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Abstract

:

Drought causes serious social and environmental problems that have great impact on the lives of thousands of people all around the world. The purpose of this research was to investigate the trends in humid conditions in the northeast of Brazil (NEB) in the highest climatic precipitation quarters, November–December–January (NDJ), February–March–April (FMA), and May–June–July (MJJ), through the standardized precipitation and evapotranspiration index (SPEI), considering an alternative statistical approach. Precipitation and potential evapotranspiration (PET) time series for the calculation of the SPEI were extracted for the 1794 NEB municipalities between 1980 and 2015 from a grid dataset with a resolution of 0.25° × 0.25° using the bilinear interpolation method. The trends and statistical significance of the SPEI were estimated by quantile regression (QR) and the bootstrap test. In NDJ, opposite trends were seen in the eastern NEB (~0.5 SPEI/decade) and in the south (~−0.6 SPEI/decade). In FMA, most of NEB presented negative trends in the 0.50 and 0.95 quantiles (~−0.3 SPEI/decade), while in MJJ, most of NEB presented positive trends in all quantiles studied (~0.4 SPEI/decade). The results are consistent with observational analyses of extreme rainfall.
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1. Introduction


NEB is approximately 1.6 × 106 km2 in area, with nine states: Maranhão (MA), Piauí (PI), Ceará (CE), Rio Grande do Norte (RN), Paraiba (PB), Pernambuco (PE), Alagoas (AL), Sergipe (SE), and Bahia (BA). The natural disaster that causes the most damage to the northeast region of Brazil (NEB) is drought, which is much more frequent than flood [1,2,3,4,5,6]. NEB has a biome with unique characteristics in its semiarid portion, the caatinga. Droughts are natural phenomena in NEB, however studies indicate that the intensity and magnitude of recent events have shown an increase in severity, which may be associated with accelerated deforestation in the semiarid interior where caatinga predominates [7].



Rainfall shows a marked spatial, seasonal, and interannual variability [8,9]. According to rainfall concentration, three areas differ in NEB: the north with annual averages ranging from 1000 to 1800 mm/year from the interior of the states of CE and PI to the wettest portion in the Amazon area of MA; 600 mm to 1200 mm in the midwest; and east with approximately 1200 to 1400 mm/year [10].



The midwest includes BA with the exception of the north coast, southern MA and PI, south central PE, and extreme west AL and SE, with rainfall concentrated in the November–December–January (NDJ) quarter. Rainfall occurs due to the influence of southern hemisphere frontal systems and the of the South Atlantic convergence zone as well as the action of high level cyclonic vortices [11,12,13,14]. The north includes the north-central MA, PI, and PE, all the CE, and west of RN and PB, with concentrated rainfall in February–March–April (FMA), influenced by the intertropical convergence zone [15,16,17], strongly modulated by sea surface temperature in the equatorial Atlantic Ocean [18]. The east is composed of the coastal strip of the RN, PB, PE, AL, SE, and north of the coast of BA, with the main rainy period in the months of May–June–July (MJJ), as a consequence of the east wave disturbances [19,20,21].



Other modes of variability modulate rainfall in the NEB, with low temporal frequency such as the North Atlantic Oscillation, Pacific Decadal Oscillation, Atlantic Multidecadal Oscillation, and Madden-Julian Oscillation [22,23,24,25].



Given the complexity of the objective quantification of drought, several indices have been developed to provide reliable deterministic methods for drought monitoring and analysis. The Palmer drought severity index (PDSI) is the pioneer method in this field and was of great importance in drought monitoring, incorporating the PET. Thereafter, there was the emergence of the self-calibrated PDSI, which solved the problem of classic PDSI fixed parameters [26]. The authors in [27] developed the standardized precipitation index (SPI), which adopted rainfall as the only relevant variable for drought. The method had the advantage of characterizing drought on multiple time scales, unlike previous indices. More recently, [28,29,30] proposed an index that joins the multi-temporal characteristic of SPI with the temperature sensitivity of PDSI. The standardized precipitation evapotranspiration index (SPEI) considers, moreover, that PET has relevance in the characterization of drought in the context of climate change [31,32,33,34].



In order to propose strategic actions to mitigate the negative effect of droughts, many studies have focused on analyzing the frequency and trend of the phenomenon using different indices [35,36,37]. Due to its quality and simplicity, the SPI is the most utilized index in these analyses [38,39]. In addition, for their simplicity, the methods of linear regression and Mann–Kendall are widely used to detect significant drought trends [40,41,42,43].



The main purpose of this research was to detect trends in the SPEI historical series for the NEB, similar to what was done by [30] for Spain. Trend estimation was performed by quantile regression (QR), utilizing the bootstrap technique. Unlike traditional trend inference methods, QR does not assume any probability distribution for estimating parameters, and allows inference over all quantile levels. The basis of the bootstrap is to obtain a “new” dataset, resampling the original dataset [44,45]. This new distribution, conditioned to the original data, provides an approximation to the actual distribution of the statistics of interest, in a way that the properties of this distribution are estimated by the respective characteristics in the bootstrap distribution, namely, the variance of a given estimate is achieved from the variance of the bootstrap distribution of the statistics of interest. An advantage of the bootstrap technique is to achieve good estimations of standard errors in distribution, generated by parameter estimates in the resampling iterations [46].




2. Materials and Methods


2.1. Data and Field of Study


In this study, we used the precipitation and PET time series for 1794 NEB municipalities (Figure 1b), spatially distributed over pluviometrically homogeneous states and regions [11,12,13,14,15,16,17,18,19,20,21,22,23,24,25,26,27,28,29,30,31,32,33,34,35,36,37,38,39,40,41,42,43,44,45,46,47] (Figure 1a). The series were extracted from version 1 of the public domain grid analysis made available and described by [48], using the basis of the bilinear interpolation theory [49]. This grid analysis had a spatial resolution of 0.25° × 0.25° of several weather variables for all of Brazil, for the period of 1980 to 2015. In addition, as described in [48], PET was calculated using the Penman–Monteith (PM) method [50,51], based on the data of maximum and minimum temperatures, solar radiation, relative humidity, and wind speed.



As the grid analysis of rainfall and PET data will always provide four grid points around one point of interest, time series were extracted for each NEB municipality using the simple bilinear interpolation method. This method calculates a value of the variable in a specific point of the grid, assigning characteristic weights to each of the four grid points in relation to the point of interest, with a greater weight the closer the grid point of the point of interest [50].



The data made available by [48] have already been put to use in recent studies. The authors in [52] used precipitation data to evaluate the performance of rainfall estimates derived from soil moisture products via microwave-based satellites, and [53] analyzed indices of climate extremes of precipitation in the Amazon and NEB.




2.2. Standardized Precipitation-Evapotranspiration Index (SPEI)


SPEI, proposed by [28], was chosen to quantify the dryness/humidity conditions of the NEB. SPEI is characterized as the standardized water balance (Equation (1)) between precipitation (   P i   ) and potential evapotranspiration (  P E  T i   ).




    D i  =  P i  − P E  T i    



(1)





The Log–Logistic function, expressed by Equation (2), was used as the probability density function to model the D series, where   α ,   β  ,     and    γ   are the scale, form, and origin parameters, respectively, for D values in the (  γ > D < ∞ )   range. This probability distribution is recommended by [28] because it better models the D series when compared to similar distributions. The parameters were obtained by the L-moments method, as this is the easiest and most robust approach [54].




   f  ( D )  =  β α     (    D − γ  α   )    β − 1      (  1 +    (    D − γ  α   )   β   )    − 2     



(2)





Equation (3) provides the probability density function for the D series, according to the log–logistic distribution. SPEI is easily obtained as standardized values of F(D).




   F  ( D )  =    [  1 +    (   α  D − γ    )   β   ]    − 1     



(3)






2.3. Quantile Regression (QR)


NEB is characterized by three large pluviometrically homogeneous areas, the midwest, north, and east. SPEI trends were analyzed by QR for the NDJ quarter relating to the rainiest period of the midwest of the NEB; FMA relating to the rainy season of the north of NEB; and MJJ, which is the rainiest quarter of the east of the NEB [48]. Thus, the analyzed SPEI timescale was the SPEI-3, derived from precipitation and PET from the NDJ, FMA, and MJJ quarters. SPEI-3 represents the quarterly value of this variable, based on the three-month cumulative rainfall and the average PET of these three months. This time scale was chosen because it is where weather drought is generally observed.



For each of the rainfall homogeneous regions of the NEB (Figure 1a), the north, east, and midwest, in addition to studying the variability and trends of the SPEI spatially, the trends for a significant municipality in each of these areas were studied: Barreiras, in the state of Bahia in the midwest (Latitude: −12.2°; Longitude: −45°; Altitude: 439 m.a.s.l); João Pessoa, in the state of Paraíba in the eastern region (Latitude: −7.1°; Longitude: −34.9°; Altitude: 7 m.a.s.l); and Fortaleza, in the state of Ceará in the northern region (Latitude: −3.8°; Longitude: −38.6°; Altitude: 26 m.a.s.l).



According to [55], most climate trend analyses have focused on estimating the trend of the average by ordinary regression or the trend of extremes by methods that take on some probability distribution or condition of exceedance. Such methods need to be adjusted to take into account the serial correlation of the series and do not consider that climate data do not necessarily follow a normal distribution. The advantage of using QR is that the method is independent of probability distributions, and the serial correlation of the series does not the influence parameter estimation. The method allows the calculation of the trend at all quantile levels of the series, so it is possible to measure the change in data distribution over time. We analyzed the trend of the lower quantile (Q5), the mean quantile (Q50), and the upper quantile (Q95). Its methodological basis is explained as follows.



 Y  is a series of SPEI at a quantile level τ. Then, the quantile    τ  t h     of  Y , denoted by    Q y   ( τ )    is given by   P  [  Y ≤  Q y   ( τ )   ]  = τ  , where   τ ∈  [  0 , 1  ]   . The conditional linear function can be written as:


   Q y   (  τ |  X i   )  =  X i  β  ( τ )   



(4)




where   β  ( τ )  =  (   β 1  ( τ  )  , … ,    β m   ( τ )  )   are the regression coefficients for the quantile level  τ . Linear QR is estimated by minimizing the function (6), similar to the method of least squares estimates.





    ∑   i = 1  n   ρ τ   (   y i  −  X i T  β  )   



(5)




where    ρ τ    is the absolute value function; X is the original series of SPEI; and Y is the value of SPEI at the quantile level τ. We assumed that the quantile is a linear function in time and is given by:


  Q  (  τ | t  )  =  β 0   ( τ )  + t  β 1   ( τ )   



(6)




where    β 0   ( τ )    is the intercept;    β 1   ( τ )    is the regression coefficient or the trend coefficient; and t is time in years.



The statistical significance of the line slope parameters was calculated by non-parametric bootstrap sampling. This approach allows for a more accurate estimation of parameter confidence intervals [56]. The parameters to be interpreted were considered statistically significant if the probability of the parameter assuming a zero value is less than 5% (p-value = 0.05). The geographical location of the localities that reached statistical significance is highlighted on the map by a dot. For details on trend analysis by QR, we recommend reading [57,58,59].





3. Results and Discussion


East of the NEB presented significant trends of humidity between 0.2 and 0.7 SPEI/decade at all quantile levels in the NDJ quarter (Figure 2). The positive trend at all three levels indicates a change in the frequency distribution of the sector. Studies by [60] and [61] found increasing trends in precipitation in this same area when analyzing extreme daily precipitation indices. This result corroborates the positive precipitation trends for the months of December to February in the State of Paraíba, detected by [62]. In the lower quantile, some stations presented weak trends of humidity in the north sector of the NEB (Figure 2a). The midwest of the NEB presented weak trends of dryness (−0.2 SPEI/decade) in the mean quantile (Figure 2b). This quarter was the rainiest period in the midwest sector of NEB, which presented a strong trend of dryness in the upper quantile (Figure 2c). The outlook is for the occurrence of more extreme drought events in this period.



Figure 3 shows the trends of each quantile level in the three municipalities chosen to represent each of the pluviametrically homogeneous regions of the NEB (the black line is the SPEI, the red line represents the upper quantile 95, the intermediate green line the 50th quantile, and the blue line the lower quantile 05). In the NDJ quarter, Barreiras presented negative trends in Q50 and Q95, and a positive trend in Q5. None of these trends presented statistical significance (Figure 3a). Considering that there was a negative trend in Q95 and a positive trend in Q5, it can be concluded that there is a clear contraction of drought variability in this municipality, and dry and wet periods should be less intense. João Pessoa and Fortaleza presented positive trends at all levels. In João Pessoa, the Q50 trend of 0.45 SPEI units per decade was statistically significant (Figure 3b), while in Fortaleza, there was statistical significance in the Q95 positive trend of 0.44 SPEI units per decade.



In the lower quantile of the FMA quarter, few stations presented significant trends. These stations are located in the south of NEB and showed a weak trend of dryness (Figure 4a). In the mean quantile, there were significant trends of dryness in the east of the NEB (Figure 4b), which extended throughout the north sector of the NEB in the upper quantile (Figure 4c). The FMA quarter was the rainy season of the north sector. There was a clear contrast in this sector between the NDJ and FMA quarters (Figure 2 and Figure 4). While there was a trend of dryness in the rainy period (FMA), there was a trend of higher humidity in the previous quarter (NDJ). These results suggest a temporal displacement of the rainy season in the north of the NEB.



In the FMA quarter, the cities of Barreiras and João Pessoa had significant trends in Q5 (−0.47 SPEI units per decade) and Q50 (−0.34 SPEI units per decade), respectively. Barreiras exhibited negative trends at levels Q95 and Q05 (Figure 5a), indicating that there was an increase in severe drought events. In João Pessoa, Q95 and Q50 showed negative trends while Q05 showed a positive trend (Figure 5b). The pattern displayed for João Pessoa indicates a decrease in extreme drought and flood events. Fortaleza showed a positive trend only in the median quantile, indicating an increase in drought events, but without an increase in the intensity of extreme events (Figure 5c).



The MJJ quarter presented dominant humidification trends in most of the NEB at all quantile levels (Figure 6). The southwest sector presented a trend of dryness in the lower and mean quantiles (Figure 6a,b). The humidification trends of the lower quantile were more pronounced and extensive than other quantiles (Figure 6a). In the north sector, more precisely the northwest, a trend of higher humidity can be observed, characterizing a dislocation of the rainy period in this sector. This result is in accordance with [63], which showed significant positive trends in this sector, with the rainy season occurring later on. The eastern range of the NEB presented considerable trends of humidity, being the only one to present an increasing trend of the wet period during its rainy season.



For MJJ, the municipality of Barreiras presented different trends in its quantile levels, showing a clear increase in SPEI variation, with increased intensity of both dry and wet periods (Figure 7a). The upper quantile (Q95) showed a positive trend, while the Q50 and Q5 quantiles presented negative trends. Only the trend of −0.48 SPEI units per decade on Q5 was significant. In João Pessoa, the trends in the Q95 and Q5 quantiles were practically zero (Figure 7b). On the other hand, there was a positive and significant trend of the average (Q50) of 0.41 SPEI units per decade. This implies that while the average SPEI values increased, the rainy period extremes remained stable. In other words, the frequency of the wetter period increased, while the magnitude remained the same. A similar pattern repeated itself in Fortaleza. The Q95 and Q50 quantiles were practically null (Figure 7c), but the Q5 quantile presented a positive and significant trend of 0.41 SPEI units per decade, indicating a drought variability reduction in the municipality.



The authors in [64] analyzed the scenarios generated by CMIP5 models in the NEB domain to assess the future of droughts in the region. The models showed an increase in austral summer precipitation and a decrease in austral winter. In general, the models pointed to a greater intensification of droughts in the NEB. The trends of the north and south sectors in the NDJ quarter (Figure 2) were consistent with the results found by the author for the DJF quarter. The study by [65] analyzed other scenarios using SPI at 6 and 12 month scales. Overall, the projections showed an increase in drought intensity, frequency, duration, and magnitude for the NEB region at both time scales. The results of these numerical experiments partially agree with the outcomes of this paper. [66] observed a trend of extreme increase of precipitation in the NEB. The author also observed a great temporal variability, indicating that trends are influenced by interannual variability.



In the NEB, water resources are of great importance for agriculture, supply, industry, and electrical production [67], but are not abundant. The availability of this resource is partly affected by natural or anthropogenic climate change at regional scales, which causes soil degradation by decreasing moisture, and reduced water storage in watersheds. These effects are directly related to the drought phenomenon, which is characterized by widespread water deficit over a relatively long time scale.



The vast majority of people living in the semi-arid NEB depend on rainfed agriculture. However, the great droughts are an obstacle to their lives, causing massive rural exodus. In a brief survey conducted in the state of CE, it was shown that the consequences of droughts were short and long term, with effects present in periods of three months to more than two years [68]. Due to spatiotemporal irregularity and low rainfall, much of the NEB faces a chronic problem of water scarcity, human supplies, and agricultural activities, which can be easily identified through low vegetative vigor [69,70,71].



Given these questions, the results of this research point to changes in rainfall distribution at extreme quantile levels. In NDJ, there is a tendency of decreased rainfall in the upper quantile, indicated by negative values of SPEI, especially in the state of BA. In FMA, this feature persists, with the aggravation of being a feature of the entire NEB. The only exception is the MJJ quarter, which has a tendency to increased rainfall, represented by the predominance of positive trends of SPEI in the three quantile levels analyzed. However, it can be inferred that the extreme events of accumulated precipitation have increased, especially in the eastern NEB range.




4. Conclusions


From the use of quantile regression and the SPEI index, it was possible to analyze the drought and humidity trends of the NEB on a time scale characteristic of meteorological drought. This made it possible to measure trends that are easier to interpret from the social and environmental impact point of view. The south and north sectors of the NEB showed a trend of more intense droughts during the rainy period of each region, which were NDJ and FMA, respectively. In contrast, the north sector presented significant trends of humidity one season before its rainy season, characterized by the literature, making evident a temporal dislocation of the region’s rainy season. In the MJJ quarter, there was a predominance of humidity trends at all quantile levels, with trends of dryness in a small area of the NEB’s midwest.



Individual results in the municipalities of Barreiras, João Pessoa, and Fortaleza more consistently illustrated that the series presented different trends when analyzed by quantile levels. For instance, while Barreiras presented a decrease in variability intensity of the dry and wet periods in the NDJ quarter, the same city presented an increase in the variability of drought intensity in the MJJ quarter. Such findings would not have been possible with traditional methods that would only estimate the series average.



The choice of the 3-month (SPEI-3) time scale was an important consideration, as meteorological drought generally responds on this scale. The results presented here are useful for managers who will define measures to mitigate problems related to climate variability, but do not comprehend all the nuances of the NEB’s climate. Therefore, further studies will be necessary to understand the trends at other time scales, which are more useful from the agricultural and hydrological point of views.
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Figure 1. (a) Map of Brazil highlighting the northeast region in gray, with numbered and identified states and rainfall homogeneous areas: North (red), East (blue), and Midwest (green); (b) Geographic distribution of the 1794 NEB municipalities. 
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Figure 2. Trend of SPEI-3/decade for the NDJ quarter in quantiles (a) Q5, (b) Q50 and (c) Q95. The black points indicate municipalities whose series presented statistical significance. 
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Figure 3. Trends of SPEI-3/decade multi quantile levels for the NDJ quarter in the cities (a) Barreiras (BA), (b) João Pessoa (PB), and (c) Fortaleza (CE). * Confidence interval used: 95%. 
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Figure 4. Trend of SPEI-3/decade for the FMA quarter in quantiles (a) Q5, (b) Q50, and (c) Q95. The black points indicate municipalities whose series presented statistical significance. 
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Figure 5. Trends of SPEI-3/decade multi quantile levels for the FMA quarter in the cities (a) Barreiras (BA), (b) João Pessoa (PB), and (c) Fortaleza (CE). * Confidence interval used: 95%. 
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Figure 6. Trend of SPEI-3/decade for the MJJ quarter in quantiles (a) Q5, (b) Q50, and (c) Q95. The black points indicate municipalities whose series presented statistical significance. 
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Figure 7. Trends of multi quantile levels of SPEI-3/decade for the MJJ quarter in the cities (a) Barreiras (BA), (b) João Pessoa (PB), and (c) Fortaleza (CE). * Confidence interval used: 95%. 
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