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Abstract

:

The Andes mountain range divides Colombia into various climatic regions over the country, as the Andean, Caribbean, Pacific, Amazon, and Orinoco regions. Given this scenario, knowing the current change in total precipitation and their extremes values are relevant. In this study, the main goal is to assess the spatio-temporal trends of heavy and intense rainfall at a seasonal scale during the last 38 years (1981–2018) using the trend empirical orthogonal function (TEOF). An increase in maximum precipitation during five consecutive days (RX5day), Simple daily intensity index (SDII), and the number of days with precipitation above 20 mm (R20mm) and 30 mm (R30mm) during December–February and March–May was observed in most of the Colombian territory, except for the Amazon region for RX5day. A decrease in total rainfall in June–August was observed in the Andean, the Caribbean, and southern Pacific regions, while, in the northern Pacific, it increased, consistent with the trend patterns of RX5day, SDII, and R20mm. During September–November, there was a reduction in rainfall in the Amazon region and the South Pacific, and an increase in RX5day, SDII, R20mm, and R30mm in the Andean, the Caribbean, and North Pacific regions. The TEOF showed more pronounced spatial trend patterns than those obtained with the traditional Mann–Kendall test. The findings offer a better understanding of the climate extremes impacts in tropical latitudes and help planners to implement measures against the future effects of climate change.
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1. Introduction


The sixth report of the Intergovernmental Panel on Climate Change (IPCC) has established that human-induced greenhouse gas emissions have led to an increased frequency and/or intensity of some weather and climate extremes [1]. Heavy precipitation follows, increasing about 7% per 1 °C temperature increase [1], and the frequency and intensity of heavy precipitation events have increased at a global scale and over a majority of land regions. The increase in the frequency, magnitude, and duration of extreme precipitation events due to climate change negatively affects the environment, ecosystems, the economy, and society’s quality of life [2,3,4,5]. In this regard, the last global risk report performed by the World Economic Forum indicates that among the highest likelihood risks of the next ten years are extreme weather with relevant negative impacts, such as loss of human life, damage to ecosystems, destruction of property, and financial loss, at a global scale [6,7].



The changes in frequency and intensity are not uniform in space and vary by region due to the different interacting drivers in extreme precipitation changes [8,9,10,11]. Tabari et al. [8] showed that the changes in floods and extreme precipitation worldwide have intensified in response to global warming. Respectively, Wahlstrom and Guha-Sapir [12] indicate that 90% of the disasters that occurred during the 1995–2015 period were generated by natural disasters, such as floods, droughts, and heatwaves, leaving 4.1 billion affected and a total of 600,000 dead. Therefore, it is necessary to understand the behavior of extreme rains to mitigate/adapt damage to society and the environment [13].



In South America, the evidence depicts an increase in total precipitation trends and extreme precipitations events, although the confidence level is low [1,14]. The changes in extreme precipitation represented by annual maxima of 1-day (RX1day) and 5-day (RX5day) registered a trend to increase in the largest proportion in South America during the 1950–2018 period [15]. Sun et al. [15] highlighted that the uncertainty in the results is high given that the data coverage in this continent is poor. Respectively, Skansi et al. [16] also reported that the trends increased in RX5day and extremely wet days (R99P) over large regions of South America during the 1950–2010 period.



In this context, the study of floods and droughts becomes significant due to the increase in the frequency and intensity of extreme hydroclimatic events in recent decades [17,18,19,20,21,22]. In the last few years, Colombia has experienced losses due to natural disasters estimated at more than 7100 million dollars [23]. The water crisis in the agricultural sector in 1997–1998, due to the El Niño–Southern Oscillation (ENSO) phenomenon during its warm phase, generated losses close to 101 million dollars for the year 2000 in Colombia. Meanwhile, the 2010–2011 La Niña phenomenon during the rainy season affected 5.2 million people (11.3% of the population) in 91% of the country, as a consequence of more than one million hectares of flooded crops, leading. to economic losses of more than 4.87 billion dollars in Colombia in that period [24]. According to Cerón et al. [25], around 90% of the disasters and natural catastrophes that have taken place in this country are associated with hydrometeorological phenomena. A total of 32,022 landslides in the period between 1900–2016 were compiled, where the precipitation showed a dominant influence on the occurrence of landslides, with 92% of landslides triggered by rainfall [26], with a greater influence of rainfall duration instead of rainfall intensity [27]. Therefore, Colombia is a country highly susceptible and vulnerable to extreme weather events due to its location, the influence by the Inter-Tropical Convergence Zone (ITCZ), the three low-level jets, the Amazon, the topography, and different processes in both the Pacific and Atlantic oceans. The ENSO in both phases, warm (El Niño) and cold (La Niña), is one of the main phenomena that has the greatest effects on the national territory of Colombia [28,29,30,31].



To identify the trends in rainfall in Colombia, authors have used several methodologies, statistical techniques, databases, and record length. Carmona and Poveda [32], for the analysis of rainfall stations with more than 25 years, used the Mann–Kendall test and Sen test to identify trends and quantify their magnitudes, respectively. They found mixed trends without a clear pattern, except for the Pacific region, where the trend increased due to the influence of moisture in the Pacific and the Chocó Jet. Following the same methodology, Cantor [33] studied 715 rainfall stations and reported that most of the rainfall series do not show a trend (76.53%), 13.56% showed an increasing trend, and 10.06% showed a decreasing trend distributed in central and northwestern Colombia. For his part, Pabon [34] evaluated the precipitation trend using the standardized method RClimDex and found that annual precipitation in the second half of the 20th century registered changes differentiated by regions. These results are consistent with Mayorga et al. [35], who used the same methodology, analyzed 310 rainfall stations during the 1970–2010 period, and reported 71% stations with increasing trend, 22% decreasing trend, and 7% without signal. For his part, Colombia, in the third national communication on climate change [36], used the extreme rainfall indices and found a positive trend of the annual precipitation in most of the Colombian territory, except the climatic regions associated with the Andean foothills, Llanero foothills, Magdalena Upper, and the southern part of the region of the Upper Cauca. It highlights that the trends were not statistically significant in all the indices analyzed. For his part, Morales-Acuña et al. [37] evaluated the trends of average monthly precipitation in the Magdalena Department based on satellite estimations and reported that the current rainfall patterns contradict previous estimates of a progressive decrease in annual averages, except for the Sierra Nevada de Santa Marta area, founding reductions between 10 mm yr−1 and 30 mm yr−1.



Considering the complexity to establish the precipitation changes in Colombia, recently, Mesa et al. [31] studied the trends of hydroclimatic intensity in Colombia using the record of all available rain gauges in Colombia and the CHIRPS (Climate Hazards Group InfraRed Precipitation) database and estimated trends in the main variables that describe the precipitation, including an index of the hydrologic cycle’s intensity. However, the results showed that neither the existing records of precipitation in the rain gauge network of Colombia nor the CHIRPS dataset shows a clear signal of statistically significant trends. Only 20% of the gauges or cells present significant trends, which depicted that the increasing trends prevail over decreasing trends. The hydrologic cycle in the Pacific and Andes regions tends to be more intense than in the Caribbean, Orinoco, and Amazon regions; moreover, the trends are opposite. With respect to frequency analysis of extreme events, Coronado-Hernández et al. [38] determined the maximum daily precipitation in the regions of Colombia, considering a return period of 100 years, where the minimum value was reached in the Andean region, with a value of 42.6 mm, and the maximum value was reported in Caribbean region, reaching an extreme precipitation of 306 mm.



Given the need to advance in the study and knowledge of the trend pattern of heavy and intense rainfall events in Colombia, in this study, a new contribution is presented analyzing the spatio-temporal trends of seasonal rainfall during the last 38 years (1981–2018) using the high-resolution gridded product CHIRPS. In this sense, this study goes beyond previous studies of precipitation trends over the region to assess the frequency and intensity indices of extreme precipitation events using an alternative technique to extract trend-robust patterns, namely the trend empirical orthogonal function (TEOF) proposed by Hannachi [39]. Hence, this article is arranged as follows: Section 2 describes the material and methods. Section 3 describes the results, and Section 4 shows the discussion and conclusions.




2. Materials and Methods


2.1. Study Area


Colombia has a continental area of 1,141,748 km2, with a total population of 50,372 million people. It is located in the northwest of South America, between the Pacific and Atlantic oceans and the Amazon rainforest, influencing its climate. It is privileged since it is the only country in South America with two coasts: the Caribbean Sea and the Pacific Ocean. In addition, this country is crossed by the Andes mountain range, which gives rise to a great variety of climates and ecosystems. Colombia has five natural regions defined by the Instituto Geográfico Agustín Codazzi [40]: Caribbean, Pacific, Andes, Orinoco, and Amazon (Figure 1).



According to Urrea et al. [41], the country has four types of annual precipitation regimes: unimodal, bimodal, mixed, and aseasonal or seasonally invariant. The unimodal regime (one rainy season and one dry) is registered mainly in the Orinoco, Amazon, and Caribbean regions, probably related to the South American monsoon, whereas the bimodal regime occurs predominantly in the Andean region due to the mountainous areas and the double pass of the ITCZ. On the other hand, in transition zones between unimodal and bimodal regimes, a mixed regime is registered. Furthermore, the aseasonal regimes are evidenced in some areas of the Pacific region due to the alternation of the moisture supply by the low-level Chocó and Caribbean jets [41,42,43].



Figure 2 shows the monthly mean precipitation maps for the 1981–2018 period from the CHIRPS database; in all months, the physiographic influence of the Colombian territory is observed, mainly dominated by the three branches of the Andes mountain range. According to Estupiñan [44], the bimodality or unimodality of rainfall can be related to the ITCZ latitudinal displacement such that, in the summer of the southern hemisphere (December–January–February (DJF)), the ITCZ is located south of the equator, generating higher precipitation in latitudes southern than 2° N (Figure 2a–c). In the March–April–May (MAM) period, the ITCZ shifts northward, causing increased precipitation between latitudes 2°–7° N (Figure 2d–f), during the northern hemisphere summer (June–July–August (JJA)), the ITCZ reaches its greatest displacement towards the north of the equator, generating a reduction in rainfall, mainly in the Andean region (Figure 2g–i). In the September–November (SON) season, the ITCZ moves southward, once again generating increases in precipitation in latitudes 2°–7° North (Figure 2j–l), causing a bimodality of rainfall in the departments belonging to the Andean region, mainly in Antioquia, Caldas, Cundinamarca, Quindío, Risaralda, and Tolima [44,45].



Thus, in the Andean region, a bimodal cycle is observed, with maxima in the April–May and October–November periods, and minima in January–February and July–August; for the Amazon region, although rainfall prevails year round, there is a minima in February and another in August–September; the Orinoco region is characterized by a rainy period during the May–July period and a dry period in the DJF season; the Caribbean region in the northern part of the Colombian territory has low rainfall between December and March, and, between April and November, rainfall tends to be above 100 mm month−1, with maxima in May, September, and October. Finally, for the Pacific region, there are variations between the north and the south; in the south, there is a cycle with maxima in the months of May and October, and less rainfall between January–February and August, while the north has the highest rainfall magnitudes in all Colombia between April and December, with precipitation greater than 500 mm month−1 (Figure 2).




2.2. The Climate Hazards Group Infrared Precipitation with Stations (CHIRPS)


CHIRPS satellite-based product [46] version v2.0, developed by the Earth Resources Observation and Science Center of the U.S. Geological Survey and the Climate Risk Group of the University of California, Santa Barbara, was selected, owing to its usefulness for trend analysis and drought monitoring [47,48]. In addition, it has been validated in Colombia by Funk et al. [48] and by Urrea et al. [49]. They showed that CHIRPS preserves important precipitation features, such as mean and seasonality, on daily, monthly, and annual time scales. This satellite dataset is freely available at the Climate Hazards Center website (https://www.chc.ucsb.edu/data, accessed 10 November 2019), with two spatial resolutions of 0.05° (≈5 km) and 0.25° *(28 km) and a 1-day temporal resolution. For the purposes of this study, it was used at 0.25° and on a daily time scale, over the entire Colombian country (Figure 1), similar to other studies over South America that assess precipitation patterns, such as Cerón et al. [22,50] and Fernandes et al. [51].




2.3. Precipitation Extremes Indices


Four precipitation indices associated with extreme rainfall patterns (Table 1), recommended by the Expert Team on Climate Detection and Change Indices (ETCCDI; http://etccdi.pacificclimate.org/, accessed 13 January 2022) [52], were selected and calculated at seasonal scales: DJF, MAM, JJA, and SON. The indices were calculated using daily precipitation from CHIRPS data for the 1981–2018 period. The seasonal approach is justified by the pronounced interannual precipitation variability in the region [28,53,54,55,56,57].



The selected extreme precipitation indices can be divided into three categories (Table 1): (1) intensity indices, depicting the amount of maximum precipitation accumulated in one day (RX1day), in five consecutive days (RX5day), and the simple daily intensity index (SDII) that describes the total wet-day precipitation (PRCPTOT) divided by the number of wet days (RR ≥ 1.0 mm) in a given interval (seasonal in this case); they can be used to explain flash flood risks; (2) frequency index, wherein the R1mm, R10mm, R20mm, and R30mm indices represent the count of days in which daily precipitation is greater than or equal to 1, 10, 20, and 30 mm, respectively. Noteworthy is that the R20mm and R30mm represent the number of days with the highest precipitation over tropical areas [16,17,19,58]; and (3) duration indices, representing the maximum number of consecutive dry days (CDD) and consecutive wet days (CWD). These ETCCDI indices have been demonstrated to be useful in describing climate patterns of extreme precipitation events worldwide [16,17,22,58,59,60,61,62] and, recently, characterizing flooding trends in the Colombian Andes [19], based on historical daily precipitation. Finally, the total precipitation (PRP) is also analyzed, representing the total rainfall from RR ≥ 0 mm on a seasonal scale.




2.4. Trend Empirical Orthogonal Function Analysis-TEOF


Hannachi [39] introduced an alternative technique to the traditional empirical orthogonal function (EOF) analysis to extract the trend-robust patterns from a spatio-temporal grid data set by including the concept of monotonicity. The solution is obtained by prior data transformation, thus providing a measure of monotonicity in the EOF analysis. The trend EOF (TEOF) method consists of an eigenvalue analysis of the covariance matrix, similar to the traditional EOF analysis, but with the time positions following the sequence of the ordered measurements, instead of the original ones directly. This rearrangement represents the monotonicity of the data. Maximizing the variance of a linear combination of the time positions is equivalent to maximizing the monotonicity, consequently obtaining the long-term trend hidden in the signal [39,63].



For this study, the data matrix  X  represents the extreme precipitation indices. However, the original data are sorted in decreasing order, and then the position in a time of each data in the sorted series is taken. These ordered data positions become the new data. Thus, the newly transformed indices    q 1  ,    q 2  , ... ,    q p    are made up of  p  time series, each of which is a permutation of    {  1 ,   2 , ... ,   n  }   , i.e.,


  q k =  (   q  1 k   ,  q  2 k   , ...   ,  q  n k    )  =  (   Q k   ( 1 )  ,  Q k   ( 2 )  ,   ..   . ,  Q k   ( n )   )  ,  



(1)




for some permutation    Q k  ( )   o f    {  1 ,   2 , ... , n  }   .



Afterwards, the maximum correlation between the time positions of the sorted data is examined to find times at which different time series increase (or decrease) together. Principal modes based on this new correlation (or covariance) answer the trends. Thus, the variance of a linear combination of two-position sequences gives a total (and common) monotonicity measure. Therefore, the greatest monotonicity and, hence, most significant trend is provided by maximizing this measure. The new data matrix of position-ordered data is now given by


  Q =  (   q 1 T    ,    q 2 T    , ..   .   ,    q p T   )  =  (   q  i j    )  ,  



(2)




and the following correlations (or covariances) are needed:


   ρ T   (   x k  ,    x l   )  = c o v    (   q k  ,    q l   )  .  



(3)







Thus, TEOF and trend principal components (TPCs) use the new covariance (or correlation) matrix obtained


   Γ T  =  (   ρ T   (   x k  ,    x l   )   )  =  1 n     Q T   H T  H Q ,  



(4)




where   H =  (   I n  −  1 n   1 n   1 n T   )    is the centering operator,    I n    is the   n × n   identity matrix, and    1 n  =    (  1 ,   1 , … ,   1  )   T    is a column vector of length  n  containing only ones.



The singular value decomposition of the new HQ data matrix was used to obtain the new TEOFs and TPCs. The first TPC will maximize the total monotonicity, and the second TPC will also maximize the same monotonicity; nevertheless, it will not be related to the first TPC. Therefore, if  v  is an eigenvector resulting from the above eigendecomposition, the TPCs time series in physical space is determined by   w = H X v  , and the corresponding spatial pattern is composed of the regression coefficients between the TPC and the time series of the extreme indices of the original field [39,64]. Therefore, the method also captures local trends when they exist. For further information about the procedures, please refer to Reference [39].



This technique has the advantage of isolating from the trend of interannual scale phenomena, such as those associated with climate variability, such as ENSO, Atlantic Multidecadal Oscillation (AMO), etc. [63,65]. Barbosa and Andersen [64] further applied this technique to analyze the global Sea Surface Temperature (SST) low-frequency variability patterns and examined the sensitivity of the results to different recording lengths of data. They showed that the first trend mode reflects the low-frequency SST variability, corresponding to an increasing trend in the western Pacific and North Atlantic, mainly in the AMO index monitoring region, and a decreasing trend in the equatorial and central Pacific. The second trend mode reflects ENSO variability in the eastern Pacific.



The TEOF is a novel method tailored to systematically identify trends from spatiotemporal gridded data by decomposing it into a trend part and a non-trend part [39]. Thus, this technique is not able to distinguish between the trends due to the inherent variability and climate change. This method is used here to identify the trend patterns of extreme rainfall indices.




2.5. Mann–Kendal (MK) Test


The trends of the TPC time series for each extreme rainfall index were determined using the non-parametric Mann–Kendall statistical test to evaluate the temporal trends of each series [66,67]. The linear trend of the time series was calculated using Sen’s slope (β) estimator [68,69,70]. This test can handle abrupt discontinuities due to inhomogeneous temporal succession and is considered quite consistent [71]; moreover, it has been widely employed for rainfall trend analysis [22,71,72,73,74]. In this study, the Mann–Kendall was performed at a significance level of 0.05. The null hypothesis expressing the absence of trend is rejected for α < 0.05. This method was also employed explicitly for comparative purposes with the TEOF analysis.





3. Results


Trend Patterns


Seasonal trend patterns are derived from the extreme rainfall indices (Table 1), and total rainfall from CHIRPS through the TEOFs analysis, explained in the previous section. The data matrix of inverse ranks (time position of the ordered data) is computed from the data matrix of the extreme indices, and the TEOFs are obtained through the covariance-based eigenanalysis of the weighted data matrix of inverse ranks. The spatial patterns of the first dominant trend mode are shown in Figure 3, while the TPCs time series are in Figure 4, Figure 5, Figure 6, Figure 7 and Figure 8 for PRP, RX5day, SDII, R20mm, and R30mm. Appendix A includes the results for the other indices (Figure A1, Figure A2, Figure A3, Figure A4, Figure A5 and Figure A6). For its correct interpretation, it should be considered that a positive slope in the TPC indicates a strengthening of the TEOF spatial pattern, and vice versa for a negative slope.



The TEOF spatial pattern (Figure 3a–d) and its associated TPC1 (Figure 4) for the seasonal total precipitation represent an increase in rainfall in the first half of the year throughout Colombia, especially towards the Orinoco and the Caribbean (Figure 3a,b), with an explained variance (hereafter EV) of 4.7% and 6.9% for DJF and MAM, respectively. JJA shows a decrease in precipitation in the Andes, South Pacific, Caribbean, and northern Amazon region and an increase in the north Pacific (Atrato basin) (Figure 3c), with an explained variance of 5.5%. Although there is an increase in the precipitation for SON in the northern Pacific and parts of the Caribbean, the other regions show a decrease (Figure 3d), with an explained variance of 4.1%. The corresponding TPC1 time series of the TEOF1 modes of total precipitation shows an increasing trend for all seasons (Figure 4). It is essential to highlight that the positive slope of TPC1 of JJA and SON mainly reflects an increase of drier areas in the western part during JJA, and in the south and east of Colombia for SON.



During DJF, the first trend mode of the RX5day (4.2% EV) and SDII (7.7% EV) show an increase in most of the Colombian territory, which coincides with the TEOF of total precipitation (Figure 3a), except for the Amazon region, where a decrease is observed (Figure 3e,i). At the same time, the first mode of the R20mm (16% EV) and R30mm (27% EV) frequency indices show an increase in most of the territory, with greater intensity in the north of the Pacific region (Figure 3m,q). The corresponding TPC1 time series shows an overall positive trend (Figure 5), i.e.an intensification of the intensity and frequency spatial pattern of extreme events, during DJF.



For the MAM season, an increase of the first RX5day mode is observed in the Pacific region, and a decrease in the Amazon region (Figure 3f), with an EV of 3.8%. On the other hand, the first SDII mode (EV 5.4%) indicates an increase in the Pacific, Andean, and Orinoco regions, while a decrease is observed in the Caribbean (Figure 3j). The R20mm (EV 9.2%) and R30mm (EV 13.3%) indices show an increase over most of the territory, except for some regions of the Caribbean and the Amazon (Figure 3n,r), consistent with the TEOF of total MAM precipitation (Figure 3b). In general, the significant positive trend observed in MAM TPC1 (Figure 6) indicates a strengthening of the MAM TEOF1 pattern, with the main feature being the increase in the intensity and frequency of extreme rainfall in the Pacific, Andes, and Orinoco regions, and an increase in dry areas of Amazon region (RX5day).



During JJA, the first trend mode of RX5day presents an EV of 4.0% and is consistent with the decrease of total precipitation over the Andes, South Pacific, and Caribbean (Figure 3c,g). Moreover, a more extended RX5day decrease is observed over the Amazon and an increase over the northern Pacific (Figure 3g). On the other hand, the SDII (EV 5.7%) shows a decrease in the Amazon and Orinoco regions, and an increase in the northern Pacific (Figure 3k). The R20mm and R30mm frequency indices indicate a decrease in the eastern Andean region, the Amazonian foothills, and the Orinoco. In contrast, an increase is observed in the northern Pacific, some areas of the Caribbean, and the eastern Amazon (Figure 3o,s). The positive slope of the TPC1 time series for JJA (Figure 7) indicates that the TEOF1 patterns for JJA tend to strengthen, which is reflected in an increase of dry areas, mainly in the Orinoco, Amazon, eastern flank of the Andes, and the South Pacific, and an increase of the wet areas in the North Pacific, specifically.



The first SON trend mode indicates an increase in the intensity and frequency of extreme rainfall events in the North Pacific, Andes, and Caribbean regions, and a decrease along the Amazon, mainly for SDII, with an EV of 3.7% for RX5day, 6.2% for SDII, 5.7% for R20mm, and 10% for R30mm (Figure 3h,l,p,t). These results are consistent with the general pattern of the first TEOF of total precipitation for SON (Figure 3d). The positive trend of the TPC1 SON time-series (Figure 8) indicates a strengthening of the areas with positive intense and frequent rainfall events in the Andes, North Pacific, and the Caribbean during SON, and negative events in the Amazon and South Pacific.



Note that the main trend mode of RX1day, shown in Figure A1a–d of Appendix A, is consistent with the trend EOF pattern of RX5day previously reported (Figure 3e–h), coinciding mainly with the increases observed in the Pacific, Andes, and Orinoco regions for DJF, decreases in the Amazon during MAM, and in the Andes during JJA, and increases in the Pacific during SON. The positive trend of the RX1day TPC1 time series during DJF, MAM, and JJA (Figure A2a–c) indicate a strengthening of the observed spatial pattern (Figure A1a–c), whereas the negative trend of RX1day TPC1 during SON (Figure A2d) indicates a weakening of the spatial pattern, observed in Figure A1d.





4. Discussion and Conclusions


The trend of the PRP in Colombia varies between different regions and seasons; however, it generally depicts an upward trend, consistent with previous national studies that showed mixed precipitation trends (positive and negative) over specific country areas, predominant the positive trend. In this way, in the Third Communication from Colombia to the United Nations Framework Convention on Climate Change of 2017 [36], positive (negative) precipitation trends are shown in 61% (31%) of the analyzed stations. On the other hand, the technical study of the evidence of climate change by the Institute of Hydrology, Meteorology, and Environmental Studies (IDEAM) [35] delimits the areas of the country with a tendency to increase precipitation (Caribbean region, Orinoco, middle valleys of the Magdalena and Cauca rivers) and the areas with a tendency to decrease precipitation (insular zone, northeast of the country and the eastern slope of the Eastern Cordillera). Recently, Mesa et al. [31] studied hydroclimatic trends at the national level and found positive trends in the North Pacific and the middle valley of Cauca, and negative trends in the eastern slope of the Eastern Cordillera, during 1981–2013, using rainfall stations and CHIRPS dataset. However, only 21% of the rainfall station and 25% of grids from CHIRPS showed significant trends over the country.



Meanwhile, ambiguous precipitation trend patterns are shown in regional studies. Estupiñan and Carvajal [75] reported 50% of the stations with an upward trend, and the other 50% with a negative trend, in the Aburra river basin. Similar findings were reported by García et al. [76] in the Río Grande basin. The last of which were both assessed in the northwest of Colombia. On the other hand, Carmona and Poveda [32] reported no clear pattern over Colombia because the precipitation time series show increasing trends in 41%, and decreasing trends in 44%, of the rainfall stations. Finally, Cardona et al. [77] determined that the rainfall stations located at an altitude higher (lower) than 1500 m above sea level show a trend to decrease (increase) the precipitation in the Andean basins, located in southwestern Colombia.



In general, there is no statistical significance in most of the rainfall time series of the studies mentioned above. In these research studies, trend characterization methods, such as linear regression method of ordinary least squares, Mann–Kendall test, and Sen slope technique, were used for the analysis of rainfall time series. For instance, Puertas et al. [78] showed statistical significance in 22% of the stations used in the Upper Cauca river basin (Southwestern Colombia). Furthermore, Rojas et al. [79] found statistical significance in 23% of the stations used in Boyacá and Cundinamarca departments (center of the country), and Arrieta-Castro et al. [80] in the Meta River depicted the presence of statistically significant downward trends in the upstream stations and upward trends in the downstream stations, with the latter presenting steep positive slopes. According to the Third National Communication of Colombia to the United Nations Framework Convention on Climate Change of 2017, the number of stations in Colombia with significant trends does not exceed 20%, and mixed trends are shown in precipitation climate extremes [36]. For example, 55% (45%) of the stations show a positive (negative) trend for Rx5day; 50% of the stations have a positive trend for the SDII, and 56% (44%) of the stations have a positive (negative) trend for the R20mm. A first approximation of less ambiguous results was reported by Ávila et al. [19] in a regional study of the Alto Cauca basin (Andean region). This research identified seasonal trends as positive precipitation trends in 74% of the stations during DJF, and negative trends at 59%, for MAM and JJA, and 69% for SON.



Li and Ren [81] argue that linear trend patterns exhibit less spatially coherent structures than TEOF1 patterns because a trend using simple linear regression has at least two shortcomings: one is that it assumes that trends are linear and uniform over time; and another is that linear trends are quite sensitive to the time interval over which they are calculated and can also be easily affected by some strong high-frequency signals, particularly for a short time interval. In contrast, considering the self-analysis of the covariance matrix of inverse classification, TEOF analysis separates the coherent spatio-temporal trend patterns into a single dominant mode [39,64], reducing the possible interference from high-frequency signals.



In this regard, the methodology used in this research, the TEOF analysis [39], allowed identifying the trend patterns of extreme rainfall indices (Figure 3) and the corresponding TPC time series, in which the temporal trend magnitudes and their statistical significance in most indices were shown (Figure 4, Figure 5, Figure 6, Figure 7 and Figure 8). The linear trend patterns of the extreme rainfall indices obtained from the Mann–Kendall test are illustrated in Figure 9 and Figure A7, for visual comparisons with those obtained from TEOF technique. For most indices, the trend patterns obtained from the Mann–Kendall test do not show spatially coherent structure due to the lack of statistical significance of the trend in most analyzed stations. In contrast, the TEOF analysis provides spatially coherent trend patterns throughout the study area for most indices, and their corresponding TPCs show significant trends. Therefore, in the sense that the climate trends have spatial coherency, the TEOF technique has a better performance than the Man–Kendall test.
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Figure A1. (a–d) Spatial pattern of Max 1-day precipitation amount (RX1day), (e–h) Number of wet days (R1mm), (i–l) Number of days with precipitations above R10mm (R10mm), (m–p) Consecutive dry days (CDD), and (q–t) Consecutive wet days (CWD) for the first TEOF mode during December–February (DJF) (first row), March–May (MAM) (second row), June–August (JJA) (third row), and September–November (SON) (last row). 
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Figure A2. The linear trend of the principal component time series for the first trend mode-EOF of Max 1-day precipitation amount (RX1day) during (a) December–February (DJF), (b) March–May (MAM), (c) June–August (JJA), and (d) September–November (SON). 
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Figure A3. The linear trend of the principal component time series for the first TEOF mode of (a) Number of wet days (R1mm), (b) Number of days with precipitations above R10mm (R10mm), (c) Consecutive dry days (CDD), and (d) Consecutive wet days (CWD) during the December–February (DJF) season. 
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Figure A4. The linear trend of the principal component time series for the first TEOF mode of (a) Number of wet days (R1mm), (b) Number of days with precipitations above R10mm (R10mm), (c) Consecutive dry days (CDD), and (d) Consecutive wet days (CWD) during the March–May (MAM) season. 






Figure A4. The linear trend of the principal component time series for the first TEOF mode of (a) Number of wet days (R1mm), (b) Number of days with precipitations above R10mm (R10mm), (c) Consecutive dry days (CDD), and (d) Consecutive wet days (CWD) during the March–May (MAM) season.



[image: Atmosphere 13 00156 g0a4]







[image: Atmosphere 13 00156 g0a5 550] 





Figure A5. The linear trend of the principal component time series for the first TEOF mode of (a) Number of wet days (R1mm), (b) Number of days with precipitations above R10mm (R10mm), (c) Consecutive dry days (CDD), and (d) Consecutive wet days (CWD) during the June–August (JJA) season. 
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Figure A6. The linear trend of the principal component time series for the first TEOF mode of (a) Number of wet days (R1mm), (b) Number of days with precipitations above R10mm (R10mm), (c) Consecutive dry days (CDD), and (d) Consecutive wet days (CWD) during the September–November (SON) season. 
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Figure A7. Trends of seasonal time series of extreme precipitation indices during the 1981–2018 period: (a–d) Max 1-day precipitation amount (RX1day), (e–h) Number of wet days (R1mm), (i–l) Number of days with precipitations above R10mm (R10mm), (m–p) Consecutive dry days (CDD), and (q–t) Consecutive wet days (CWD) used the time series of extreme climate indices during December–February (DJF) (first row), March–May (MAM) (second row), June–August (JJA) (third row), and September–November (SON) (last row). Green and brown areas represent the positive and negative trends, respectively. Filled (empty) dots are significant trends at the 95% significance level. 
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Figure 1. Location of the study area and Colombian natural regions. 
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Figure 2. Monthly rainfall climatology (mm) in Colombia for the 1981–2018 period from CHIRPS dataset for (a) December, (b) January, (c) February, (d) March, (e) April, (f) May, (g) June, (h) July, (i) August, (j) September, (k) October, and (l) November. 






Figure 2. Monthly rainfall climatology (mm) in Colombia for the 1981–2018 period from CHIRPS dataset for (a) December, (b) January, (c) February, (d) March, (e) April, (f) May, (g) June, (h) July, (i) August, (j) September, (k) October, and (l) November.



[image: Atmosphere 13 00156 g002]







[image: Atmosphere 13 00156 g003 550] 





Figure 3. (a–d) Spatial pattern of total seasonal rainfall (PRP), (e–h) Max 5-day precipitation amount (RX5day), (i–l) Simple daily intensity index (SDII), (m–p) Number of days with precipitations above R20mm (R20mm), and (q–t) Number of days with precipitations above R30mm (R30mm) for the first TEOF mode during December–February (DJF) (first row), March–May (MAM) (second row), June–August (JJA) (third row), and September–November (SON) (last row). 
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Figure 4. The linear trend of the principal component time series for the first trend mode-EOF of total precipitation (PRP) during (a) December–February (DJF), (b) March–May (MAM), (c) June–August (JJA), and (d) September–November (SON). 
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Figure 5. The linear trend of the principal component time series for the first TEOF mode of (a) Max 5-day precipitation amount (RX5day), (b) Simple daily intensity index (SDII), (c) Number of days with precipitations above R20mm (R20mm), and (d) Number of days with precipitations above R30mm (R30mm) during December–February (DJF) season. 
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Figure 6. The linear trend of the principal component time series for the first TEOF mode of (a) Max 5-day precipitation amount (RX5day), (b) Simple daily intensity index Number (SDII), (c) Number of days with precipitations above R20mm (R20mm), and (d) Number of days with precipitations above R30mm (R30mm) during the March–May (MAM) season. 
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Figure 7. The linear trend of the principal component time series for the first TEOF mode of (a) Max 5-day precipitation amount (RX5day), (b) Simple daily intensity index (SDII), (c) Number of days with precipitations above R20mm (R20mm), and (d) Number of days with precipitations above R30mm (R30mm) during the July–August (JJA) season. 
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Figure 8. The linear trend of the principal component time series for the first TEOF mode of (a) Max 5-day precipitation amount (RX5day), (b) Simple daily intensity index (SDII), (c) Number of days with precipitations above R20mm (R20mm), and (d) Number of days with precipitations above R30mm (R30mm) during the September–November (SON) season. 
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Figure 9. Trends of seasonal time series of extreme precipitation indices during the 1981–2018 period: (a–d) rainfall (PRP), (e–h) Max 5-day precipitation amount (RX5day), (i–l) Simple daily intensity index (SDII), (m–p) Number of days with precipitations above R20mm (R20mm), and (q–t) Number of days with precipitations above R30mm (R30mm) used the time series of extreme climate indices during December–February (DJF) (first row), March–May (MAM) (second row), June–August (JJA) (third row), and September–November (SON) [(last row). Green and brown areas represent the positive and negative trends, respectively. Filled (empty) dots are significant trends at the 95% significance level. 
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Table 1. Extreme daily precipitation indices (http://etccdi.pacificclimate.org/list_27_indices.shtml, accessed 13 January 2022).
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Indices

	
Description

	
Definition

	
Unit






	
(a) Intensity




	
RX1day

	
Max 1-day precipitation amount

	
Maximum precipitation in 1 day during L

	
mm




	
RX5day

	
Max 5-day precipitation amount

	
Maximum precipitation in 5 consecutive days during L

	
mm




	
SDII

	
Simple daily intensity index

	
Ratio of PRCPTOT 1 and the number of wet days (RR 2 ≥ 1 mm) during L

	
mm day−1




	
(b) Frequency




	
R1mm

	
Number of wet days

	
Number of days with RR ≥ 1 mm during L

	
Days




	
R10mm

	
Number of days with precipitations above R10mm

	
Number of days with RR ≥ 10 mm during L

	
Days




	
R20mm

	
Number of days with precipitations above R20mm

	
Number of days with RR ≥ 20 mm during L

	
Days




	
R30mm

	
Number of days with precipitations above 30 mm (R30mm)

	
Number of days with RR ≥ 30 mm during L

	
Days




	
(c) Duration




	
CDD

	
Consecutive dry days

	
Maximum number of consecutive days when precipitation RR < 1 mm

	
Days




	
CWD

	
Consecutive wet days

	
Maximum number of consecutive days when precipitation RR < 1 mm

	
Days








1 PRCPTOT is the annual total rainfall from wet days (RR ≥ 1 mm). 2 RR is the rain rate in a given day of the time interval L, which is a season or year within the 1981–2018 period.
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