-30 (86 years) 58.2 55 years 

C14 EH14 Gimonde 1966-10-01 to 2011-09-30 (45 years) 44.9 
PU14 Montezinho Inside 1931-10-01 to 2016-09-30 (85 years) - 45 years 

PU25 Deilão Outside 1931-10-01 to 2016-09-30 (85 years) 28.6 45 years 

C15 EH15 Moinho da Ponte Nova 1974-10-01 to 2011-09-30 (37 years) - PU15 Penedono Inside 1932-10-01 to 2002-09-30 (70 years) - 28 years 

C16 EH16 Monte da Ponte 1959-10-01 to 1997-09-30 (38 years) 20.4 

PU1 São Marcos da Ataboeira Inside 1956-10-01 to 2010-09-30 (54 years) 20.0 38 years 

PU11 Castro Verde Inside 1930-10-01 to 2016-09-30 (86 years) 19.6 38 years 

PU16 Trindade Inside 1931-10-01 to 2015-09-30 (84 years) 19.0 38 years 

C17 EH17 Monte dos Fortes 1965-10-01 to 1993-09-30 (28 years) 15.6 PU17 Mercador Inside 1959-10-01 to 2010-09-30 (51 years) 25.1 28 years 

C18 EH18 Murça 1970-10-01 to 2011-09-30 (41 years) 23.2 PU18 Jou Inside 1956-10-01 to 2016-09-30 (60 years) 36.5 41 years 

C19 EH19 Nelas 1974-10-01 to 2011-09-30 (37 years) 85.6 

PU19 Mourilhe Inside 1980-10-01 to 2012-09-30 (32 years) 32.4 31 years 

PU20 Gouveia Inside 1930-10-01 to 2007-09-30 (77 years) - 33 years 

PU24 Celorico da Beira Inside 1941-10-01 to 2010-09-30 (69 years) 31.0 36 years 

C20 EH20 Pai Diz 1973-10-01 to 2011-09-30 (38 years) 10.3 
PU20 Gouveia Outside 1930-10-01 to 2007-09-30 (77 years) - 34 years 

PU37 Valhelhas Outside 1937-10-01 to 2010-09-30 (73 years) 50.4 37 years 

C21 EH21 Pavia 1959-10-01 to 1990-09-30 (31 years) 17.9 PU21 Vimieiro Inside 1950-10-01 to 2015-09-30 (65 years) 20.6 31 years 

C22 EH22 Ponte Cavez 1957-10-01 to 2011-09-30 (54 years) 224.3 

PU4 Cervos Inside 1956-10-01 to 2016-09-30 (60 years) 42.0 54 years 

PU10 Couto de Dornelas Inside 1931-10-01 to 2010-09-30 (79 years) 64.4 53 years 

PU22 Chaves Inside 1931-10-01 to 2016-09-30 (85 years) 28.3 54 years 

PU35 Barracão Inside 1944-10-01 to 2009-09-30 (65 years) 45.6 52 years 

C23 EH23 Ponte Figueira 1981-10-01 to 2010-09-30 (29 years) 11.6 
PU9 Pinhel Inside 1932-10-01 to 2016-09-30 (84 years) 23.4 29 years 

PU23 Pínzio Inside 1955-10-01 to 2010-09-30 (55 years) 25.0 29 years 

C24 EH24 Ponte Juncais 1918-10-01 to 2001-09-30 (83 years) 61.7 
PU19 Mourilhe Inside 1980-10-01 to 2012-09-30 (36 years) 32.4 21 years 

PU24 Celorico da Beira Inside 1941-10-01 to 2010-09-30 (69 years) 31.0 60 years 

C25 EH25 Ponte Pinelo 1967-10-01 to 2011-09-30 (44 years) 30.1 
PU25 Deilão Inside 1931-10-01 to 2016-09-30 (85 years) 28.6 44 years 

PU26 Argozelo Outside 1931-10-01 to 2016-09-30 (85 years) 29.6 44 years 

C26 EH26 Ponte Remondes 1955-10-01 to 2011-09-30 (56 years) 173.0 

PU3 Lamas de Podence Inside 1974-10-01 to 2016-09-30 (42 years) 30.8 56 years 

PU14 Montezinho Inside 1931-10-01 to 2016-09-30 (85 years) - 56 years 

PU25 Deilão Inside 1931-10-01 to 2016-09-30 (85 years) 28.6 56 years 

PU26 Argozelo Inside 1931-10-01 to 2016-09-30 (85 years) 29.6 56 years 

PU29 Mogadouro Inside 1913-10-01 to 2016-09-30 (103 years) 30.0 56 years 

C27 EH27 Ponte Vale Maior 1935-10-01 to 2000-09-30 (65 years) - PU27 Barragem de Castelo Burgães Inside 1937-10-01 to 2016-09-30 (79 years) - 63 years 

C28 EH28 Ponte Vouzela 1928-10-01 to 2002-09-30 (74 years) 94.6 
PU28 Castro Daire Outside 1915-10-01 to 2001-09-30 (86 years) 58.2 73 years 

PU30 Aguiar da Beira Outside 1930-10-01 to 2016-09-30 (86 years) 45.0 72 years 

C29 EH29 Quinta das Laranjeiras 1941-10-01 to 2011-09-30 (70 years) 189.1 

PU3 Lamas de Podence Inside 1974-10-01 to 2016-09-30 (42 years) 30.8 37 years 

PU14 Montezinho Inside 1931-10-01 to 2016-09-30 (85 years) - 70 years 

PU25 Deilão Inside 1931-10-01 to 2016-09-30 (85 years) 28.6 70 years 

PU26 Argozelo Inside 1931-10-01 to 2016-09-30 (85 years) 29.6 70 years 

PU29 Mogadouro Inside 1913-10-01 to 2016-09-30 (103 years) 30.0 70 years 

C30 EH30 Quinta Rape 1976-10-01 to 2011-09-30 (35 years) 25.9 PU30 Aguiar da Beira Exterior 1930-10-01 to 2016-09-30 (86 years) 45.0 35 years 

C31 EH31 Rabaçal 1971-10-01 to 2011-09-30 (40 years) - PU31 Britelo Inside 1931-10-01 to 2016-09-30 (85 years) - 40 years 

C32 EH32 Rebordelo 1955-10-01 to 2011-09-30 (56 years) 105.9 PU32 Gestosa Inside 1931-10-01 to 2016-09-30 (85 years) 34.4 56 years 

C33 EH33 Santa Marta do Alvão 1955-10-01 to 2011-09-30 (56 years) 10.6 PU33 Santa Marta da Montanha Inside 1938-10-01 to 2016-09-30 (78 years) 48.3 56 years 

C34 EH34 Torrão do Alentejo 1961-10-01 to 2000-09-30 (39 years) 14.3 PU34 Alcáçovas Outside 1931-10-01 to 2016-09-30 (85 years) 25.0 39 years 

C35 EH35 Vale Giestoso 1957-10-01 to 2011-09-30 (54 years) 12.0 
PU4 Cervos Inside 1956-10-01 to 2016-09-30 (60 years) 42.0 54 years 

PU35 Barracão Inside 1944-10-01 to 2009-09-30 (65 years) 45.6 52 years 

C36 EH36 Vale Trevo 1957-10-01 to 2011-09-30 (54 years) 18.1 PU36 Freixedas Inside 1956-10-01 to 2003-09-30 (47 years) 29.3 46 years 

C37 EH37 Videmonte 1975-10-01 to 2011-09-30 (36 years) 20.9 
PU20 Gouveia Outside 1930-10-01 to 2007-09-30 (77 years) - 32 years 

PU37 Valhelhas Outside 1937-10-01 to 2010-09-30 (73 years) 50.4 35 years 

C38 EH38 Vinhais (Quinta Ranca) 1956-10-01 to 2011-09-30 (55 years) 80.1 PU38 Vinhais Inside 1913-10-01 to 2016-09-30 (103 years) 38.9 55 years 



𝜆 similar to the one obtained based on the mean daily flow sample in the river gauge station to which the rain gauge 

was associated. 

To implement the POT technique a complex computational algorithm was developed. All the thresholds that resulted 

from the analysis are identified in Table 1. 

 

4 – Results and discussion 
 

The techniques described in Section 2.5 were applied to the POT time data sampled from the mean daily streamflow 

series and daily rainfall series to obtain, respectively, estimated flood occurrence rates at the river gauge stations, 

and, correspondingly, estimated extreme rainfall events occurrence rates at the rain gauge stations. It must be noted 

that, these techniques were applied considering the amplitude of 3ℎ for generating pseudodata (as suggested by Silva 

et al., 2012a) and that in each case 2000 bootstrap simulations were obtained. The results for flood events are 

presented in Figure 1, and for extreme rainfall events in Figure 2. Figure 3, shows the �̂�(𝑡) estimates for the  

rainfall-streamflow influence relationships, presented in Table 1, without bootstrap confidence bands. 

 

Figure 1. Estimated flood event occurrence rate (black lines) with 95% confidence intervals (grey area). The vertical ticks indicate 

the points in time events occurred (POT time data). The code in the top left corner of each graph identifies the data series (Table 
1).



 

Figure 2. Estimated extreme rainfall event occurrence rate (black lines) with 95% confidence intervals (grey area). The vertical 

ticks indicate the points in time events occurred (POT time data). The code in the top left corner of each graph identifies the data 
series (Table 1). 

The results presented in Figure 1 and 2, occurrence rates of extreme events in both mean daily flow and daily rainfall 

time series, show: 

1. A significant inter-annual variability, i.e., nonstationary behavior. For example, in the diagrams of EH9 in 

Figure 1 and of PU12 in Figure 2, the peak of �̂�(𝑡) in the 1960s is significantly higher than the upper limit of 

the confidence band in the 1980s. However, some of the graphs do not display a significant inter-annual 

variability like those of EH18, EH20, EH24, EH25, EH37 in Figure 1, and of PU28, PU32 in Figure 2. 

2. A decreasing trend in the occurrence rate, with the lowest values (graphs EH3, EH9, EH19, EH35 in Figure 1, 

and PU2, PU12, PU26, PU37 in Figure 2) or near the lowest values in recent years (graphs EH5, EH12, 

EH22, EH36 in Figure 1, and PU9, PU18, PU24, PU35 in Figure 2). Nonetheless, in some cases, �̂�(𝑡) exhibit 

almost constant behavior (graphs EH14, EH18, EH24, EH25 in Figure 1, and PU5, PU6, PU10, PU16 in 

Figure 2) or even an increasing trend (graphs EH4 in Figure 1, and PU8, PU17 in Figure 2). 

3. A higher frequency (“peak”) of flood events in the 1960s, 1980s and/or 2000s in every diagram of Figure 1. In 

most cases, the smallest frequency (“drop”) occurs near the 1990s. 



4. A higher frequency (“peak”) of extreme rainfall events in the 1940s, 1960s, 1980s and/or 2000s In every 

diagram of Figure 2. In most cases, the smallest frequency (“drop”) occurs near the 1980s and/or 1990s. 

The fact that the previous behavior is consistently visible in mean daily flow series from unregulated rivers spread over 

the country, suggests that the detected trends are not due to possible anthropogenic influences in those watersheds. 

The �̂�(𝑡) estimates obtained for the rainfall data corroborate this hypothesis since, although without a perfect 

agreement, they exhibit some of the same trends denoted by the flow data in the catchments to which they relate (C3, 

C7, C20, C28, C34 in Figure 3). However, when analyzing the coupled pattern of the occurrence rates of the rainfalls 

and discharges, the �̂�(𝑡) estimates some rain gauges suggest a week agreement (C6, C8, C9, C25, C37 in Figure 2) 

or even that there is not any agreement (C1, C4, C11, C21, C33 in Figure 3). To these discrepancies may contribute 

the fact that the rain gauge allocated to which watershed may not be representative of the rain fall regime over the 

watershed, either because the rain gauge is located outside the watershed or because, although located inside, it is 

not enough to describe the rainfall-inducing-runoff process.   

 

Figure 3. Estimated flood and extreme rainfall event occurrence rate. The code in the top left corner of each graph identifies the set 

code (Table 1), and in the bottom left corner of each graph identifies which are the river gauge and rainfall gauge stations present 
in the set (Table 1).  



5 – Conclusions and future research 

 

The present study aimed at an extensive study of the occurrence rates of the floods and extreme rainfall events in 

mainland Portugal, in order to ascertain if they show a stationary behavior or not. For that purpose, 38 river gauge 

stations under natural conditions, each one with a long series of mean daily flows were considered. For each of these 

watersheds, a rain gauge station, with a long series of daily rainfall and located inside or nearby the watershed of the 

river gauge station, was also assigned.  

The selection of flood and of the extreme rainfall events utilized the peaks-over-threshold technique applied to the 

series the mean daily flows and daily rainfall. As for the occurrence rate analysis of these events, a nonparametric 

method, using a kernel estimator, combined with a pointwise bootstrap confidence band was used. 

The results achieved suggest that, over time, the occurrence rate of floods and extreme rainfall events show a 

nonstationary behavior, most of the time, represented by a decreasing trend, with the smallest frequencies in recent 

years. The highest rate of the flood events (“peak” in the frequency) occurred more often in the 1960s, 1980s and/or 

2000s, and the lowest rate (“drop” in the frequency) near the 1990s. The highest frequency of the extreme rainfall 

events took place, most of the time, in the 1940s, 1960s, 1980s and/or 2000s, and the lowest near the 1980s and/or 

1990s. In most cases, the coupled pattern of the occurrence rates, �̂�(𝑡), of the floods in a given river gauge station 

and extreme rainfall in the rain gauge assigned to that station denotes a similar behavior, although without a perfect 

agreement. 

The comprehensive characterization carried out was only possible because a set of complex computational tools was 

developed and tested, aiming at: (1) filling the gaps of the daily flow series based on a regionalization procedure; (2) 

filling the gaps of the daily rainfall series based on linear regression analysis; (3) applying the POT technique, 

including the automatic identification of the thresholds; (4) addressing the stationary behavior the extreme hydrological 

events, in terms of their occurrence rates, by using a nonparametric method combined with a pointwise bootstrap 

confidence band. 

The study showed that it is necessary to revise the mathematical formulations of extreme hydrological events models 

which are typically used in Portugal and that rely on the stationarity assumption. It also clearly showed that, 

contradicting the expected consequences of the climate changes, the occurrence rates of the floods and of the 

extreme rainfall are not higher in the present: on the opposite, they were more frequent in the past. However, it is 

crucial to ascertain whether or not the non-stationary behavior of the analyzed events is also present in their 

magnitudes and not only in their frequencies. Other extreme events should be considered, namely the droughts in 

terms of occurrence rate, but also magnitude, periodicity and extension. 
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