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Abstract

:

High-intensity rainfall can raise fluvial channel levels, increasing the risk of flooding. Maximum precipitation depths are used to estimate return periods and, thus, calculate the risk of this type of event. To improve these estimates in Southwest Europe, we studied the behavior of extreme rainfall using the historical records of San Fernando (Cádiz, southwest Spain), obtaining the maximum daily annual rainfall (period 1851–2021). Local risk levels for intense precipitation were established based on the mean values and standard deviation of daily precipitation. In this series, 38% of the years had some type of risk (>53.7 mm), of which 13% of these years had high risk (>73.2 mm) or disaster risk (>92.7 mm). In these risk thresholds, the maximum daily precipitation is mostly concentrated in the autumn months. The SQRT-ETMax model used fits well with the instrumental historical records for return periods of up to 25 years, although it may present appreciable deviations for longer return periods. Using a 170-year secular series, a more precise understanding of extreme periods and precipitation variability was obtained.
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1. Introduction


The precipitation of the Mediterranean climate is characterised by its interannual irregularity [1,2,3], high variability in total annual rainfall and recurring drought periods [4,5,6]. It also shows great intra-annual irregularity [7], in which most of the daily precipitation records are null. Therefore, the total annual precipitation accumulates in relatively few days. Moreover, the Mediterranean region is affected by heavy storms, whose duration is frequently shorter than one day [8,9,10,11,12,13]. This explains that Mediterranean basins can be affected by severe flooding caused by extreme rainfall. There is a growing concern about the possible increase in heavy rainfall events associated with climate change [14]. Therefore, knowledge on the temporal resolution of rainfall data, in which extreme precipitation amounts are considered or aggregation time (ta) is relevant, issue in the heavy rainfall analysis. This is because in areas with a Mediterranean climate, the greatest intensity of precipitation occurs in hourly or sub-hourly periods.



However, the traditional manual meteorological observatories do not provide information on precipitation in hourly or sub-hourly scales. In addition to this, there are few studies on the Mediterranean region that relate the daily records with intensity–duration–frequency (IDF) methods to quantify the probability of recurrence of extreme precipitation [15,16,17,18]. A database with information on the temporal resolution of 25,423 rainfall stations from 32 study areas around the world was published in 2020 [19]. For the oldest rainfall stations in this study, the record started manually with a time resolution around 24 h. The oldest recorded rainfall data, dated in 1805, corresponded to an observatory in southern Spain (San Fernando, Cádiz), with a time resolution of several days [20].



Torrential rains, which take place on a small spatial scale (and over a short timespan), can cause serious erosive impacts [21,22], landslides [23], and flooding hazards in hydrological basins [24,25] or in agricultural lands and urban areas next to floodplains. Therefore, the vulnerability of these areas is very high in cases of intense rainfall, which can be the cause of serious environmental, economic and social impacts [26]. In fact, the long return periods of extreme events are frequently disregarded in urban management, which subsequently leads to disastrous damage. The topic developed in this study stands out for the novelty of analysing the temporal evolution of extreme rainfall in secular periods. Despite the important effects of torrential rainfall with serious environmental and social impacts, it is a subject that has not received sufficient attention, perhaps due to the lack of daily records in long-term series.



Fitting the temporal series of the annual maximum daily precipitation to theoretical models in Mediterranean climates is a complex task, due to the irregularity of this variable in the Mediterranean area [24,27]. The shortage of secular series of daily precipitation required good estimation of extreme probability values, as well as the identification of the different physical factors involved [28]. Statistical inference techniques are sensitive to the starting information, especially in the case of maximum precipitation. It has been observed [29] that, when a series does not cover a long period of time, the results of the model may be incorrect. In general, the annual maximum daily precipitation of each year and the resulting series fits to a probability distribution of maximum values [30]. The relevance of these topics has stimulated the development of analytical techniques to assess independent temporal variations and identify the trends of extreme events [30]. In Spain, the Ministry of Development adopted the square-root exponential-type distribution function SQRT-ETMax to theoretically characterise the annual maximum daily precipitation [31] which is used in the management of hydrographic basins. Several studies have also used the results of maximum precipitation provided by this model (SQRT-ETMax) to develop an intensity–duration–frequency equation [32], in order to estimate the probability of rainfall in basins for the management of hydraulic dams [33,34] or to establish the flooding risk in public areas caused by sudden rainfall [35]. This model has also been used jointly with the probability distribution provided by other models, such as Gumbel, GEV, etc. [36].



Traditionally, the Gumbel distribution has been the most frequently used model to calculate the hazard associated with intense rainfall by state official departments dealing with flood risk management, such as the Spanish Centre for Public Works Studies and Experimentation [37]. Further, the Spanish Meteorological Agency (AEMET) provides methods to calculate return periods of maximum daily precipitation and maximum intensity precipitation using the Gumbel fit [38]. However, other studies highlighted its limitations when it was applied to hydrological extremes, thus, questioning its utility [39,40]. The extreme value theory (EV) provides a set of tools to analyse the statistical distribution of extreme precipitation, such as the Gumbel distribution (EVI), the Fréchet distribution (EVII), and the Weibull distribution (EVIII). These can be combined in a single asymptotic distribution of the generalised extreme value (GEV) [41]. GEV has been used to fit long temporal series of annual maximum daily precipitation. An extensive analysis to describe this meteorological event [42] found that the EVII was the most suitable distribution. However, other analyses established that the use of GEV is not completely satisfactory for this type of study [43,44].



The applications of extreme value theory (EV) frequently assume the stationarity of the process, since, for the analysis of risks, it is interesting to verify whether the temporal series of maximum daily precipitation are stationary (i.e., whether they maintain their mean value and variability) or show long-term trends or cycles. Such information has become especially relevant concerning climate change studies [45].



The changes in the frequency and intensity of the extreme events provide valuable information to understand the sensitivity of the region to climatic variability, which can be used to predict future climatic responses to global warming. Only long historical series can be used to accurately detect changes in the frequency, length and magnitude of extreme events. This is even more relevant in Mediterranean climates, since precipitation is one of the most uncertain variables where estimation is especially important due to the great impact on water resources and on the evaluation of extreme values in the occurrence of droughts and floods.



A complementary approach to the interannual annual maximum daily precipitation evolution is its possible relationship with the North Atlantic Oscillation (NAO), as a cause influencing its temporal variability. The NAO measures the variability of the normalized pressure gradient between the high circumpolar pressures of Iceland and those of the Azores Island subtropical anticyclone. When the pressure difference is attenuated, the NAO phase, the entry of the rainy Atlantic front into the Iberian Peninsula is favoured. It is precisely the southwestern quadrant of the Iberian Peninsula where the NAO effect is most prominent [46]. The correlation between the NAO index and the corresponding monthly rainfall has been verified mainly during the winter months [47,48,49], as well as its impact on the intra-annual distribution [50]. Some studies that relate the NAO index with the frequency and intensity of daily rainfall [51,52] have been carried out. However, studies on the effect of atmospheric circulation on maximum daily rainfall or on the environmental impact of torrential rainfall are not frequent. Therefore, we consider that it is interesting to analyse the NAO influence on the annual maximum daily precipitation in the study area.



The aim of the present study was to analyse the evolution of the annual maximum daily precipitation in the southwestern Iberian Peninsula, using one of the longest series available for the area that comprises the 1851–2021 period using the SQRT-ETMax model [31]. This model allows for calculating the magnitude and variability of extreme precipitation, as well as changes based on the existence of long-term trends or cycles, in both frequency and variability. The obtained results will allow for establishing a hazardous precipitation component associated with the risk of maximum daily rainfall, recorded annually in the southwestern Iberian Peninsula for a period of 170 years.




2. Study Area and Data


The study area is located in the southwestern quadrant of the Iberian Peninsula is characterized by a Mediterranean climate, with an influence of humid air masses from the Atlantic Ocean [11,53]. From the climatic perspective, this is a transition area between the middle latitudes and the subtropical climates, which explains the high variability in its precipitation [54,55,56,57]. This is due to the fact that the precipitation regime depends on the alternation between the high subtropical pressures and the frontal disturbances, which are associated with the jet stream. Furthermore, this area, geographically, is a transition area between South Europe and the African continent, but also between the Atlantic Ocean and the Mediterranean Sea. This fact increases the variability in the spatial behaviour of precipitation, together with the complex orography that also favours the development of convective storms of great intensity. Relief also amplifies the effect of frontal disturbances, as it forces the air masses to penetrate the Iberian Peninsula from the Atlantic Ocean [58].



The Mediterranean side of the Iberian Peninsula has been the subject of more recent research, due to the more hazardous nature of rainfall events [11,32,59,60]. However, the Atlantic side, which includes the southwest of the Iberian Peninsula, has been less studied in relation to extreme rainfall, being a homogeneous area according to meteorological criteria and topographic similarities [61]. The Royal Observatory of the Spanish Navy of San Fernando (hereinafter ROA), considered as representative of the whole southwest of the Iberian Peninsula, is located within this study area (Figure 1) [7,62]. Different studies have used the series of the ROA as a reference to characterise the regime of precipitations [63,64], the irregularity and disparity of the precipitation [1], the inter and intra-annual behaviour of the rainfall [7], the aggressiveness of the precipitations [50], and teleconnections, such as the NAO and the WeMO [64,65], in the southwest of Europe.



The mean total annual precipitation in the meteorological observatories of the study area ranges between 550 and 750 mm, depending, basically, on the elevation, with a coefficient of variation of 0.28 to 0.30 [7]. The intra-annual precipitation regime begins increasing in autumn, with maximum values at the beginning of winter, and slightly decreases throughout spring until summer, when it reaches its minimum or null value [7,66]. Intense rainfalls are frequently produced by the entry of Atlantic storms (negative NAO phase), which are usually associated with cold air pockets; they can also be caused by convective events associated with the dynamics of the Mediterranean Sea or by excessive surface warming.



The records of precipitation used in this study were provided by ROA (36°46′ N, 6°20′ W), located in the city of San Fernando (Cádiz). This observatory, along with the meteorological stations of Lisbon and Gibraltar, holds one of the longest meteorological series of the southwest of the European continent and it is used as a reference station in homogeneity studies in the region [63,67,68,69]. The oldest uninterrupted rainfall records of the ROA observatory date from the year 1805. However, between 1805 and 1836, it usually took several days to record the data of daily precipitation (ta > 1440 min) [19], and the years 1844, 1846, 1847 and 1849 present gaps in the daily precipitation data of January, February and December. Therefore, the periods of 1805–1836 and 1844–1849 were not included in this study due to the fact that consistent ta could not be guaranteed. Before 1870, the data of some summer months is missing; when analysing the complete secular series, this was interpreted as absent or inappreciable daily precipitation (<1 mm), which does not affect the analysis. In 1856 and 1859, no data were recorded in May for either of these two years; however, the analysis of the complete secular series shows that the annual maximum daily precipitation is not likely to occur during that month. From 1837 to 1986, the ta = 1440 min and from 1986 to the end of the series, ta = 1 min. Taking into account the few data gaps during the period 1851–2021, and that during this period of 170 years, almost 80% has the same ta, we selected this time period for this study.



The confidence in observations of extreme events depends on the quality and quantity of data, which vary between regions of the globe and for different types of extreme events and weather variables. In this regard, it is first of all necessary to underline the difficulty in finding reliable time series of global data; often, we have to limit ourselves to more local observations carried out in those areas where, historically, the phenomena have been better observed and recorded and whose data are, therefore, more reliable and representative [70]. Therefore, local historical series, such as the San Fernando, in the southwest of Spain (Figure 1), would contribute to both local and global purposes. It would also contribute to the interpretation of rainfall patters in a particularly sensitive transition climate zone, or to solve certain flood risk management problems in the area associated to hazardous precipitation events with remarkable socioeconomic impact.



The interannual and intra-annual behaviour of precipitation obtained by the ROA observatory is strongly correlated with that of other meteorological stations of southern Spain and Portugal. This has been described in previous studies [50,63], which allowed for verifying that they belong to the same climatic atmospheric mechanism in the southwestern sector of the Iberian Peninsula. Extreme precipitation events have a generally strong local frequency; thus, the specific results obtained correspond to the geographical area near the observatory. Therefore, the Spanish Ministry of Environment created a map of areas with potential significant flooding risk (named ARPSIs). These are defined from the recorded data and considering the current circumstances of soil occupation, infrastructure and protection systems. In the predictions of long-term evolution, including the impact of climate change, the study area is considered to be one of these ARPSIs or potential risk zones (https://www.miteco.gob.es/es/cartografia-y-sig/ide/descargas/agua/ARPSI.aspx, accessed on 14 January 2022). In general, we consider that the characterization described in this study fits the regional precipitation behaviour of the southwestern Iberian Peninsula considered in these studies.



The analyses of the regimes of extreme rainfalls in different geographical areas are generally based on precipitation series of only certain decades. As was previously mentioned, this study used the data of the annual maximum daily precipitation from the mid-19th century to the early 21st century. The length of over one and a half centuries allows for obtaining results that fit historical reality, providing information about extreme events not registered in other studies; thus, the conclusions provide robust information supported by a broad period of time. Time series range from 1980 to present, providing a large increase in data availability.




3. Methodology


We analysed the annual maximum daily precipitation (PMD) for a period of 170 years (1851–2021). To this end, the square-root exponential-type distribution function SQRT-ETMax was used to theoretically characterise PMD. This method is the one adopted by the Spanish Ministry of Development to make the necessary calculations prior to the sizing of public works in the prediction of basin flow. This institution, in its official publication, justifies the adoption of this model (SQRT-ETMax) based on the following reasons: (a) it is a model specifically proposed for the statistical modelling of maximum daily precipitation, (b) it is formulated with only two parameters, which makes it easier to obtain results, (c) the results provided by this model are more conservative than those provided by the traditional Gumbel distribution, and (d) it shows a great capacity to reproduce the observed behaviour based on empirical studies of similar climatic series in the area. This study indicates that the comparative analysis of different models does not show relevant differences for short or medium return periods (<25 years), and that such differences are observed only in longer return periods [37].



3.1. Determination of the Risk Thresholds


The hazardous thresholds associated with the maximum daily precipitation were established to fit the climatic conditions of the study area. Any attempt to establish hazard levels could be subjective depending on the type of impacts considered. Every criterion selected must indicate the values threshold and its calculation. In this study, the parameters of the SQRT-ETMax were selected for this purpose considering the arithmetic mean and standard deviation required for the estimation of the model parameters of shape based on the sampling statistics of the PMD series. This also allows for the selection of the regional coefficient of variation as the only determining parameter for the regional quantiles required in the application of the method. SQRT-ETMax distribution is then applied to previous defined climatic regions for Spain according to meteorological criteria, topographic similarities and the homogeneity of the coefficient of variation of those PMD series recorded in rain gauges within the regions [61]. Using these two variables, we constructed an ascending scale where the thresholds of each class are determined by a proportionality criterion established from the calculated statistics. Since this study deals with quantitative extreme precipitation descriptions that might cause risk events on the territory, this is the terminology used for easier interpretation. To this end, annual series of observations were classified based on these risk levels as a function of the mean (μN) and standard deviation (σN) of the entire PMD series of N years on which the probability function used is based. Considering pn as the annual value of year n in the PMD series, three risk levels are established:




	–

	
Threshold with low risk (L): RL, if μN < pn < (μN + σN).




	–

	
Threshold with high risk (H): RH, if (μN + σ) < pn < (μN + 2 σN).




	–

	
Threshold with disaster risk (D): RD, if pn > (μN + 2 σN).









The SQRT-ETMax method [31,62,71] is based on the statistical distribution that corresponds to the following expressions:


F(x) = exp[−k(1 + √α·x)·exp(−√α·x)]



(1)




in which


ln (k) = ∑ai [ln Cv]



(2)






ln (Ii) = ∑bi [ln (k)]I



(3)






α = (k Ii)/((1 − e−k) 2μ)



(4)




where F(x) is the frequency of precipitation x, k and α are, respectively, the shape and scale parameters that depend on the mean μ and the coefficient of variation Cv of the recorded data series, and ai and bi are parameters in the system. Therefore, the model is formulated with only two basic parameters; thus, the results of the distribution are estimated as a function of (μN, σN).




3.2. Interannual Characterisation of the Annual Maximum Daily Precipitation (PMD)


To analyse the temporal behaviour, linear trend estimation methods and interannual variability quantification techniques were used with the aim of identifying any significant changes in the series. In addition to trend detection, the relative accumulated deviations An allow for distinguishing differentiated multi-annual sequences based on the risk occurrence. If pn is the annual value of PMD, the accumulated deviation up to year n is obtained as an addition, extended to all the preceding years j of the annual deviations δj, with respect to the risk threshold value µN of the entire interannual series of N years. If δj = (pj − µN), then


An = (∑δj)/µN for j = 1, 2, … n; n ≤ N



(5)







Graphically, the descending sections (with a sawtooth pattern) indicate the frequency of annual PMD values without risk: pn < µN (lower than the threshold of RL). The ascending sections indicate sequences with a high proportion of annual values with risk: pn > RL.



To determine the interannual variability, the coefficient of variation of the entire series was used. This is defined as the quotient of the standard deviation σN and the corresponding mean value µN:


Cv = σN/µN



(6)







To identify the multi-annual fluctuations, a new temporal series was generated using the running variation coefficient for 11-year periods Cv(11). This procedure smooths the isolated extreme values, without masking the temporal behaviour. Moreover, 11 years is the approximate period of solar activity, which is an objective reference of the fluctuations of energy input into the climate system. This is defined as the ratio of the standard deviation of the partial subseries composed of year n and the previous 10 years, and its corresponding mean value


Cv(11)n = σ(n,n−10)/µ(n,n−10)



(7)








3.3. Intra-Annual Characterisation of the Annual Maximum Daily Precipitation (PMD)


A complementary aspect to the interannual evolution is the intra-annual distribution, which shows the monthly frequency and the intensity of the maximum daily precipitation in each of the months throughout the years of the series of observations. Since the data series shows the month of maximum daily precipitation for each year, the series of PMD were grouped in the 12 months of the year. This intra-annual distribution was compared with the risk thresholds, which allowed for obtaining the maximum daily precipitation hazard distribution of each month and season of the year.




3.4. Estimation of the Probability of Occurrence and Return Periods


The values obtained from the direct calculation in the observation series were contrasted with the results of the theoretical analysis of probability for a given precipitation value, and the corresponding return period estimated in years. The return period was used in the risk analysis to estimate the probability of exceeding a certain precipitation value. Thus, the return period of k years indicates that the corresponding maximum daily precipitation is probabilistically reached only once every k years.




3.5. Influence of North Atlantic Oscillation (NAO)


Given the influence of NAO on rainfall, we compared the monthly average of the NAO index during the period 1851–2020 with the monthly average obtained in the months when the PMD occurs in this period and, in particular, with those months in which PMD reaches risk levels. This allows us to deduce the possible influence of the NAO index in extreme rainfall episodes.



To do this, we select the NAO index for the month in which the PMD is reached. This makes it possible to prepare two synchronous interannual series: that of the monthly NAO index for those months and the corresponding PMD values series. In this study we used historical data based on the Rotated Principal Component Analysis (RPCA) [72] (https://www.ncdc.noaa.gov/teleconnections/nao/, accessed on 10 January 2022).





4. Results and Discussion


4.1. Determination of the Risk Thresholds


The interannual series for the period 1851–2021 was generated using the annual pn values of maximum daily precipitation PMD. To this end, mean (μN = 53.7 mm) and standard deviation (σN = 19.5 mm) were calculated. According to the criteria presented in the Methodology section, these parameters were used to establish the risk thresholds in the study area. Therefore, based on the particular climatic conditions of the southwestern Iberian Peninsula, the following risk thresholds were obtained: RL > 53.7 mm; RH > (53.7 + 19.5) ≈ 73.2 mm; RD > (53.7 + 2∙19.5) ≈ 92.7 mm.



As a comparative reference, the prediction system of the Spanish Meteorological Agency (AEMET) establishes colours associated with precipitation risk levels in 12 h for the study area: 40 mm (yellow: potential risk), 80 mm (orange: dangerous risk) and 120 mm (red: extreme risk) (http://www.aemet.es/es/lineas_de_interes/meteoalerta, accessed on 14 January 2022). Although they are based on different criteria, these risk levels are very similar to the ones adopted in the present study.




4.2. Interannual Characterisation of the Annual Maximum Daily Precipitation (PMD)


The equation for the linear function of the trend in the series of the interannual maximum daily precipitation PMD (1851–2021) is:


pn = −0.01n + 55.78



(8)




where pn is the maximum daily precipitation of year n.



Figure 2 shows the interannual PMD series, along with the values of the risk thresholds estimated for the study area in the previous section (RL = 53.7 mm, RH = 73.2 mm and RD = 92.7 mm). The trend line of the interannual PMD series is approximately horizontal (not represented in Figure 2), where the variance explained is R2 < 0.001, with no statistical significance, according to the Mann–Kendall test and Student’s T-test (T = −0.344, where T(0.95%) = −1.974 is the critical value). This high-risk trend line of the annual series is also approximately horizontal, with no climatic significance (pn = −0.01n + 7504; R2 < 0.003).



Figure 2 shows a high temporal irregularity for the PMD series in the southwestern Iberian Peninsula for the period of 1851–2021, with a coefficient of variation of Cν = 0.36. The results obtained in other studies on the temporal trend of PMD are not always in agreement with each other in Mediterranean regions. In Southwestern France, a mostly statistically significant ascending trend has been detected [73]. However, for the Mediterranean region, a strong temporal irregularity was detected [27,74,75,76], with no generalised trend, as we found in our study area. The SQRT-ETMax distribution has also been used [77] to quantify the changes in the series of PMD frequency in different zones of Spain, obtaining no generalised trends for all of them. Nevertheless, when considering extreme indices, some decreasing trends are found, especially in the Eastern Mediterranean coast of the Iberian Peninsula [38]. The lack of uniformity in the local behaviour of the PMD in different Mediterranean areas is a manifestation of the territorial and temporal irregularity of the precipitation regime typical of the Mediterranean climate, even more so in a function of extreme values characterised by its high spatial concentration. The recent official report from the Spanish Government about the Impact of climate change on maximum rainfall in Spain (2021) [78] detected a general decrease in total precipitation, together with an increase in the relative contribution of extreme precipitation events in the Mediterranean countries.



In addition to the trend analysis, we calculated the accumulated deviations An of the annual values with respect to the risk threshold RL. This allowed for distinguishing differentiated multi-annual sequences that characterise the interannual behaviour of PMD and, consequently, allowed us to detect the interannual risk periods. These accumulated deviations (Figure 3) show, after an ascending phase from 1870 to 1910, a sawtooth profile, with values alternating around the RL threshold (53.7 mm), and without uninterrupted interannual sequences. A decreasing section began in 1910 and ended in 1960. This section indicates a greater frequency of years, in which the annual pn value of PMD does not reach the risk level (which is why these sections show a negative slope), occasionally interrupted by years with high values of daily precipitation. In 1963, after three years of changing direction, a new decreasing phase begins, ending in 2000. This sharp decreasing phase corresponds to a high proportion of years with annual maximum daily precipitations that do not involve climatic hazard. Then, a sequence begins in 2001, with a predominance of years with high climate hazard, due to the intensity of the maximum daily precipitations. Therefore, with respect to the period of 1860–2021, the last ninety years of the 20th century (1910–2000) concentrate the uninterrupted interannual sequences with relatively lower hazard associated with the maximum intensity of daily precipitation.



Among other features, the changes in the behaviour of climatic series are characterised by variations in the distribution of the temporal trends. Given that the most relevant characteristic of the PMD series is variability, its temporal behaviour was highlighted using the running coefficient of variation in a progression of 11-year periods, Cν11. Figure 4 shows that the variability of PMD has sharp multi-annual fluctuations, without periodicity. Thus, Cν11 < 0.36 indicates that the values of PMD are stably similar (high or low) throughout that subperiod, and Cν11 > 0.4 indicates large deviations between the annual pn values of PMD throughout the corresponding 11-year period. The values are remarkably constant, around 0.36 ± 0.05, throughout the second half of the 19th century, and the annual values of PMD are considerably stable throughout the subperiod of 1931–1948. These periods are in contrast to the great variability in the periods of 1905–1925, 1950–1970 (especially) and 1998–2008.



Different studies carried out in the Iberian Peninsula have used SQRT-ETMax to analyse the complex spatial behaviour of precipitation distribution [31,61,62,78]. The latest adaptation of this method, based on these previous investigations, has been used in our study, guaranteeing the best quality and robustness of the results. Furthermore, in the case of time series, in which the trend is not significant and the Cν of the complete series is high, the previously applied procedures are independent of each other and complementary, expanding information on the characteristics of the time series.




4.3. Intra-Annual Characterisation of the Annual Maximum Daily Precipitation (PMD)


To obtain a complete view of the intra-annual variations in PMD, it is interesting to establish the distribution of the frequency of the months in which the annual maximum daily precipitation occurs. Table 1 shows the accumulated monthly distribution of the occurrence of PMD for each of the 12 months of the year, for the entire study period. These accumulated data refer to those years in which at least the RL, RH or RD values are reached. In all cases, there is a predominance in the autumn months (October, November and December) compared to the months of winter and spring.



The results in Table 1 show that, in the 170 years of the study period (1851–2021), RL occurred in 64 years. This represents 38% of the total number of years in the temporal series. Of these, the high risk (RH) level was reached in 22 years, i.e., 13% of the years of the observation series, with a mean interval of 7.5 years in this case. In turn, RD was reached in 9 years (5%), with a mean interval of 18.9 years. Considering the set of RH episodes (or higher) for the entire observation period, it is obtained that 48% of the total accumulated monthly precipitation occurred that day, i.e., almost half of the monthly precipitation occurred in only 24 h. However, in the complete series, there is no correlation pattern between the PMD and the corresponding total monthly precipitation, since the Pearson’s coefficient of correlation is only 0.12.



Figure 5 shows the monthly distribution of the volume (mm) of maximum daily precipitation throughout the entire observation period. As shown in Table 1, there is a greater concentration of days of annual maximum precipitation in the autumn months, particularly for values above the risk thresholds RL and RD. Therefore, the autumn months represent the greatest potential hazard due to the frequency and intensity of the episodes of PMD. Autumn is the season when the influences of Mediterranean mechanisms (flows of wet air from the Mediterranean Sea) cause higher variability, mostly related to convective atmospheric conditions that are able to discharge great amounts of precipitation in a few days or even hours [75,76]. In the study area, extreme events can also be related to the Atlantic cyclonic conditions in this season, explaining this higher frequency of events in autumn.




4.4. Comparison between the Theoretical and Empirical Results


The application of the SQRT-ETMax method to the longest daily instrumental meteorological records of the southwestern Iberian Peninsula allowed us to obtain a theoretical estimation for the behaviour of the annual maximum daily precipitation. The results of the theoretical analysis are shown in Table 2, along with data obtained using the records that make up the PMD series. To this end, Table 2 includes the probability of reaching the value selected for the thresholds of low risk (RL), high risk (RH) and disaster risk (RD), along with the corresponding return periods in years. Furthermore, it also shows the return period estimated to reach a PMD of 140.5 mm (historically recorded the annual maximum daily precipitation in the study area for the period of 1851–2021).



Table 2 shows that the theoretical probability of the occurrence of RL and RH in one year, estimated using the SQRT-ETMax model, fits correctly to the real values obtained using the instrumental records. However, for higher values, the estimated theoretical return period exceeds the real interval. Therefore, we can deduce that the model is appropriate, making the corresponding correction of approximately 0.8 for daily precipitation values above 100 mm. Thus, it can be useful in basin-flow estimations (i.e., in the prediction of flooding risks from the climatic perspective or related to the management and prediction of maximum flow). With such a coefficient, the corrected return period for the historically recorded maximum daily precipitation (140.5 mm) would be approximately 170 years.



Table 3 completes the information in Table 2 by presenting the annual maximum daily precipitation estimated by the model for the return periods of 20, 30, 50 and 100 years. Considering the exponential essence of the applied function, it follows that there is no linearity between the two variables.



Applying the Gumbel type II distribution to observatories of Southern Spain for the return periods shown in Table 3, Ref. [79] estimated the following PMD values: 20 years (90.7 mm), 50 years (110.8 mm), and 100 years (127.7 mm). It is worth mentioning that, although it responds to an estimation of several seasons, the results obtained with this model are similar to those shown in Table 3.



A study [80] conducted on hydrographic basins near the study area concluded that, for short return periods, the PMD values estimated by the SQRT-ETMax fit are slightly lower than those obtained by the Gumbel fit. However, for return periods longer than 100 years, the SQRT-ETMax fit requires comparatively higher precipitation values. This appreciation does not coincide for disaster risk levels (RD), since the SQRT-ETMax model tends to overestimate the return period with respect to the real valuation, at least in the study area (Table 2).




4.5. Influence of North Atlantic Oscillation


The correlation coefficient between the interannual series of the monthly NAO index in the month in which the PMD occurs in each year and the corresponding series of its value, during the period 1851–2020, is −0.06.



If we select only the month of those years when the PMD reaches the risk level, the correlation coefficient is 0.12. The significance of the correlation between these variables has been analysed using the T test (values above 0.23 were considered significant for α = 0.05). Therefore, the direct correlation is not significant; however, we can use some procedures that allow us to find another type of association.



Table 4 shows, for the rainy semester, in the upper row, the monthly average of the NAO index in the month in which the PMD occurs each year; in the middle row, the average of those months in which the risk level is reached (PMD > 53.7 mm). In the bottom row, it shows the difference between General PMD and Risk PMD; it can be observed that the values of the NAO index increase negatively, as the level of precipitation increases. Therefore, we interpret this result as a manifestation of the influence of the NAO- phase on intense rains.



However, this progressivity is not maintained if we exclusively consider the years of disaster risk (PMD > 92.7 mm). This may be due to the fact that, since the interannual series consists of a small number of elements (9), possible anomalies distort the results. Therefore, we consider that in the case of catastrophic rainfall, the causes can be diverse. Along with the activity of the Atlantic fronts, convective “cold drop” or DANA-type phenomena (isolated depression at high levels) also have an influence due to the entry of a cold air pool of subpolar origin at high levels of the atmosphere that meets local, warm and humid air [81].





5. Conclusions and Final Remarks


We analysed the interannual series of the annual maximum daily precipitation (PMD) for the period of 1851–2021, using the records provided by the ROA, located in the southwestern Iberian Peninsula. The ta of this secular series was 1440 min, except for the last 35 years of the series, due to the absence of sub-daily records. This implies a limitation compared to the most modern pluviometric series. The study of maximum daily precipitation is of special interest in the Mediterranean region due to the potential environmental hazard that they can generate in the form of floods and river overflows. The most relevant characteristic of the analysed PMD series, and by extension of the torrential rains, is the irregular intensity of the event and its interannual distribution. Although the obtained series does not show a statistically significant trend, it does show different subperiods of great variability that fluctuate in time throughout the 20th century. Another relevant aspect of the obtained results is that the intra-annual distribution of the annual maximum daily precipitation is concentrated in the autumn months. This result is valid for hazards caused by increases in the frequency and/or intensity of the maximum daily precipitation.



Using the mean values and standard deviation, the local risk levels were established. Thirty-eight percent of the years reached, at least, a low risk (RL > 53.7 mm). Of this percentage of years, 13% reached a high risk (RH > 73.2 mm), and 5% reached a disaster risk (RD > 92.7 mm) as a result of torrential rains. The empirical results were compared with the theoretical SQRT-ETMax estimation using the probability of occurrence of pre-set values and the predictable return periods. It was detected that the applied model fits well to the empirical results for return periods of up to 25 years. However, there were appreciable deviations for longer return periods. The annual maximum daily precipitation recorded in the historical series of 170 years was 140.5 mm, which, according to the estimation of the model, corresponds to a return period of 247 years.



The theoretical model SQRT-ETMax was selected for this study as a comparison method. This allowed for verifying that the theoretical probability of occurrence of the risk levels and return periods estimated by it fit well to the real values calculated directly in the historical series. The advantage of having a long series of records (1851–2021) in a region with high climate variability (i.e., Mediterranean climate) is that it allows for approaching the extreme climatic episodes more accurately. In this sense, the lack of instrumental series of the annual maximum daily precipitation longer than one and a half centuries, at a global scale, shows the importance of the results in this study. This allowed for analysing long return periods, which are, thus, of very low probability of occurrence. Furthermore, this method allows for detecting changes in the frequency, duration and magnitude of these extreme values from a historical perspective, and it can also be applied to other climatic regions with observatories with series of secular data. In general, the monthly NAO effect is not correlated with the PMD but the influence on the level of risk is observed. Future research could analyse the relationship of the PMD with other teleconnections, such as the El Niño-Southern Oscillation (ENSO) and the Western Mediterranean Oscillation (WeMO).
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Figure 1. Location of the Royal Observatory of the Spanish Navy of San Fernando in the southwestern Iberian Peninsula. 
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Figure 2. Temporal evolution of the annual maximum daily precipitation (PMD) compared with the estimated risk values (RL = 53.7 mm, RH = 73.2 mm and RD = 92.7 mm). 
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Figure 3. Relative accumulated deviation An of PMD with respect to risk threshold RL. 
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Figure 4. Evolution of 11-year running coefficient of variation (Cν11). 
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Figure 5. Monthly distribution of the volume (mm) of the annual maximum daily precipitation compared with the estimated risk values (RL = 53.7 mm, RH = 73.2 mm and RD = 92.7 mm). 
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Table 1. Monthly distribution of the annual maximum daily precipitation (PMD) in which at least the three risk levels indicated are reached.
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	Number of Months (Accumulated)
	J
	F
	M
	A
	M
	J
	J
	A
	S
	O
	N
	D
	Total





	RD months
	1
	0
	0
	0
	0
	1
	0
	0
	0
	3
	2
	2
	9



	RH months
	2
	0
	0
	0
	0
	1
	0
	0
	3
	6
	6
	4
	22



	RL months
	4
	1
	4
	0
	1
	2
	0
	1
	5
	14
	17
	15
	64



	Complete series
	21
	13
	10
	3
	4
	4
	0
	3
	12
	33
	32
	35
	170
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Table 2. Comparison of probability of reaching the indicated PMD value and its corresponding return period in years.
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	Risk Threshold
	PMD
	Theorical Probability versus Earl Probability
	Theoretical Return Period versus Real Return Period





	Level RL
	53.7
	0.41 versus 0.38
	2.46 versus 2.66



	Level RH
	73.2
	0.13 versus 0.13
	7.65 versus 7.73



	Level RD
	92.7
	0.04 versus 0.05
	18.89 versus 22.57



	Historical maximum PMD
	140.5
	0.004 versus --
	247.2 versus >170
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Table 3. Annual PMD values estimated by the Gumbel type II model for the selected return periods.
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	Return Periods (Years)
	20
	30
	50
	100





	PMD (mm)
	90.2
	97.6
	107.4
	121.2
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Table 4. Effect of monthly NAO index (September to February) on the daily precipitation level.
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	NAO Index
	S
	O
	N
	D
	J
	F





	General PMD
	−0.24
	−0.51
	−0.15
	0.36
	0.74
	0.69



	Risk PMD
	−0.80
	−1.39
	−0.83
	−0.89
	−0.10
	−0.08



	Difference
	−0.56
	−0.87
	−0.68
	−1.26
	−0.84
	−0.77
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