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Abstract

:

This paper describes the long-term grid-point rainfall trends in the context of climate change, recent regionalised rainfall decline and drought events for mainland Portugal, which is teleconnected, in most cases, to the trends of mathematical descriptions of the North Atlantic Oscillation (NAO) during the century from October 1919 to September 2019. Grid-point rainfall dataset (1919–2019, from 126 centroids in a regular mesh over the country) have been constructed from high-quality ground-based data and as such, it provides a reliable source for the analysis of rainfall trends at different timescales: October–December, January–March, December–March, and the hydrological year. The Mann–Kendall (MK) coupled with Sen’s slope estimator test are applied to quantify the trends. The Sequential Mann–Kendall (SQMK) analysis is implemented to obtain the fluctuation of the progressive trends along the studied 100-year period. Because of their pivotal role in linking and synchronising climate variability, teleconnections to the North Atlantic Ocean are also explored to explain the rainfall trends over the Portuguese continuum. The results provide a solid basis to explain the climate change effects on the Portuguese rainfall based on significant associations with strong negative correlations between changes in rainfall and in NAO indices. These strong opposing correlations are displayed in most of the winter seasons and in the year. After the late 1960s, a generalised rainfall decrease emerges against a background of significant upward trends of the NAO; such coupled behaviour has persisted for decades. Regionalised droughts at three identified climatic regions, based on factor analysis and Standardised Precipitation Index (SPI), are also discussed, concluding that the frequency of severe droughts may increase again, accompanied by a stronger influence of the recently more positive and unusual winter season and annual NAO indices.
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1. Introduction


Long-term changes in rainfall have a strong effect on water security, surface runoff, soil water content, replenishment of groundwater supply, hydropower generation, agriculture production, and eventually the economic development of a territory [1]. Thus, the evaluation of rainfall trends is vital for inspecting the impact of climate change on water resources for its planning and management. In this case, the climate change denotes changes in the totality of attributes that define climate, and involves changes in sea surface and continental temperature, rainfall patterns, winds, ocean currents, and other measures of Earth’s climate that are clearly related to global warming [2]. Of particular concern is the possibility that global warming causes the hydrologic cycle to change, resulting, for instance, in fluctuations from intensification to deintensification, and vice versa, of important and previously well-defined water cycle variables, such as temperature and rainfall [3]. Whereas worldwide temperature displays a clear upward trend—e.g., Rahmstorf et al. [4]—no seasonally or annually consistent trend exists for global rainfall. Furthermore, it is acknowledged that global warming increases the risk of drought in several ways, making droughts more frequent, severe, and persistent. In accordance with the Intergovernmental Panel on the Climate Change (IPCC) Fourth Assessment Report [5] and all succeeding reports, the average temperature at the Earth’s surface rises, more evaporation occurs, which, in turn, increases overall precipitation. Therefore, a warming climate is expected to increase rainfall in many areas, but factors such as shifting wind patterns and changes in the ocean currents that drive the world’s climate system will also cause some areas to experience decreased rainfall as often pointed out for some regions of southern Europe. Herein, this work addresses (i) rainfall trends, which are assumed to be closely associated with atmospheric circulation patterns, i.e., (ii) links with teleconnection patterns, and (iii) areal extent or regionalised occurrences of drought. The study area is mainland Portugal (with an area of 89,015 km   2  ), located in the western part of the Iberian Peninsula, which is also the south westernmost part of Europe, facing the North Atlantic Ocean (Figure 1).



The statistical analysis of seasonal and annual rainfall data for Portugal is still relevant for climate modelling [6], particularly because such timescales may conceal highly different spatial rainfall regimes and trends. Portugal is characterised by a Mediterranean climate with warm and dry summers and mild cool and wet winters. The major natural factors that largely determine the Portuguese climate are the latitude, the sharp hilly terrain, ranging from 0–1993 m above sea level, and the weak ocean current that flows south along the coast of the country [7]. The within-the-year and year-to-year rainfall variability can change the fresh water budget (from excess to deficit) of any given season or year, mainly for the southern and north-eastern regions of Portugal where such variability is more pronounced. The unpredictability of the rainfall regime and the intermittent data acquisition by the rain gauge network, in some cases, lead to considerable repercussions on all the studies related to surface water availability and quality. Furthermore, the importance of rainfall changes in Portugal (e.g., periods of drier-than-normal conditions) linked to recurring and persistent, large-scale patterns of pressure and circulation anomalies have not been matched by sufficient scientific attention.



Most papers published in the last two decades dealing with rainfall trends over mainland Portugal are limited to certain areas or regions within the country with a sparse rain gauges’ network—but more notably, they have a relatively short time-series. For instance, the analyses by Costa and Soares [8] provide a qualitative classification of 106 daily rainfall series from stations located in southern Portugal and evaluate trends and other temporal rainfall patterns from 1955–1999. Santos and Fragoso [9] focus on the spatial and temporal variability of precipitation indices in northern Portugal from 1950–2000 using 39 meteorological stations, detecting negative or downward rainfall trends at winter (from October to March) and hydrological year (from October to September) timescales. The study by Da Silva et al. [10] is focused on trends in annual rainfall at a regional scale for a southern Portuguese catchment over 40 years from 1960–2000, finding significant rainfall reduction in the basin. Nunes and Lourenço [11] study the spatial variability and trends in monthly and annual rainfall based on rainfall series data from 42 stations during the period 1960–2011, relating the estimated trends to geographic variables to check for dependencies and spatial patterns in rainfall distribution. Santos et al. [12] analyse trends in selected rainfall indices on a seasonal basis from 1950–2003. The authors’ results revealed statistically significant negative trends in the months of March, April, and May mainly in northern and central Portugal, while weak positive or upward trends were detected from September through November. The rain gauges’ density and data series length limits the previous works on trends, in general. Despite this limitation, the authors recognise the heterogeneous and very complex spatial patterns of rainfall in Portugal. Contrastingly, Portela et al. [13,14] address long-term rainfall trends, their temporal variability and uncertainty over Portugal, using monthly, seasonal and annual rainfall series spanning from 1913–2019 at 532 rain gauges. Their findings support the hypothesis that the contrast between a less wet north, yet still wet, and an arid south is becoming much more marked. Although, the research of Portela et al. [13] represents the most comprehensive work on Portuguese rainfall trends to date (with a high number of stations covering a long time span), a connection to the large-scale atmospheric pressure see-saw in the North Atlantic region, i.e., the North Atlantic Oscillation (NAO) has been unconsidered.



The NAO is one of the most well-known teleconnection patterns [15] and generally refers to the basin-wide, meridional dipole pattern of sea-level pressure variability in the extratropical Atlantic. The NAO corresponds to the most important large-scale mode of atmospheric circulation in the winter season over the entire Northern Hemisphere. The connection between several climate variables, such as rainfall over Europe and the NAO, is widely recognised—e.g., Rousi et al. [16]. Rainfall in Portugal is somewhat shaped by many atmospheric circulation mechanisms, displaying a close relationship with the variability of the NAO. For instance, Santos et al. [17] established a solid connection between winter rainfall over Portugal (using three gridded monthly rainfall locations) and five weather regimes including the NAO; Trigo et al. [18] assessed the impact of NAO on winter rainfall and landslide events, but was limited to five sample areas in Lisbon District. These studies have pointed out the strong NAO influence upon the rainfall temporal variability in Portugal, mainly as regards to winter rainfall (from October–March), which dominates the rainfall regime of the country.



The above mentioned observations, and the uncertainty over the future NAO behaviour under a warming climate [16], motivated this study on climate variable trends, specifically of rainfall and the NAO teleconnection pattern. Within this framework, the present study aims at better understanding the climate system in Portugal during the century from 1919–2019 by (i) revisiting rainfall trends, at different timescales (e.g., quarterly, seasonal and annual) based on over a hundred grid-point rainfall data evenly distributed all over the country, and by (ii) establishing links between trends of these representative rainfall series and teleconnection patterns—i.e., climate variability links between non-contiguous geographic regions [19]. Via robust and commonly used techniques in detecting trends of variables in climatology and hydrology fields, the main objective of this research work is to examine fluctuations of trend and change detection of rainfall and North Atlantic Oscillation index (NAOI) time-series along with their likely relationship. Such a relationship or teleconnection is established under the assumption that fluctuations in the NAO have a strong effect on rainfall changes [20,21].



The paper is organised as follows: Section 2 describes the database and the methodology used in this study. The data used are (i) 126 grid-point rainfall series over a regular mesh, representing a subset of the aforementioned 532 rain gauges, and (ii) different NAOI series, both variables from 1919–2019. Section 3 demonstrates the results obtained, with particular emphasis on the teleconnection between the rainfall trends and NAOI trends from the extensively studied winter period from December through March. In Section 4, the main results are discussed, including an additional analysis of regionalised moderate and severe droughts for Portugal to elaborate on the achieved findings; the conclusions and perspectives of future work are presented in Section 5.




2. Material and Models


2.1. Grid-Point Rainfall and North Atlantic Oscillation Index Data Set


For addressing rainfall trends in Portugal and their teleconnection to a fluctuation of atmospheric pressure over the North Atlantic Ocean, this study combines (i) grid-point rainfall series with (ii) NAO indices (NAOI), i.e., NAO definitions based on the difference of normalised sea level pressure (SLP) between Lisbon, Portugal and Reykjavik, Iceland [22]. Point-scale rainfall data are gridded to create a regional dataset, which in turn, emulates different gridded products for climate monitoring—e.g., E-OBS for Europe [23], and APHRODITE for Asia [24]. Thus, grid-point rainfall series are constructed from previously published point-scale rainfall data carefully curated from 532 rain gauges in Portugal, Figure 1a [13]. One of the advantages of using gridded rainfall is that areal coverage of rainfall at a given location can be expeditiously estimated [25], which also simplifies the analysis of the envisaged spatial correlation between rainfall and climatic drivers. The analysed period covers 100 hydrological years, that is, from October 1919 to September 2019. The rainfall timescales considered are: the two quarters with higher input to annual rainfall in Portugal, namely, from (a) October–December (OND), and (b) January–March (JFM), representing almost 75% of the annual rainfall [14]; the period from (c) December–March (DJFM); and (d) the hydrological year (ANN) which, in Portugal, runs from October of a given year to September of the next one. The NAOI timescales coupled with the previous rainfall timescales are: nOND (October–December), nJFM (January–March), nDJFM (December–March), and nANN (October–September). The quarterly, DJFM and ANN rainfalls were aggregated from monthly values, where the NAOI realisations are directly retrieved from Hurrell and NCAR [22]. From the year 1919 to 2019, 126 complete grid-point rainfall series and one NAOI series per timescale, with 100 random values each, are implemented.
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Figure 1. Schematic location of (a) the 532 rain gauges, i.e., original rainfall series—from Portela et al. [13]—and (b) the constructed mesh with the 126 centroids used for the rainfall trend analysis and teleconnection. Centroids’ coordinate referencing system: WGSM84, UTM zone 29 N; for instance, in metres C1 (527908 and 4652269) and F20 (617908 and 4082269). 
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The grid-point rainfall series were based on the Inverse Distance to a Power gridding method with an exponent of two, IDW2 [26], applied to monthly data from the 532 rain gauges aforementioned. This popular interpolation method has been used in many environmental applications—, e.g., Stahl et al. [27], Tveito et al. [28]. The grid cell size of   30 × 30   km (Figure 1b) was set based on the typical grid lengths implemented by the World Meteorological Organization (WMO) for numerical weather prediction (NWP) systems [29]. That being said, the Portuguese continuum was divided into a 200-cell grid, but selecting only those within the country, i.e., 126 cells. Centroids were assigned to each of the selected cells (red triangles in Figure 1b) representing the location of the grid-point rainfall series and the core of the analyses. This involved allocating monthly rainfalls to such centroids from the set of 532 rain gauges (green bullets in Figure 1a). For a given month of a given year, the rainfall at each grid point was the distance-weighted rainfall, with the IDW2 method, of the rainfalls in the same date at m surrounding rain gauges. Then, the 532 rain gauges were ranked by increasing distance to each grid point. The criteria to select m considered that the average weight for the set of 126 centroids of the mth closest rain gauges should not exceed approx. 0.5%. Such criteria resulted in   m = 35   closest rain gauges. This reconstruction process allowed completing 126 grid-point rainfall series of monthly data for the reference period from 1919–2019.




2.2. Monotonic and Sequential Trend Models


The main models utilised in this study for statistical analysis are mostly implemented in R (https://cran.r-project.org/; accessed on 10 December 2021). For each considered rainfall and NAOI timescale, the series constructed and retrieved, respectively, were assumed to have no autocorrelation. Given that each series is built upon 100 values, one value per hydrological year, randomness is ensured. Thus, the well-known rank-based nonparametric Mann–Kendall (MK) test [30] coupled with Sen’s slope estimator test [31] were applied to the grid-point rainfall series of the 126 centroids to determine rainfall variability and long-term monotonic trends at the timescales previously mentioned (OND, JFM, DJFM and ANN). A positive (negative) Sen’s slope estimate can be translated into a monotonic upward (downward) trend, which means that the variable consistently increases (decreases) through time.



The main model used for the teleconnection of rainfall changes and the NAO was the sequential Mann–Kendall (SQMK) test statistic [32]. This model allowed the estimation of the qualitative change and fluctuation over time in the trend of the NAOI series and of the grid-point rainfall series at the same timescales for trend estimation. In general, the SQMK test allows the detection of the approximate beginning of a developing trend on time-series   X i  . The SQMK test is computed using ranked values of the original values in analysis   (  x 1  ,  x 2  ,  x 3  , … ,  x n  )  . The test statistic sets up a standardised series, a progressive-trend series,   u ( t )  , which is expected to fluctuate around zero. The following steps were applied to calculate the   u ( t )   series:




	
The values of the original series   X i   were replaced by their ranks   r i  , arranged in ascending order.



	
The magnitudes of   r i  ,   ( i = 1 , 2 , … , n )  , were compared with   r j  ,   ( j = 1 , 2 , … , i − 1 )  , and at each of the comparisons, the number of cases    r i  >  r j    were counted and denoted by   n i  .



	
A statistic   t i   was defined as follows:


   t i  =  ∑  k = 1  i   n k   



(1)







	
The mean and variance of the test statistic were computed as:


  E  (  t i  )  =   i ( i − 1 )  4   and  Var  (  t i  )  =   i ( i − 1 ) ( 2 i + 5 )  72   



(2)







	
The sequential values of the statistic u(  t i  ) were then calculated as:


  u  (  t i  )  =   [  t i  − E  (  t i  )  ]    Var (  t i  )     



(3)












Likewise, a retrograde-trend series, u’  ( t )  , can be calculated backward, but in this application, only the series   u ( t )   were considered for rainfall-NAO teleconnection—by means of the Pearson correlation coefficient, r [33].





3. Results


3.1. Spatial Distribution of the Grid-Point Rainfall and Their Trends


Before applying the MK and the Sen’s slope estimator tests, a characterisation of the quarterly, DJFM and annual, ANN, rainfall was done over Portugal based on the grid-point rainfall data (1919–2019) at the regular mesh with 126 centroids used in the study (left panel of each combo in Figure 2). This characterisation was performed to couple it with the estimated trends, and thus to have indicators for monitoring climate change based merely on rainfall. According to the rainfall distribution maps, there is considerable climatic variability from north to south, the north-western region being wetter than the dry southeast. The average gridded rainfall in Portugal during the 100-year period varies from 186 to 773 mm in OND, 156 to 834 mm in JFM, 223 to 1156 mm in DJFM and 447 to 2208 mm in the hydrological year, ANN. The spatially weighted rainfall averages are: 322 mm in OND, 310 mm in JFM, 432 mm in DJFM and 854 in ANN. The sum of the two considered quarters (OND and JFM) represent 74% of ANN.



Likewise, the estimates from the Sen’s slope estimator are also mapped (right side of each combo in Figure 2), regardless their statistical significance. The gridded rainfall trends range in mm per year from,   − 4.0   to 0.2 in OND;   − 5.3   to   − 0.4   in JFM;   − 7.2   to   − 0.5   in DJFM; and   − 12.6   to   − 0.4   for ANN. The latter shows that the trends have a generalised downward behaviour more markedly in the north-west where the rainfall totals are much higher. Moreover, the rainfall characterisation and trend patterns of Figure 2 totally agree with those in Portela et al. [14], although such study makes use of point-scale data (532-point data) and considered a slightly longer time span, from 1913–2019, with a subperiod particularly wetter.




3.2. Sequential Observed Trends in Rainfall and in the North Atlantic Oscillation


The previous rainfall trend values have been determined from a straight linear fit to the data, but the rainfall changes may have been irregular during the analysed 100-year period (1919–2019). For instance, a calculated trend could be due to a relatively abrupt step change, with the remainder of the series being fairly flat. Thus, the sequential Mann–Kendall (SQMK) test was applied to the grid-point rainfall series, but also to the NAOI series, to examine the sequential trend values and to determine the behaviour in detail of the trend lines, i.e., the mix of upward (positive) and downwards (negative) trends that may be present in analysed time-series. To see how the trends fluctuated at the quarterly, December–March, and annual timescales; the graphing of the SQMK results is presented in Figure 3, for rainfall, and in Figure 4, for NAOI.



As shown in Figure 2 (right side of each combo), all locations are experiencing rainfall downward trends regardless of the timescale (except for a tiny southern stripe in OND). However, by adding the SQMK graphs (Figure 3), it is found that the grid-point rainfall series actually denote discontinuous periods of upward and downward trends—based on the positive and negative values of   u ( t )  , respectively. For the 126 centroids, Figure 3 shows harmonious trend lines with differences within their development depending on the considered timescale. The trends for the 126 OND rainfall series (Figure 3a), are negative from 1919 through 1960 followed by 50 years of generalised upward trends and ending with an abrupt change to negative values from 2010 onwards. For the second quarter, JFM (Figure 3b), the trends denote a positive behaviour from the start of the beginning of the reference period until the late 1960s, and rapidly changed to sustained negative values for the remaining years. The same behaviour of the trends is present in the 4-month timescale, DJFM (Figure 3c). Regarding the ANN series (Figure 3d), the trends seem to have a fuzzy performance with positive and negative   u ( t )   values alternating from 1919 until the early 1970s; up from this point, the trends show a gradually downward behaviour, although it is much more steep from the year 2010 on. Based on these, the importance is placed at the period from 1960–1970, as most of the rainfall trends appear to start having more variability around that time, as evidenced by other studies—e.g., Baines and Folland [34].



Additionally, regarding the progressive   u ( t )   of the NAOI series, the most important changes of the trends occur during the same identified period for the rainfall series (ca. around 1960 and 1970). For instance, the trends in nOND (Figure 4a) are weak and intermittent during the first few years. Nevertheless, from the 1960 on, the nOND trends are negative, relatively stronger and sustained. In contrast, the nJFM series denotes negative values with a flat response from the year 1919 until 1968 (Figure 4b). Up from 1968 onwards, the   u ( t )   shows rapidly increasing positive values. A remarkable feature of the nDJFM NAOI is its trend towards a more positive phase over the past 50 years (Figure 4c). The same feature is present in the nANN NAOI trends (Figure 4d) with a steady upward direction from the early 1970s on. In addition, visual inspection of Figure 3 and Figure 4 suggests a similar position of breaking points or changes of trends in the behaviour in the rainfall and NAO. This illustrates that when analysing trends in a dataset, not only should the MK value and Sen’s slope be considered, but also their sequential MK values for a better understanding of the trends’ development.




3.3. Teleconnection between the Grid-Point Rainfall Trends and the NAOI Trends


As mentioned in Section 1, this paper focuses on the influences of the North Atlantic Oscillation (NAO, the large-scale atmospheric pressure see-saw in the North Atlantic region) on rainfall in mainland Portugal at different standard meteorological timescales. Besides the annual timescale, the focus is the wintertime (e.g., the period from December to March of next year) as it has been recognised that the influence of the oceanic and atmospheric patterns is more significant during the boreal winter [35]. Overall, the results in the previous subsection show that (i) the rainfall distribution in Portugal is spatially uneven, with more quantities in the north and less in the south, but with harmonic trends despite the estimated rainfall differences, and that (ii) the progressive-trend graphs of the two variables considered (grided rainfall and NAOI) tend to move in opposite directions, at least visually checking. Thus, the Pearson correlation coefficient, r, was applied to describe a pattern or relationship for teleconnection between the trends of the coupled values of the rainfall and NAOI at a same timescale, notwithstanding their statistical significance. The correlations, r, between the progressive-trend series of Figure 3 and Figure 4, respectively, are mapped in Figure 5. Note that, from the Fisher Z-Transformation [36] for a 100 sample size and significance level   α = 0.05  , r is significant when   − 0.2 >   r   > + 0.2  .



According to Figure 5a, rainfall-NAO correlations for the first quarter (OND-nOND) range from   r = − 0.80   to   r = 0.61  , denoting a contrasting distribution with more positive correlations in the north neutralising the negative ones in the southern coast (average correlation of   − 0.10  ). Regarding the second quarter (JFM-nJFM), correlations are stronger, ranging from   r = − 0.94   to   r = − 0.52  , and on average of   − 0.85   (Figure 5b). Note that the trends in JFM are more marked compared to those in OND (as shown on right panes of Figure 2). This clearly indicates a coherent relationship between rainfall changes in Portugal and the NAO signal. Such a pattern is still negatively strong over the country for the period from December through March (DJFM-nDJFM in Figure 5c), with correlation values ranging from   r = − 0.90   to   r = − 0.48   (  − 0.80   on average). Regarding the hydrological year (ANN-nANN in Figure 5d), the negative sign of correlation (from   r = − 0.88   to   r = − 0.04  ;   − 0.66   on average) shows a very similar dipole-type pattern of the NAO influence on rainfall changes. These results reveal that this influence has a much larger extent during wintertime and that the atmospheric circulations over the North Atlantic can be considered as a major driver for rainfall across Portugal in JFM, DJFM and, to a lesser extent, in ANN.



The establishment of the aforementioned relationships (Figure 5), motivated the feasibility of developing seasonal and annual prediction of rainfall trends based on preceding seasons of the NAO. The addition of preceding NAO seasons may provide information for the better understanding of rainfall variability and for skilful seasonal prediction. Actually, owing to a strong seasonal cycle of the stability at the base of the oceanic mixed layer, any irregularity in SLP can persist below the mixed-layer and influence rainfall in the following seasons [37]. Analogously, the delayed influence or persistence, in some cases, of the NAO indices trends on rainfall trends of the coming or longer seasons, is assessed. Thus, (i) two winter NAOI series, namely, the already used nDJFM, and the one resulting from the inclusion of the quarterly index from December–February (nDJF); coupled with (ii) three rainfall timescales (JFM, DJFM, and ANN) are considered, as shown in Figure 6.



According to Figure 6a, the nDJF has a solid footprint on the following one-month lagged rainfall season, i.e., JFM with a correlation on average of   − 0.85  , ranging from   r = − 0.91   to   r = − 0.68  . Figure 6b shows that nDJF has a persistent effect on the four-month rainfall timescale DJFM with   r = − 0.83   on average (ranging from   r = − 0.92   to   r = − 0.58  ). Compared to the previous two rainfall timescales, the highly influenced area by nDJF decreases, but being still significant, on annual rainfall (Figure 6c) with a correlation on average of   − 0.64   (ranging from   r = − 0.88   to   r = − 0.10  ). Similarly, nDJFM NAOI has an apparent controlling influence on annual rainfall (average correlation of   − 0.58  ), but with weaker values (in comparison to the nDFJ results) along the coast and in a tiny strip in southern Portugal with positive correlation (  r = 0.14  ), as shown in Figure 6d. In summary, the proposed bivariate teleconnections appear to act as a bridge to link the North Atlantic Ocean variability to the seasonal (particularly in winter) and annual rainfall in Portugal.





4. Discussion


In this paper, grid-point rainfall trends in Portugal during the 1919–2019 century are studied, as depicted in Figure 2. In general, the results are in agreement with the identified annual rainfall decrease, since the late 1960s, of up to 9.0 mm per year in some parts of southern Europe [38]. Different from recent research, where the influence of oceanic patterns are widely studied, such as El Niño Southern Oscillation (ENSO) [39,40,41], this research study focuses on the effect of the North Atlantic Oscillation (NAO). A teleconnection of mathematical definitions of NAO for observed regional rainfall changes in Portugal is proposed in this study. The bivariate teleconnection revealed the intrinsic correlations between trends of both NAO and rainfall at different timescales. To illustrate the possible influences of NAO trends on the rainfall, correlation maps were produced (Figure 5 and Figure 6). From the graphical correlation representation, it can be observed that the NAO climate patterns (e.g., seasonal and annual NAOI) have some negative, or inverse, correlation with rainfall trends all over Portugal, although they are negatively stronger in the short winter NAOI series (e.g., nDJF and nJFM).



4.1. Persistent Influence of the North Atlantic Oscillation on Rainfall Trends


Figure 6 displays the correlation between rainfall anomalies and the NAO. The strength of the correlation exhibits a marked spatiotemporal variability. The winter three-month (JFM), four-month (DJFM) and annual (ANN) rainfall trends in Portugal appear to be highly related to the NAO on average, meaning that sustained and more below-normal rainfall (translated into downward trends) may be expected, with a sustained increase of positive winter NAO (with upward trends). The latter could imply that a persistent positive (negative) phase of NAO in winter favours longer dry (wet) spells over the country. This could involve the slight bimodal rainfall distribution in Portugal with a first peak in early November and another one in late December. Moreover, rainfall from late April until mid-September contributes the least to annual rainfall as aforementioned, and thus, it has been kept out from this analysis. The rainfall anomalies in such a dry period are significantly less related to NAO (not shown), as expected, meaning that they can be subject to other large-scale pressure patterns—, such as the East Atlantic (EA) and Scandinavian (SCAND) patterns [42]—, in contrast to the wet period. This supports the idea that a short three-month winter NAO index (e.g., nDJF) is enough to give some hints of the lagged rainfall trends in Portugal.



In addition, rainfall-NAO lagged correlations or correlations on the following rainfall seasons (e.g., ANN-nDJF in Figure 6c), although with lower values, present an analogous structure of the simultaneous teleconnection results (e.g., ANN-nANN in Figure 5d). This is also in agreement with similar teleconnection studies. For instance, Luppichini et al. [43] investigate the link between NAO and rainfall trends (in a Mediterranean area) calculated by the Spearman’s correlation coefficient, claiming that the bivariate correlation is negative in winter and weakly positive during summer. Regarding mainland Portugal, as the study area in this work, de Lima et al. [44] analyse the relationships from 1941–2007 between the variability of the NAOI and several rainfall indices related to 57 stations, concluding that the decreasing trends observed in the rainfall indices appear to be related to the prevalence of the positive phase of the NAO. The latter patterns, obtained with point-scale rainfall data, are in consonance with the results here obtained. This evidences the opposing response of rainfall over Portugal to the NAO. Such opposing response is in agreement with Brandimarte et al. [45], suggesting that when the NAO index is well above normal (upward trend), the patterns for rainfall are more localised, with an increased chance of lower rainfall (downward trend) in Mediterranean Europe. Finally, the relationship between rainfall trends and NAO trends is consistent whether gridded or point-scale rainfall data are used, despite the inherent differences.




4.2. Regionalised Droughts in Portugal during 1919–2019


Taking advantage of the grid-point rainfall series (Figure 1b) and their trends (Figure 2 and Figure 3), an exploratory analysis on droughts was performed to detect how consistent the spatiotemporal rainfall trends are with droughts, assuming that decreasing rainfall trends determine more occurrences of drought [46]. Drought, as a natural phenomenon, is intrinsically part of Earth’s climate and occurs in all climatic zones with neither warning nor recognition of administrative borders or of political and economic differences. Drought can be perceived as sustained and regionally broad occurrences of below average natural water availability [47].



Prior to the drought analysis and having in mind the extensive spatial coverage of such a creeping phenomenon, empirical orthogonal functions were applied to the gridded rainfall to regionalise climatic conditions changes in Portugal. Empirical orthogonal functions, such as the principal component analysis (PCA) and principal factor analysis (PFA) have been widely applied in climate-related studies [48]. These techniques (known as the eigenvector analysis) were used to reduce the spatial and temporal gridded rainfall data to manageable, physically interpretable abstractions by expressing the variance of such sampled data field in a reduced number of the original 126 centroid dimensions. The eigenvector analysis, specifically factor analysis (FA), including both PCA and PFA, was applied to the 100-year annual grid-point rainfall data from 1919–2019 at the 126 centroids, i.e., to the matrix X    100 × 126   . Additionally, when analysing droughts based on spatiotemportal data only, it is necessary to identify regions or centroids, in this case, with similar temporal patterns and put them together in space [49]. Thus, a two-step process was applied based on the FA (i) to group the centroids, and then (ii) to spatially average the gridded rainfall series of the centroids in the identified homogeneous region. The first two unrotated principal components suggested non-random signals when the scree test [50] was applied to the eigenvalue series (not shown here). The number of principal components was two, explaining 91.9% of the total variance of the original problem. This helped to obtain the factor loadings, in this application, with two factors retained (Factor 1, F1 and Factor 2, F2; explaining 47.1% and 44.8% of total variance, respectively), using Varimax raw for factor rotation, and PCA as an extraction method [51]—the retention of more factors was also tested but is meaningless in this application due to a probable overfactoring.



The mapping of factor loadings was conducted to classify the climatological patterns [52]. The homogeneous regions were delimited based on the rotated factor loadings of centroids with correlations higher than   + 0.60   (Figure 7a,b). The overlap of the factor loading mapping enabled the annual gridded rainfall field to be divided into coherent homogeneous regions (Figure 7c). This clearly discriminates mainland Portugal into distinctive climatic regions: north (with 54 centroids only related to F1), transition (including 20 centroids with factor loadings higher than   + 0.60   in both factors), and south (considering 52 centroids solely linked to F2). By performing the factor analysis, a mature climatic regionalisation has been established in terms of annual gridded rainfall encompassing all the 126 centroids. This clustering of centroids was followed by the spatial average of the grid-point rainfall series, at different timescales (e.g., monthly and annual), for each of the three identified homogeneous regions. By way of example of the regionalised grid-point rainfall series, Figure 8 presents the annual rainfall values from 1919–2019 in the north, transition and south. Accordingly, the southern homogeneous region is the driest region with an average over the 100-year studied period of 591.1 mm. The equivalent value for the north is 1119.7 mm (the wettest region) whereas for the transition homogeneous region, it is 822.9 mm—note that for the same century, the weighted annual rainfall average is 854.0 mm, as previously mentioned.



To detect the drought in Portugal during the century studied, the standardised precipitation index (SPI), developed by McKee et al. [53], was used. The SPI, as it is defined, was applied only to the regionalised monthly gridded rainfalls (north, transition, and south—Figure 7c) to assess two different drought types and timescales, namely: (i) moderate and severe droughts for (ii) 6-month and 12-month SPI, i.e., SPI6 and SPI12, with a smoothing factor, M, of 5 and 6, respectively [54]. The drought categories adopted were those of Agnew [55]. Shorter durations of SPI were not considered, since they are usually linked to water deficits and to the short-term change drought characteristics [56]. As the timescale increases, the response of SPI6 and SPI12 to short-term rainfall decelerates, resulting in more stable and well-defined droughts. Both the SPI6 and SPI12 better reflect long-term changes in the drought of river runoff, groundwater level and reservoir water storage capacity, for instance.



The analysis of the changes in the frequency of occurrence of the periods under drought conditions was addressed by applying a kernel occurrence rate estimator (KORE), according to the stepwise approach applied by Silva et al. [57], Silva [58], including the generation of pseudodata outside of the observation interval, by the straightforward method of reflection for an amplitude of three times the bandwidth. The KORE was applied to the times of occurrence of the periods under drought conditions from 1919–2019, i.e., to the temporal positions of SPI6 (1191 monthly positions) and SPI12 (1184 monthly positions) lower than the drought thresholds    u  m o   = − 0.84   and    u  s e   = − 1.28  , for moderate and severe droughts [55], respectively; and thus, to calculate the annual frequency of the periods under drought conditions,   λ ( t )  , for the northern, transitional and southern climatic regions (Figure 9, Figure 10 and Figure 11).



The confidence bands around   λ ( t )  , related to the uncertainties from the frequency analysis, were constructed based on bootstrap resampling [59,60], as described in Silva et al. [57]. The red line in Figure 9, Figure 10 and Figure 11 shows that the frequency of periods under drought conditions is somewhat similar among the three homogeneous regions, with more occurrences in recent years exhibiting significant inter-annual variability. In general, there is an increase for moderate droughts (Figure 9a, Figure 10a, and Figure 11a), for any SPI timescale, with   λ ( t )   from 2 to 10 periods under drought conditions per year, from 2000 onward. Almost the same behaviour is reflected for the severe droughts (Figure 9b, Figure 10b, and Figure 11b), but with a more rapid and prominent frequency increase around the years 2010–2011. Both drought types should have been driven by rainfall deficits.



From the regionalised rainfall series in Figure 8, it can be said that the 100 analysed hydrological years have experienced extensive rainfall deficiencies in Portugal. For instance, in the most recent 50 years, i.e., from 1969–2019, the number of years with below-average rainfall conditions in the homogeneous climatic regions are: 35 in the north, 33 in the transition, and 32 in the south, which in turn, represent more than 60% of the total occurrences for the 100-year period (1919–2019). In addition, this dry 50-year period has contributed to a long-term statistical decline in rainfall trends as shown by the negative rainfall trends of Figure 3. The failure of the wet season, in terms of downward trends or sustained below-average rainfall conditions, apparently has contributed to more intense and frequent drought occurrences in recent years. Despite the correlation between standardised precipitation indices (or drought trends) and teleconnection indices, not fully explored here, a comparison of the time dependent drought occurrence rates and of the progressive trend series of the NAOI (Figure 4) gives some insights about the NAO being a leading mode of climate variability influencing some of the drought events in Portugal. By visual inspection of Figure 4, Figure 9a, Figure 10a, and Figure 11a; the apparent increase of moderate droughts in the last 50 years seem to be linked to the upward trends in the nJFM, nDJFM, and nANN NAOI series, which in turn, is a period with dominance of positive NAOI. While the decline of severe drought—particularly for SPI12 (Figure 9b, Figure 10b, and Figure 11b)—after the year 2013 has suggested a return to less severe patterns for Portugal, the progressive seasonal and annual trends of both rainfall (DJFM and ANN in Figure 3) and NAO during and since this year suggest otherwise. Thus, severe drought frequency may increase again accompanied by a stronger influence of recently more positive and unusual winter season and annual NAO indices [61].





5. Conclusions and Future Work


This paper describes the long-term grid-point rainfall trends in the context of climate change, recent regionalised rainfall decline and drought events for mainland Portugal teleconnected, in most cases, to the trends of mathematical descriptions of the North Atlantic Oscillation during the century from 1919–2019. In summary, this study highlights the usefulness of the constructed grid-point rainfall data (Figure 1b), which has allowed for clearly detecting different atmospheric links’ patterns in the Portuguese continuum. While natural rainfall variability in Portugal is large, and intrinsically influenced by the NAO, based on the current research it seems likely that drying, or downward rainfall trends, across northwest and the most southern Portugal cannot be explained by changes in the NAO alone—see Figure 6. Therefore, the analysis of shifts in other atmospheric circulation patterns may improve the teleconnection analysis such as the East Atlantic (EA) pattern and the East Atlantic/West Russia pattern (EA/WR) [62,63].



Furthermore, the gridded rainfall series has also allowed the identification of climatic regions of Portugal in terms of rainfall. Based on the rainfall series of the three identified homogeneous or climatic regions (Figure 7 and Figure 8), the past two decades have observed the return of widespread rainfall deficits across the country, particularly in southern Portugal—which may be part of the recognised hot spot at the Iberian Peninsula southwest regions of the pattern “dry gets drier”, i.e., the DD paradigm [64]. The same behaviour is reflected in terms of increased moderate and severe droughts in the same decades (Figure 9, Figure 10 and Figure 11). In addition, given that rainfall influences the streamflow dynamics of many Portuguese regions [65], the more sudden and intensified rainfall decreases from the late 1960s may be accompanied by much larger reductions in streamflow, particularly in the north and south. This decrease emerges against a background of significant upward trends of the NAO—an irregular fluctuation of atmospheric pressure over the North Atlantic Ocean, with a strong effect on the rainfall regime over Portugal particularly during the wet or winter season. This unusual dominance of positive phases of the NAO has persisted for decades.



Finally, according to one of the latest issues by the IPCC [66], climate change is already affecting every inhabited regions across the globe, with human influence to many observed changes in climate extremes, rainfall and drought events. Thus, advances in the knowledge of climate processes (as the contribution of this research work for mainland Portugal) may, in turn, improve the estimates of the response of the surface Essential Climate Variables (ECV)—e.g., surface water vapour, pressure, temperature and rainfall [67]—to increasing radiative forcing in the potential future warming [68].
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Figure 2. Average rainfall and Sen’s slope estimates (right and left side of each combo, respectively) for Portugal, based on the grid-point rainfall, for the 100 hydrological year period from 1919–2019 (IDW2 interpolation method used for mapping). 
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Figure 3. Progressive-trend series u(t in grey scales, unitless, of the quarterly OND, JFM; four-monthly DJFM, and annual ANN grid-point rainfall series for Portugal (based on the 126 centroids of Figure 1b). 
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Figure 4. Progressive-trend series u(t, unitless, of the quarterly nOND, nJFM; four-monthly nDJFM, and annual nANN NAO indices, NAOI; station-based indices based on the difference of SLP between Lisbon, Portugal and Reykjavik, Iceland—based on the data from Hurrell and NCAR [22]. 






Figure 4. Progressive-trend series u(t, unitless, of the quarterly nOND, nJFM; four-monthly nDJFM, and annual nANN NAO indices, NAOI; station-based indices based on the difference of SLP between Lisbon, Portugal and Reykjavik, Iceland—based on the data from Hurrell and NCAR [22].



[image: Water 14 01863 g004]







[image: Water 14 01863 g005 550] 





Figure 5. Teleconnection between the grid-point rainfall trends and NAOI trends from 1919–2019. Spatial distribution of the Pearson correlation coefficient, r, between the progressive-trend series, u(t, of OND, JFM, DJFM and ANN rainfall; and nOND, nJFM, nDJFM and nANN NAOI, respectively (IDW2 interpolation method used for mapping). 
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Figure 6. Teleconnection between the grid-point rainfall trends and NAOI trends from 1919–2019. Spatial distribution of the Pearson correlation coefficient, r, between the progressive-trend series, u(t), of JFM-nDJF, DJFM-nDJF, ANN-nDJF, and ANN-nDJFM (IDW2 interpolation method used for mapping). 
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Figure 7. Factor loadings (correlation between observed variables and latent common factors) for the annual 126 gridded rainfall series (1919–2019) in (a) Factor 1 and (b) Factor 2. (c) Regionalisation of three identified climatic regions based on factor analysis, namely, north, transition, and south—coordinates WGS84 (UTM zone 29N), IDW2 interpolation method used for mapping the factor loadings. 
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Figure 8. Annual rainfall from 1919–2019 at each of the climatic regions averaged out of the total 126 grid-point rainfall series clustered from the factor analysis, i.e., at the north (54 centroids), transition (20 centroids) and south (52 centroids). 






Figure 8. Annual rainfall from 1919–2019 at each of the climatic regions averaged out of the total 126 grid-point rainfall series clustered from the factor analysis, i.e., at the north (54 centroids), transition (20 centroids) and south (52 centroids).



[image: Water 14 01863 g008]







[image: Water 14 01863 g009 550] 





Figure 9. Northern region. Time dependent occurrence rates, λ(t) (year−1), in red, and confidence band in grey of (a) moderate and (b) severe droughts for SPI6 and SPI12 in blue. The horizontal-dashed lines different to zero represent the drought thresholds and vertical ticks, with SPI below them. 
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Figure 10. Transitional region. Time dependent occurrence rates, λ(t) (year−1), in red, and confidence band in grey of (a) moderate and (b) severe droughts for SPI6 and SPI12 in blue. The horizontal-dashed lines different to zero represent the drought thresholds and vertical ticks, with SPI below them. 
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Figure 11. Southern region. Time dependent occurrence rates, λ(t) (year−1), in red, and confidence band in grey of (a) moderate and (b) severe droughts for SPI6 and SPI12 in blue. The horizontal-dashed lines different to zero represent the drought thresholds and vertical ticks, with SPI below them. 
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