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Abstract

:

In recent years, numerous studies have been carried out on changes in the temperature and precipitation regimes and in the frequency of the extreme events that are a result of climate change. While there is evidence of an increase in temperature at a global level, this globality does not seem to occur with precipitation. The Igeldo weather station (San Sebastian) has one of the longest recorded rainfall intensity series in Spain and can be considered as representative of the Cantabrian coast. This circumstance makes it the ideal place to analyse the trend of the pluviometric regime of this area, and this was precisely the objective of this study. A total of 165 series of pluviometric parameters were obtained to characterise the pluviometric regime. The Mann–Kendall and Spearman tests were applied to evaluate the trends of the different parameters, and the Pettitt test was applied to detect the existence of change points. In all the series, it was proven that there were no significant trends or change points. Significant increasing trends were only detected in the series of maximum winter precipitation. In general terms, it can be concluded that the precipitation regime in Igeldo is quite stationary in the context of climate change.
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1. Introduction


It is a recognised fact that climate change is one of the main threats to the earth in the 21st century. In the various reports of the Intergovernmental Panel on Climate Change (IPCC), the evidence of the effects of climate change and the dramatic consequences that it can have at a global level have been revealed. In the report of Working Group I of the IPCC [1], which is part of the IPCC [2], it is stated that climate change already affects all regions of the earth in multiple ways, and it is predicted that in the coming decades the changes in climatic conditions will increase in all regions. It also indicates that the change is not only taking place in terms of temperature; many regions are experiencing changes in different factors or aspects that will intensify if warming increases. Regarding precipitation, the report notes that it has also been observed that climate change is affecting precipitation patterns, and in many regions, the rain situations that produce floods and droughts are intensifying. At high latitudes, precipitation is likely to increase, while it is projected to decrease in much of the subtropics.



Precipitation is a fundamental aspect of the management and planning of water resources. Therefore, to assess the impact of climate change on water resources it is first necessary to analyse what is happening with the precipitation regime. As pointed out by [3] in a rigorous review of the trend studies in Italy, which has a climate similar to that of Spain, great attention must be dedicated to precipitation as a key component of the hydrological cycle that may be affected by climate change [4,5,6,7,8,9,10]. Authors such as Katz and Brown [11] have already suggested that the variation in the frequency of extreme events due to global climate change in the Mediterranean basin could be more important than the variation in mean values. Karl and Trenberth [12] have shown that there has been an increase in the frequency of heavy daily precipitation in warmer climates, even without any change in total precipitation. Xu et al. [13] have shown that precipitation at the Tarim river basin in the west of China has experienced a significant monotonic increase over the past 50 years. Groisman et al. [14] found disproportionate changes in heavy precipitation compared to changes in annual and seasonal precipitation. Many studies have indicated that global warming intensifies the global hydrological cycle (e.g., [15,16]) by altering precipitation patterns and causing more frequent extreme weather events, such as storms, floods, and droughts [17,18,19]. It has also been stated in some studies that there will probably be an increase in the variability of precipitation, including extreme rains [20,21]. On a global scale, there is evidence based on observation that the frequency and intensity of extreme events have changed significantly in recent decades [22,23].



As a consequence, as indicated by Caporali et al. [3], the research on changes in the precipitation regime is a topic of particular interest as it affects water resource planning and management, as well as the design of mitigation measures against flood and landslide hazards. However, these same authors indicated that the rainfall regime behaviour and change on a local scale may be different from that observed on a large scale since it is particularly difficult to detect it using observations because natural variability is particularly large for precipitation [24,25,26].



In this context, we selected the precipitation series recorded at the Igeldo weather station in San Sebastian (Gipuzkoa-Spain) to study the behaviour and changes in the rainfall regime over the 89 years of the series. The series of precipitation intensities recorded at the Igeldo weather station is one of the longest series recorded in Spain, and it can be considered representative of the climate of the Cantabrian coast in the north of Spain. These data were used to obtain the series of different characteristics associated with the precipitation regime (maximum precipitation intensities, climate change precipitation indices recommended by ETCCDI, the Gini index, and the annual and seasonal precipitation anomalies) in order to analyse them and check their trends and thus evaluate the effect of climate change on the rainfall regime for the area under study; this was the main objective of this study, whose results are presented in this manuscript. In order to detect trends in the series analysed, the following tests were applied: the return point test to analyse the randomness and independence of the series; the correlation test to examine the existence of autocorrelation; the Mann–Kendall and Spearman tests to assess possible trends; and the Pettitt test to detect the existence of change points.




2. Materials and Methods


2.1. Location and Characteristics of the Weather Station


The Igeldo meteorological station, located to the west of the town of San Sebastián (Gipuzkoa) (Figure 1), belongs to the Territorial Meteorological Center in the Basque Country of the State Meteorological Agency (AEMET). It is located at an altitude of 251 m above sea level, and its geographic coordinates are: latitude 43°18′23″ N and longitude 2°2′28″ W [27].



Due to its proximity to the sea, the climate is temperate oceanic, characterised by mild temperatures, high relative humidity, frequent cloudiness, and abundant rains distributed regularly throughout the year [28]. According to the Köpen climate classification, San Sebastián has a humid temperate climate without a dry season, as classified by the Cfb code [29]. Its average annual rainfall is around 1500 mm [30].



The following precipitation series were available:




	
The precipitation series with records every 10 min, obtained from the digitization of the syphon (float)-type automatic rainfall recorder, carried out by the Gipuzkoa Provincial Council with a band pluviograph owned by the State Meteorological Agency (AEMET). The series runs from 1927 to 2016 inclusive, which represents a total of 89 years of records [31].



	
The daily precipitation series, from 1929 to 2018, obtained directly from the AEMET website. This series is complete.









2.2. Rainfall Characteristics Analysed


To analyse the effect of climate change on the Igeldo precipitation series, different parameters or indices that represent different aspects or characteristics of the precipitation regime were selected; these are described below.



2.2.1. Maximum Precipitation Intensities


The first aspect that was studied was the effect on the maximum intensities of precipitation. To do this, from a rainfall series recorded in 10 min, the maximum annual (Pan), seasonal (Psn), and monthly (Pms) rainfall occurrences for different durations (10 min, 20 min, 30 min, 1 h, 2 h, 4 h, 6 h, 12 h, and 24 h) were selected, and the corresponding series were thereby obtained. Table 1 shows the associated variables.




2.2.2. Climate Change Precipitation Indices (ETCCDI)


The joint CCl/CLIVAR/JCOMM Expert Team on Climate Change Detection and Indices (ETCCDI) (http://etccdi.pacificclimate.org/list_27_indices.shtml, accessed on 16 March 2022)) recommends 27 indices for the analysis and understanding of the climatic extremes and climate trends in the different regions of the world. Of these, 12 characteristics of the pluviometric regime were selected (Table 2).




2.2.3. Seasonal and Monthly Rainfall


The interest in analysing seasonal rainfall lies in the fact that its origins are usually due to different climatological phenomena.



The Cantabrian climate is characterised by a maritime climate with mild temperatures, high humidity, and abundant rainfall throughout the year. In general, the rainy season in the Cantabrian region extends from autumn to spring, with the months of November, December, and January being the wettest. During these months, there is a high frequency of rainfall events, with intense and prolonged rains being common. This period is characterised by a constant succession of Atlantic fronts that bring rainfall to the region. The rainfall during this period is often heavy and can lead to flooding in certain areas. During the spring months, the rainfall tends to be moderate. These periods can experience some occasional showers and storms, but the rainfall is generally less frequent than during the autumn and winter months. During the summer months, the rainfall is lower than in the other seasons. The region experiences long periods of sunny and dry weather during this time, with occasional isolated thunderstorms.




2.2.4. Gini Index


Another characteristic that has been analysed is the temporal distribution of daily precipitation throughout the year. This characteristic has been evaluated using the Gini index. The Gini coefficient has been used to illustrate the variability in river discharge and its chemical loads [32], the changes in flow regimes [33], and the changes in the temporal distribution of daily precipitation [34]. In the context of rainfall, the Gini index provides a measure of how rainfall (daily precipitation in this case) is distributed over the course of a year; it ranges from 0 (representing a uniform distribution of precipitation across all days within the year) to 1 (representing the case where all the precipitation occurs on a single day). Rajah et al. [34] illustrated the relationship between the Gini index and several indices adopted by the ETCCDI [35] and were able to observe that many standard measures correspond to only one aspect of the rainfall temporal distribution, whereas the Gini index represents the shape of the entire distribution.



To estimate the Gini index, the daily precipitation values were first ordered in an increasing order; then, the accumulated values were obtained, and these were converted to a percentage of the total precipitation, thus forming a “Lorenz” curve. The Gini index, G, is calculated for each year by doubling the area between the 45° line (representing a uniform precipitation distribution) and the Lorenz curve, using Equation (1), as indicated by Rajah et al. [34].


  G =  1 n   (  n + 1 − 2  (      ∑  i = 1  n    (  n + 1 − i  )   y i        ∑  i = 1  n    y i       )   )   



(1)




where n is the number of observations, which in this case is the number of days in a year, and yi is the accumulated precipitation value as a percentage for each wet day.



The relationship between the Gini index and the several indices adopted by the Expert Team on Climate Change Detection and Indices (ETCCDI) was illustrated by Zhang et al. [35]. They concluded that many standard measures corresponded to only one aspect of the rainfall temporal distribution, whereas the Gini index represented the shape of the entire distribution.



Rajah et al. [34] showed that the index was highly sensitive to the number of wet days in a given year; therefore, they considered two separate indices: the wet-day frequency index, WDF, which is the ratio of the number of wet days (defined as days with more than 0.1 mm precipitation) to the total number of days in the year, and the wet-day Gini index, WDG, which measures how unevenly rainfall is spread across the wet days during the year.



In this paper, in addition to the abovementioned indices, the Gini index itself was also estimated, as ADG, taking into account all the days of the year. The values of these indices were calculated, as indicated by Rajah et al. [34], from the series of daily rainfall occurrences recorded in Igeldo.




2.2.5. Climatological Standard Normals


According to the Technical Regulations of the Guide to Climatological Practices of the World Meteorological Organization (WMO) [36,37], the Climatological Standard Normals are defined as the averages of the climatological data computed for the following consecutive periods of 30 years. In this case, three consecutive periods of 30 years were selected: from 1 January 1931 to 31 December 1960; from 1 January 1961 to 31 December 1990; and from 1 January 1991 to 31 December 2018. Following the recommendations of the WMO to update the averages of the climatological variables at the beginning of each decade for the consecutive periods of 30 years, the Climatological Normals of precipitation since 1931 were recalculated for the beginning of each decade.



Climatological Normals are used for two principal purposes: to serve as a benchmark against which recent or current observations can be compared and to predict the conditions most likely to be experienced in a given location. In this sense, they are widely used implicitly or explicitly [38].




2.2.6. Rainfall Anomaly Index (RAI)


Finally, the precipitation anomalies were analysed by means of the rainfall anomaly index (RAI). The rainfall anomaly index (RAI) was proposed by van Rooy [39] and has been applied by many authors [40,41,42]. The RAI index incorporates a classification procedure to assign magnitudes to positive and negative rainfall anomalies and is calculated by Equations (2) and (3).


   Positive   anomalies   ( P −  P ¯  ) > 0     R A I = + 3  [    P −  P ¯      X ¯   10   −  P ¯     ]    



(2)






   Negative   anomalies   ( P −  P ¯  ) < 0     R A I = − 3  [    P −  P ¯      Y ¯   10   −  P ¯     ]    



(3)




where P is the annual/seasonal precipitation for a given year;   P ¯   is the average of the annual/seasonal precipitation of the historical series;     X ¯   10     is the average of the annual/seasonal precipitation of the ten years with the highest values of the historical series; and     Y ¯   10     is the average of the annual/seasonal precipitation of the ten years with the lowest values of the historical series.



The index values are evaluated based on a classification of 9 classes, according to van Rooy, ranging from extremely humid (RAI ≥ 3) to extremely dry (RAI ≤ −3). This classification is equally applicable to various periods of drought, including flash droughts, meteorological droughts, severe soil moisture droughts, and hydrological droughts, defined by the RAI calculated at different time scales [42].



Oladipo [43] indicated that the RAI index was very effective in detecting periods of drought, and the differences between this index and the more complex ones, such as Palmer’s (PSDI) and the Bhalme–Mooley drought area index (DAI) [44], were negligible.



All the series of the indices indicated in the last four sections were determined from the daily rainfall series recorded in the manual rain gauge of the Igeldo weather station from 1929 to 2018.





2.3. Methodology for the Analysis of Pluviometric Series


Figure 2 presents the conceptual map of the process followed for the analysis of the trends of the different series considered. Therefore, in all the selected series, the process followed for the analysis of trends was the one described below.



	
As a preliminary step, it is necessary to examine the series and determine the missing data for each year in order to discard a year, if necessary. This is particularly necessary in the 10 min series, in which data are often missing. Subsequently, the simple observation of the graphical representation of the values of the series already suggests something about the existence of trends and their breakpoints.



	
The first thing to do is to check that the data respond to an independent random variable and that they are identically distributed. To this end, the turning-point test was applied to all the series analysed. This test is easy to apply and is an effective test for checking randomness against systematic oscillation [45]. In this test, the null hypothesis, H0, states that the variables are independent random variables and identically distributed.



	
An initial problem in checking and interpreting trends is the effect of the autocorrelation of the data in a time series. This is the statistical dependence of a time series on its own past or future values. The presence of positive or negative autocorrelation influences the detection of trends in the series [46,47]. Therefore, it is important to check the autocorrelation of the data for each series and to remove it before testing the trend if it is positive. This analysis was performed for all the series using the autocorrelation test according to the methodologies proposed by Zhang et al. [48] and Basistha et al. [49].



	
Once the above was confirmed, the non-parametric Mann–Kendall and Spearman tests were applied to detect possible trends in all the time series considered. The Mann–Kendall test, proposed by Mann [50] and Kendall [51], is based on the range and is one of the widely used non-parametric tests to detect trends in the time series of hydroclimatic data [52,53,54,55,56,57,58,59,60]. It has been used and suggested by the WMO to evaluate trends in the time series of environmental data. The Spearman test [52] is a non-parametric rank-based test that is similar to the Mann–Kendall and can also be used to detect monotonic trends in time series [61,62].



	
Having checked the trend of the series, it is interesting to analyse whether there are change points in the series. The Pettitt test [63,64,65] is a non-parametric, range-based, distribution-free test used to detect the occurrence of a significant abrupt change in the mean of a time series. It is particularly useful when the location of the point of change is unknown. It is widely applied to detect changes in time series of climatic and hydrological data.








3. Results


3.1. Maximum Precipitation Intensities


As previously mentioned, to analyse the maximum intensities of rain, the maximum annual, seasonal, and monthly rainfall for different durations (10 min, 20 min, 30 min, 1 h, 2 h, 4 h, 6 h, 12 h, and 24 h) was obtained from the rainfall series recorded at the Igeldo weather station from 1928 to 2016. The methodology described in the corresponding section was applied to all the series considered. First, the turning-point test was applied to all the series to check the randomness and independence of the data in each of the series; the result obtained was that all of them were random and that the data were independent. Before applying the trend analysis tests, the existence of autocorrelation in the series of different precipitation intensities was checked with the autocorrelation test according to the methodologies proposed by Zhang. et al. [48] and Basistha et al. [49]; no autocorrelation was detected in any of the series indicated. Then, the Mann–Kendall and Spearman tests were applied to detect possible trends; subsequently, the Pettitt test was applied to check for the existence of change points in the time series cited.



No statistically significant trends or breakpoints were detected in the annual maximum precipitation series for the different durations (annual maximum precipitation intensities) at the 5% significance level. Figure 3 represents the different series of maximum annual precipitation intensities analysed; a simple observation of the graphs suggests the non-existence of trends and change points.



Nevertheless, when analysing the annual maximum rainfall series for each season, significant increasing trends were detected in winter for the different durations. The values of the statistics of both tests, the Mann–Kendall and the Spearman, were higher than the critical values (in bold in Table 3). In the rest of the seasons, it was observed that the values of Sen’s slope, although not statistically significant, were negative (decreasing trend) in most of the intensities in the autumn season and in two in the spring season; in the other cases, these values were positive (increasing trend). It can therefore be said that the precipitation intensities show a certain decreasing trend in autumn, while in spring and summer the trend is increasing. Table 3 shows the values of the Mann–Kendall and Spearman statistics for all the maximum precipitation intensities in the four seasons.



The same analysis for the monthly maximum precipitation intensities showed that the results were consistent with those obtained at the seasonal level. In all the winter months, statistically significant increasing trends were detected, although not for all the durations: in January for all the durations except for 24 h and in February and March only for the sub-hourly durations. In the remaining months, no further statistically significant trends were detected except for three exceptions in the increasing trends: in August for the 4h duration; in October for the 20 min duration; and in November for the 10 min duration.



Figure 4 plots the series of winter maximum precipitation intensities with the trends according to the Mann–Kendall test with the value of Sen’s slope (up) and the change points estimated with the Pettitt test with the year of change (down).



The Pettitt test [63,64] was also applied to all the series of seasonal maximum precipitation intensities. As in the case of the trend tests, statistically significant changepoints were only detected at the 5% significance level in the winter season (Figure 4). In Figure 4, the change point is expressed by the year in which the average changed. It can be appreciated that the year of change varies according to the precipitation duration: for small durations, between 10 min and 2 h, the year of change was between 1949 and 1958; for intermediate durations, between 4 and 12 h, the year of change was 1965; and for 24 h, it was 1973.




3.2. Climate Change Precipitation Indices (ETCCDI)


Figure 5 shows the graphical representation of the series of the different indices selected for analysis.



The results of the application of the turning-point test and the autocorrelation test confirmed that the data of the 12 series of the indices of the climate change precipitation indices (ETCCDI) were random and independent and that there was no autocorrelation between them. Then, the Mann–Kendal and Spearman tests were applied, and the non-existence of trends in all the series was confirmed. Finally, the Pettitt test was applied to analyse the existence of change points in the 12 series, and it was verified that there were no change points in the series.




3.3. Seasonal and Monthly Precipitation Analysis


During the period studied, the average percentage of annual precipitation recorded in each of the four seasons of the year was 24.48% in winter; 22.64% in spring; 21.17% in summer; and 31.70% in autumn, with an average annual rainfall of 1558.7 mm. Autumn was the wettest season; the precipitation in the rest of the seasons was more or less evenly distributed as is characteristic of the Cantabrian climate.



Here again, the methodology described to check the randomness, independence, and autocorrelation of the data in each of the series was applied. The results agree that the series were random and the data were independent and that there was no autocorrelation between them. Once these issues were verified, the Mann–Kendal and Spearman tests were applied, and it was found that the three series did not show trends at the 5% level of significance. The same occurred with the Pettitt test; no change points appeared either. However, despite the fact that no statistically significant trends were detected, when representing the regression lines of the series it was observed that the winter precipitation showed an increasing trend while the summer and autumn precipitation showed decreasing trends and in spring there was an almost negligible trend. Figure 6 shows the seasonal precipitation with regression lines.



As for monthly rainfall, the only months that showed statistically significant trends according to the proposed methodology were March with a positive trend and September and October with negative trends. In general, in the rest of the months the trends, although not statistically significant, were consistent with those found in the seasonal ones; that is, they were positive in the winter months and negative in the summer and autumn months, except for November, which was positive.




3.4. Gini Index


As explained above, in addition to the Gini index itself, we considered all the days of the year with the annual-day Gini (ADG); we also estimated the wet-day Gini index (WDG) and the wet-day frequency index WDF. After applying the methodology described above, it was proven that the series were random, the data were independent, and there was no autocorrelation between them and that the three series did not show trends or change points at the 5% level of significance.



Figure 7 shows the annual values of the three indices obtained for Igeldo with its linear regressions. Although these series do not show significant trends, their linear regressions do present slight trends, as can be seen in the figure. The WDF index has a slight decreasing trend, indicating that the number of wet days tends to decrease. On the other hand, the Gini (ADG, WDG) indices show an increasing trend, indicating that the temporal distribution of rainfall has a certain tendency to concentrate, which is consistent with the increasing trend of rainy days. This slight increasing trend observed in the Gini series is consistent with that pointed out by Rajah et al. [34], who showed that the frequency of wet days and the Gini values of wet days in Western Europe responded to a pattern of increasing values.




3.5. Climatological Standard Normals


Figure 8 shows the annual precipitation values for each of the Climatological Normals (from 1 January 1931 to 31 December 1960; from 1 January 1961 to 31 December 1990; and from 1 January 1991 to 31 December 2018). With the methodology described above, in none of the three periods (Normals) were statistically significant trends detected, as can be seen in Figure 8. In addition, it was considered convenient to check that the rainfall data of the three periods belonged to the same population, for which the non-parametric Kruskal–Wallis test was applied [66]. The result corroborated the finding that the samples corresponding to the three periods belonged to the same population.



In accordance with the WMO, which established that 30-year averages should be calculated and which recommended an update at the beginning of each decade, we obtained the different Climatological Normals since the beginning of each decade, from 1931–1960 to the current period of 1991–2018, with the absence of data from the last two years, 2019 and 2020. As in the previous case, no statistically significant trends were detected in any of these Normals. Figure 9 shows the mean precipitation values for each of the Normals calculated in this way and shows that the deviations were minimal with respect to the mean annual precipitation of the entire period; the deviations ranged from 96.7% in the period of 1981–2010 to 101.5% in the period of 1951–1980.




3.6. Analysis of Annual and Seasonal Precipitation Anomalies


The precipitation anomalies were analysed by means of the rainfall anomaly index (RAI) proposed by van Rooy [39] and applied by several authors [40,41,42]. In this case, as in the previous ones, the RAI series was also random, the data were independent, there was no autocorrelation between them, and the series did not show trends or change points at the 5% level of significance.



It can be seen in Figure 10 that the trends of the regression lines are consistent with those of the seasonal precipitation and, to a large extent, with those of the maximum intensities. The trend of the anomalies (RAI) in winter is increasing; in spring, it is increasing, although very slightly; and in autumn and summer, it is decreasing.





4. Discussion


The Igeldo meteorological station (San Sebastian/Donostia) has a float-type recording rain gauge that has been recording precipitation intensities without interruption since 1928, with the same maintenance criteria. Therefore, the series of rainfall intensities recorded at this station is one of the longest and best maintained in Spain, which makes it very suitable for studying the behaviour and trends of these intensities. Taking advantage of these scientific data, this work was initiated with the idea of detecting trends in the series of maximum annual precipitation intensities or the maximum annual precipitation for different durations, considering that this parameter was related to the occurrence of extreme phenomena.



Reviewing the literature of recent years on precipitation trends around the study area (Table 4), most of them are regional studies analysing the trends of precipitation parameters associated with daily, monthly, or annual precipitation series (16 out of 23); five worked with hourly and higher precipitation series and only two with sub-hourly series. On the other hand, the length of the series varied greatly depending on the rainfall interval. The longest series corresponded to monthly and annual rainfall analyses; the works associated with daily rainfall series studied periods of around 60 years; those working with sub-hourly intensities were generally much shorter; and the longest ones were fractionated, as in [67].



The works reviewed also show that the behaviour of the rainfall series is highly variable, depending on the location; different trends of the same parameter can be obtained at relatively close sites, depending on the proximity to the coast or the presence of mountain ranges. Therefore, it is also important to carry out rigorous studies at the local level to assess water resources. This is the case with the Igeldo series used in this work, which allowed a detailed and rigorous study of the trends in the different aspects and parameters of the rainfall regime.



At the methodological level, it is worth highlighting two aspects of the work carried out: on the one hand, there was the systematisation of the tests to be applied; on the other, there were the pluviometric parameters to be analysed. Regarding the first aspect, the bibliography contains a multitude of tests for each of the characteristics of the series to be checked; in our case, we systematised a simple methodology with non-parametric tests that are widely used and recommended by the WMO. A suggestion for improvement, which has arisen from the analysis of the results, is to add a method that allows us to segregate the trends into categories since the Mann–Kendall test only allows us to say whether or not there are statistically significant trends. Sen [90] developed a procedure that allows the segregating or assessing of the trend by categories into “very low”, “low”, “medium”, “high”, and “very high” [91,92,93]. The second aspect refers to the parameters that were analysed.



The second methodological aspect refers to the parameters that were analysed. A total of 165 series of pluviometric parameters were obtained to characterise the trend of the rainfall regime. None of the works reviewed have analysed so many parameters; as they were regional studies, they focused on a few parameters, often conditioned by the resolution of the series. From the 89-year ten min precipitation series obtained from the digitisation of the pluviographic bands obtained in a syphon (float)-type automatic rainfall recorder, all annual (8), seasonal (32), and monthly (96) maximum rainfall series were obtained for the different rainfall durations considered. On the other hand, the 90-year daily precipitation series obtained from a conventional non-recording rain gauge made it possible to obtain the series for the rest of the parameters: the climate change precipitation indices recommended by ETCCDI (12), which evaluate different aspects of the pluviometric regime; seasonal rainfall (4), which, together with annual rainfall, is included in the indices recommended by the ETCCDI and is fundamental for estimating the water resources of an area; the Gini index (2), which expresses the degree of concentration of rainfall throughout the year or the distribution of daily rainfall throughout the year; the climatological standard normals (7), which essentially serve as a benchmark against which recent or current observations can be compared; and finally the annual and seasonal precipitation anomalies (5), representing the degree of deviation of the precipitation values from the mean value.



In relation to maximum precipitation intensities, a report by the IPCC [94] states that there is high confidence that precipitation will become more intense and frequent in the Mediterranean region due to climate change, with the largest increases in extreme precipitation projected for the western and northern parts of the region. With regard to the references consulted for Europe, it can be said that positive or increasing trends in precipitation intensities can generally be observed, as indicated in the IPCC report [94], although there are also different behaviours.



Tamm et al. [67], based on the trend analysis of precipitation series for durations between 20 and 180 min, concluded that it can be generalised that the annual maximum rainfall intensities in Estonia (northern Europe) have increased. In a study in which 14 extreme rainfall indices were analysed in terms of trends for four meteorological stations in a region of Turkey [71], it was concluded that the precipitation intensity indices (SDII) of all the stations showed increasing trends, although only two were statistically significant. Liuzzo and Freni [77] analysed the trends of precipitation series for different sub-hourly durations recorded at 65 meteorological stations in Sicily; for each duration, the results showed that in the area of study the extreme rainfall series were affected by both negative and positive statistically significant trends. In other works carried out in Sicily ([80,86]), where sub-hourly rainfall series trends were also studied, the results indicated that for short durations the historical series generally exhibited increasing trends, while for longer durations the trends were mainly negative.



In our case, as discussed above, no statistically significant trends or breakpoints were detected in the annual maximum precipitation series for different durations in Igeldo. Nevertheless, significant increasing trends were detected in winter for the different durations. For the rest of the seasons, it can be said that the precipitation intensities showed a certain decreasing trend in autumn, while in spring and summer there was an increasing trend, although in these cases it was not statistically significant.



In the case of annual and seasonal rainfall, analysing the results obtained in other studies on trends in Spain ([73,74,83,85,89]), it can be concluded that the most generalised trend of annual precipitation in the Iberian Peninsula is decreasing, although there is also a certain disparity that will be conditioned by different factors. A study of the Spanish Levante region [73] showed significant negative trends for precipitation in the Júcar area; in contrast, certain pre-littoral sectors and most of the Segura area are remaining out of these negative trends (with some local positive trends). A comprehensive analysis of the spatial and temporal variability of daily precipitation in Spain [74] showed a slight decrease in the intensity when considering single events (1- or 5-day duration), but a significant negative trend in mean and median precipitation, especially on the Mediterranean coast. In a trends studio in Andalusia [85], a negative trend in precipitation was observed for the east coast and inland stations, and an increasing trend in precipitation was observed for stations on the west coast. A general decreasing trend in seasonal precipitation, especially in winter, autumn, and spring, was observed for all stations except those on the west coast. A trend study of trends in daily rainfall in the Iberian Peninsula [89] concluded that the general behaviour showed a decrease in the daily intensity of rainfall, while the number of wet days did not reveal pronounced changes. This pattern was valid for both the annual and the seasonal values of the indices. De Lima et al. [84], in a large study in Portugal, concluded that the analyses of partial trends in the time series suggested a sequence of alternately decreasing and increasing trends in annual and monthly precipitation, which were sometimes statistically significant. On the other hand, in a study of five Mediterranean areas [68], the precipitation observed in the same period showed a negative gradient for Greece, Portugal, and Turkey and a positive trend for Spain and Tunisia, although the trends were not statistically significant. Similar behaviour was found in the rest of the Mediterranean areas with precipitation trend studies.



It can be concluded that although in many sites decreasing trends in annual and seasonal rainfall are detected, there is a great disparity in the trends detected. The location of Igeldo in the Bay of Biscay with a Cantabrian climate, quite different from that of the Mediterranean, may be the cause of the different behaviour that it has shown. We have already explained that there are no such long series in the north of Spain, but it would be important to extend this work to the region to verify that this behaviour is repeated.




5. Conclusions


This work was initiated with the idea of detecting trends in the series of annual maximum precipitation intensities or maximum annual precipitation for different durations, considering that this parameter was related to the occurrence of extreme phenomena. For this purpose, a simple and effective methodology, based on the application of different tests, was developed to evaluate the trend of the values of a series and the existence of breakpoints. After the analysis of the annual maximum precipitation intensities, according to this methodology, these series did not show significant trends or breakpoints at the 5% level of significance. In view of the absence of trends in these intensities, the series of maximum seasonal precipitation intensities were also analysed. The interest in this analysis was based on the fact that the origin of seasonal precipitation is usually associated with different climatological phenomena. In this case, the increasing trends and significant breakpoints were detected in the winter season. No significant trends or change points were detected in the rest of the seasons.



In addition to the maximum precipitation intensities, other indices or parameters were analysed, such as the 12 pluviometric indices recommended by the Expert Team on Climate Change Detection and Indices (ETCCDI) that characterise different aspects of the pluviometric regime; the seasonal precipitation; the Gini index that parametrises the temporal distribution of rainfall throughout the year; and the annual and seasonal precipitation anomalies that represent the variations with respect to the average precipitation. In all the series analysed, it was proved that the series were random, the data were independent, and there was no autocorrelation between them. Therefore, it was possible to apply the trend and change point tests. No trends (Mann–Kendal and Spearman tests) or points of change (Pettitt test) were detected at the 5% level of significance in any of the series of the parameters indicated. However, despite not having detected statistically significant trends in the different related indicators, when the linear regressions were applied to the different seasonal variables analysed (seasonal precipitation and seasonal anomalies), it was observed that the trends of the regression lines in winter are increasing, while in summer and autumn they are decreasing. This behaviour is consistent with what occurs with maximum precipitation. It can be concluded, therefore, that the different seasonal precipitation indicators show an increasing trend in the winter season, while in summer and autumn the trend is downward.



In general terms, it can be concluded that the precipitation regime in Igeldo is quite stationary without showing significant alterations in the context of climate change.



It should be noted that the study is at a local level, limited to a specific geographical point. In order to draw conclusions regarding water resources, it would be necessary to carry out a study at a regional level. Therefore, for subsequent studies it would be interesting to apply the methodology developed in this work to the representative pluviometric series of the Cantabrian climate, knowing that there are no series with historical data covering as long a period as that of Igeldo.
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Figure 1. Location of the Igeldo weather station (Gipuzkoa). 
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Figure 2. Conceptual map of the process followed for the analysis of trends of the different series considered. 
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Figure 3. Representation of the different series of maximum annual precipitation intensities. 






Figure 3. Representation of the different series of maximum annual precipitation intensities.



[image: Water 15 01529 g003]







[image: Water 15 01529 g004 550] 





Figure 4. Representation of the trends according to Mann–Kendall and the breaking points estimated with the Pettitt test for all the maximum precipitation intensities in the winter season. In the graphs for each duration, the Mann-Kendall trends (up) are plotted with the value of the Senn slope (β). The Pettit test plots (down) show the change point and the precipitation averages for each period. 
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Figure 5. Representation of the series of the 12 climate change indices established by ETCCDI and described in Table 2. 
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Figure 6. Representation of seasonal precipitation series with regression lines. 
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Figure 7. Graphical representation of Wet-Day Frequency Index (WDF), Annual-Day Gini index (ADG), and Wet-Day Gini index series (WDG), with the equations of regression lines. 
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Figure 8. Annual precipitation with the values of the average annual precipitation for each of the Climatological Normals. 
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Figure 9. Mean annual precipitation in the period 1931–2018 and mean annual mean values for each of the possible periods of Climatological Normals from 1931–1960 to 1991–2018. 
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Figure 10. Representation of the seasonal and annual values of the RAI with the equations of regression lines. 
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Table 1. Parameters associated with maximum rainfall intensities.






Table 1. Parameters associated with maximum rainfall intensities.





	Index
	Unit
	Description





	Pan10m; Psn10m; Pms10m
	mm
	annual, seasonal, and monthly maximum precipitation in 10 min



	Pan30m; Psn20m; Pms20m
	mm
	annual, seasonal, and monthly maximum precipitation in 30 min



	Pan1h; Psn1h; Pms1h
	mm
	annual, seasonal, and monthly maximum precipitation in 1 h



	Pan2h; Psn2h; Pms2h
	mm
	annual, seasonal, and monthly maximum precipitation in 2 h



	Pan4h; Psn4h; Pms4h
	mm
	annual, seasonal, and monthly maximum precipitation in 4 h



	Pan6h; Psn6h; Pms6h
	mm
	annual, seasonal, and monthly maximum precipitation in 6 h



	Pan12h; Psn12h; Pms12h
	mm
	annual, seasonal, and monthly maximum precipitation in 12 h



	Pan24h; Psn24h; Pms24h
	mm
	annual, seasonal, and monthly maximum precipitation in 24 h
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Table 2. Characteristic indices of the rainfall regime, recommended by ETCCDI.






Table 2. Characteristic indices of the rainfall regime, recommended by ETCCDI.





	Index
	Description
	Unit
	Definition





	PRECPTOT
	Annual precipitation amount
	mm
	Pan 1 in wet days 2



	R90p
	Wet days precipitation
	mm
	Pan 1 when Pd 3 > 90th percentile



	R95p
	Very wet days precipitation
	mm
	Pan 1 when Pd 3 > 95th percentile



	R99p
	Extremely wet days precipitation
	mm
	Pan 1 when Pd 3 > 99th percentile



	SDII
	Simple daily intensity index
	mm/day
	mean precipitation on a wet day 2 (Pan/WD)



	Rx1d
	Maximum 1-day precipitation
	mm
	annual maximum 1-day rainfall



	Rx5d
	Maximum 5-day precipitation
	mm
	annual maximum consecutive 5-day rainfall



	WD
	Wet days 2
	days
	number of days a year with Pd 3 ≥ 1 mm



	CWD
	Maximum number of consecutive wet days 2
	days
	maximum number of consecutive wet days 2



	CDD
	Maximum number of consecutive dry days 4
	days
	maximum number of consecutive dry days 4



	R10
	Moderate precipitation days
	days
	number of days per year with Pd 3 ≥ 10 mm



	R20
	Heavy precipitation days
	days
	number of days per year with Pd 3 ≥ 20 mm







1 Pan: annual precipitation in wet days; 2 wet day: day with Pd ≥ 1 mm; 3 Pd: daily precipitation; 4 dry day: day with Pd ≤ 1 mm.
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Table 3. Values of the Mann–Kendall and Spearman statistics for all the maximum seasonal precipitation intensities.
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Autumn

	
Winter

	
Spring

	
Summer




	
MK

	
Sp

	
MK

	
Sp

	
MK

	
Sp

	
MK

	
Sp




	
Z 1

	
S.s. 2

	
ts 3

	
Z 1

	
S.s. 2

	
ts 3

	
Z 1

	
S.s. 2

	
ts 3

	
Z 1

	
S.s. 2

	
ts 3






	
Pmax 10 min

	
0.400

	
0.04

	
0.435

	
2.743

	
0.12

	
2.854

	
1.359

	
0.16

	
1.369

	
1.521

	
0.20

	
1.486




	
Pmax 20 min

	
0.757

	
−0.11

	
−0.763

	
3.472

	
0.22

	
3.607

	
0.981

	
0.15

	
1.078

	
1.135

	
0.21

	
1.078




	
Pmax 30 min

	
1.037

	
−0.20

	
−0.991

	
3.365

	
0.27

	
3.514

	
0.818

	
0.14

	
0.843

	
1.298

	
0.30

	
1.353




	
Pmax 1 h

	
1.414

	
−0.38

	
−1.330

	
3.640

	
0.42

	
3.865

	
0.162

	
0.04

	
0.231

	
0.656

	
0.20

	
0.635




	
Pmax 2 h

	
1.141

	
−0.37

	
−1.119

	
3.591

	
0.53

	
3.662

	
0.339

	
0.11

	
0.362

	
0.800

	
0.31

	
0.838




	
Pmax 4 h

	
1.025

	
−0.50

	
−1.076

	
3.148

	
0.55

	
3.295

	
0.040

	
−0.02

	
−0.074

	
1.096

	
0.64

	
1.091




	
Pmax 6 h

	
0.364

	
−0.20

	
−0.468

	
2.800

	
0.66

	
2.936

	
0.014

	
0.00

	
−0.056

	
0.951

	
0.57

	
0.969




	
Pmax 12 h

	
0.108

	
0.12

	
0.023

	
3.601

	
1.37

	
3.664

	
0.123

	
−0.04

	
−0.142

	
0.519

	
0.44

	
0.568




	
Pmax 24 h

	
1.317

	
1.23

	
1.331

	
3.278

	
1.84

	
3.477

	
0.656

	
0.56

	
0.613

	
0.184

	
0.15

	
0.247








1 Mann–Kendall (MK) statistic, Z; 2 Sen’s slope, S.s., (mm/decade); Zcr = 1.9604 for significance level α = 0.05; 3 Spearman (Sp) statistic, ts; −1.9876 < ts < 1.9876; tv,α/2 < ts < tv, 1 − α/2 (v= N − 2 degrees of freedom and α = 0.05).
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Table 4. References on precipitation trends over the last 20 years in the Mediterranean, Europe, and North America.
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References

	
Number of Years

	
Record. Int. (*)

	
Study Region






	
[67] Tamm et al. (2023)

	
70 but fractioned

	
20 min.

	
Estonia




	
[68] Todaro et al. (2022)

	
1976–2005

	
30

	
daily

	
Mediterranean




	
[69] Kastridis et al. (2022)

	
1961–2020

	
60

	
daily

	
Central Greece




	
[70] Mersin et al. (2022)

	
1973–2020

	
48

	
annual

	
Turkey




	
[71] Oruc and Yalcin (2021)

	
1950–2008

	
59

	
hourly

	
Turkey




	
[72] Bartels et al.2020

	
1951–2015

	
65

	
daily

	
United States




	
[73] Miró et al. (2018)

	
1955–2016

	
62

	
daily

	
Spain (east)




	
[74] Serrano-Notivoli et al. (2018)

	
1950–2012

	
63

	
daily

	
Spain




	
[75] Cooley and Chang (2017)

	
From 10 to 16

	
hourly

	
U.S. (Oregon)




	
[76] Gajić-Čapka et al. (2015)

	
1961–2010

	
50

	
daily

	
Croatia




	
[77] Liuzzo and Freni (2015)

	
1950–2008

	
59

	
hourly

	
Italy (Sicily)




	
[78] Bartolini et al. (2014)

	
1955–2007

	
53

	
daily

	
Italy (Tuscany)




	
[79] van den Besselaar et al. (2013)

	
1951–2010

	
60

	
daily

	
Europe




	
[80] Arnone et al. (2013)

	
From 9 to 63

	
hourly

	
Italy (Sicily)




	
[81] Todeschinia (2012)

	
From 93 to 166

	
daily

	
Italy (Lombardia)




	
[82] Martinez et al. (2012)

	
1895–2009

	
115

	
monthly

	
U.S. (Florida)




	
[83] Homar et al. (2010)

	
1951–2006

	
56

	
daily

	
Spain (Balearic Is.)




	
[84] de Lima et al. 2010

	
From 88 to 145

	
monthly

	
Portugal




	
[85] Ruiz et al. (2010)

	
1960–2006

	
46

	
daily

	
Spain (Andalusia)




	
[86] Bonaccorso et al. (2005)

	
at least 50 years

	
hourly

	
Italy (Sicily)




	
[87] Klein Tank et al. (2003)

	
1946–1999

	
54

	
daily

	
Europe




	
[88] Adamowski and Bougadis (2003)

	
at least 20 years

	
5 min.

	
Canada (Ontario)




	
[89] Rodrigo and Trigo (2002)

	
1951–2002

	
52

	
daily

	
Iberian Peninsula








(*) minimum precipitation interval analysed.
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Climate Normals using 30-year periods
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