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Abstract:

 Based on 56 rainfall stations, which cover the period 1961–2008, we analyzed the presence of trends in the drought-affected area over southern South America (SSA) at different time scales. In order to define drought conditions, we used the standardized precipitation index, which was calculated on time scales of 1, 3, 6, 9 and 12 months. The trends were estimated following both a linear and a non-linear approach. The non-linear approach was based on the residual of the empirical mode decomposition, a recently proposed methodology, which is robust in presence of non-stationary data. This assessment indicates the existence of reversals in the trends of the drought affected, area around the 1990s, from decreasing trends during the first period to increasing trends during the recent period. This is indicative of the existence of a low-frequency variability that modulates regional precipitation patterns at different temporal scales, and warns about possible future consequences in the social and economic sectors if trends towards an increase in the drought affected area continue.
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1. Introduction

Drought is perceived as one of the costliest and less understood natural disasters, given the difficulties to define its beginning and end, its slow development, and its multiple regional features. Therefore, it is important to investigate the temporal and spatial characteristics of droughts to provide a framework for sustainable water resources management, especially in semi-arid regions [1]. In these regions, desertification processes can interact with the occurrence of drought events, with significant impact on the environment and the population. Therefore, the identification of the role of droughts within the physical and social backgrounds could provide a better comprehension regarding improving the response and mitigation of its impacts. In the case of Southern South America (SSA), droughts are a recurrent phenomenon, with impacts evident in the reduction of crop yields, streamflow deficiencies, and consequent problems for hydropower generation.

The analysis of the temporal and spatial patterns of droughts contributes, in a significant way, to the evaluation of the dynamics of climate in a particular region. The preparedness and planning for a drought depend on the information about its areal extent, severity, and duration [2]. On an operational assessment, the National Oceanic and Atmospheric Administration (NOAA) continuously monitors the percentage of dry area over the United States and its impacts on agricultural and hydrological systems [3]. In SSA, the main meteorological centers of the region (SMN in Argentina and CPTEC in Brazil) analyze the spatial evolution of droughts on multiple time scales. The knowledge of the percentage of meteorological stations with drought conditions can be useful for the quantification of the spatial extension of the drought events [4]. In this way, Krepper and Zucarelli [5] defined as critical dry months those in which 30% of the study area is affected by precipitation values below one standard deviation from the mean. The authors found a relationship between the amount of critical months and the time scale considered for the definition of dry and wet periods over the La Plata Basin. Another relevant research was carried out by Barrucand et al. [6], who considered, as a drought index, the percentage of locations with precipitation lower than the median within a given region. They considered that a month is dry if at least 80% of the meteorological stations of the region recorded a precipitation value lower than the median, and analyzed its associated monthly circulation patterns.

During the second half of the 20th century, linear trends in precipitation over SSA showed a significant increase at different time scales [7,8,9,10]. Taking into account the non-linear character of climate variations, it is necessary to evaluate methodologies that allow a correct quantification of this kind of temporal variations. Such studies were carried out by Minetti et al. [11] and Rivera et al. [12], who analyzed the non-lineal trends in the annual total amounts of precipitation and in the annual number of dry days, respectively, through a cubic polynomial fit. Another relevant study was carried out by Krepper and Zucarelli [5], who applied singular spectrum analysis to the standardized precipitation index time series in the La Plata Basin, for the identification of non-linear trends. This methodology was also applied by Bordi et al. [13] for the estimation of non-linear trends in dryness and wetness over Europe. Other studies that analyzed the evolution of a drought affected area have been performed over Portugal [14] and Italy [15]; while a linear trend assessment of the rainfall shortages was carried out by Di Lena et al. [16] over Central Italy, Lana et al. [17] over Northeast Spain, and Lloyd-Hughes and Saunders [18] over Europe. In addition to the current evaluation of recent trends, several studies evaluated the future evolution of drought affected areas, based on global climate models and multiple scenarios. A global assessment of the projected changes can be found in Sheffield and Wood [19], who found substantial increases in the spatial extent of drought during the 21st century for most regions of the world.

It is expected that this non-linear signal, present in the precipitation temporal patterns, can be found in other variables, such as the spatial extension of drought events, although its behavior could be different over time and deserves a proper investigation. This paper addresses some aspects related to the spatial and temporal variability of the percentage of locations with drought conditions in SSA. For that purpose, we used the standardized precipitation index (SPI) in time scales of 1 (SPI1), 3 (SPI3), 6 (SPI6), 9 (SPI9), and 12 (SPI12) months, and for three levels of severity: moderate, severe, and extreme drought. This allows the representation of dry conditions that affect both the agricultural and hydrological sectors and, therefore, the economy of the regions considered.



2. Data and Methodology


2.1. Precipitation Data

Precipitation is the main factor that controls the development and persistence of meteorological drought conditions [18]. Therefore, it is the variable considered for the analysis and recognition of this kind of drought. The database for the study consists of 56 monthly precipitation time series that cover the period 1961–2008, located in the portion of South America, south of 20°S, which are part of the CLARIS LPB database [20]. The distribution of the meteorological stations is shown in Figure 1. Quality control procedures are detailed in [20] and we also included a homogeneity control using the Standard Normal Homogeneity Test [21], the Pettit test [22], and the Buishand test [23]. These three additional tests identified inhomogeneities in 4 of the 56 precipitation time series, which correspond to climatic jumps and not to instrumental factors, given the spatial distribution of the dates of the changes (not shown). Therefore, no corrections were applied to the precipitation time series.

Figure 1. Spatial distribution of the meteorological stations used in the study.
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2.2. Standardized Precipitation Index

The standardized precipitation index (SPI) was developed by McKee et al. [24] with the purpose of drought definition and monitoring. During the last decade, this index became one of the most popular drought indicators, being valuable for its theoretical aspects, its robustness, and versatility for drought analysis [25]. The SPI has also been recommended by the Lincoln Declaration on Drought Indices [26] and according to Rivera and Penalba [27] is the most adequate drought index for SSA. Conceptually, the SPI represents the number of standard deviations from which a given precipitation value is above or below the long-term climatological average in a particular location. The SPI is a powerful, flexible index that is simple to calculate and is widely used in the region by the main agencies of weather (National Weather Services of Argentina, Brazil, Chile, Paraguay and Uruguay), agriculture (Brazilian Agricultural Research Corporation, Argentinean Center of Survey and Evaluation of Agricultural and Natural Resources), and water resources (General Directorate of Water Resources of Chile). A detailed description of the calculation of the SPI can be found in Lloyd-Hughes and Saunders [18].



In this work, we analyzed time scales of 1, 3, 6, 9, and 12 months, which were widely used in the literature [28]. Following Penalba and Rivera [29], a drought event was defined as the period of time where SPI values are below to −1.0. The percentage of meteorological stations with SPI values corresponding to moderate, severe, and extreme drought conditions can be used to quantify the spatial extension of drought events. Therefore, for each month of the 1961–2008 period, we calculated the percentage of locations with drought conditions. Three levels of severity were considered for the analysis of the drought affected area: moderate, severe, and extreme drought conditions. Table 1 indicates the thresholds for the SPI values for each category, with its probability of occurrence. Hence, we obtained three time series of drought affected area for each of the five time scales, which correspond to the different drought severity levels. In all the cases, the time series of the drought affected area in the moderate category include locations with severe and extreme drought, and the time series in the severe category include locations with extreme drought.

Table 1. SPI categories.


	Category
	SPI
	Probability





	Wet (W)
	≥1.00
	15.9%



	Normal (N)
	−0.99 to 0.99
	68.2%



	Moderate drought (MD)
	−1.49 to −1.00
	9.2%



	Severe drought (SD)
	−1.99 to −1.50
	4.4%



	Extreme drought (ED)
	≤−2.00
	2.3%












2.3. Trends Estimation

The linear trends were calculated for the period 1961–2008. A straight line was adjusted to each time series by using the linear regression method of least squares. The adjustment was evaluated by the correlation coefficient of Pearson, r, which reflects the degree of linear dependency between two datasets. The significance of the coefficients was evaluated on the confidence level of 95%.

For the estimation of the non-linearity present in the time series of the percentage of locations with drought conditions, we used the empirical mode decomposition (EMD) [30]. This method decomposes a time series in a finite number of components, called intrinsic mode functions (IMF), and a residual trend. The residual of the composition corresponds to the non-linear trend estimation. This method is robust in the presence of non-stationary data and is adequate for the study of time series, which possesses non-linear variations [31]. According to Sang et al. [32], EMD can be an effective alternative for trend identification in hydrological time series. The detailed algorithm of the EMD is described in [30,33]. The basics of the calculation are described as follows:


	Initialize: i = 1, and define r0 = x(t).


	Identify the extremes (maximum and minimum) of r0, and generate the upper and lower envelopes connecting all the local extrema through a cubic spline interpolation.


	Calculate the mean envelope m(j = 1).


	Subtract the mean envelope to the time series in order to obtain the first sub time series h(j = 1) (h(j = 1) = r0 − m(j = 1)).


	Treat h(j = 1) as r0 and repeat steps 2 to 4 with j = j + 1 as many times as needed, until the envelopes being symmetric to zero mean under certain criteria. The final h(j) is designated as Ci.


	Define again r0 = x(t) − Ci and i = i + 1, and then repeat steps 2 to 5. When i = N and the residual becomes a monotonic function or a function only containing one internal extremum from which no more IFM can be extracted, a complete sifting process of series x(t) by EMD stops. The decomposition results can be expressed as:
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(1)







where N is the number of IMFs separated from series x(t), and Ci is the ith IMF.
We considered a version of EMD that was improved by Huang et al. [33] taking into account the presence of mode mixing and based upon an ensemble of the decomposition with adaptive noise [34]. Its main advantages in comparison with the original EMD are discussed by Colominas et al. [35]. As an example, Figure 2 shows the results of the EMD from the time series of a drought affected area based on SPI12. Only the first 5 IMF are shown, from a total of 9 IMF, which together with the residual are enough to represent the original signal. The EDM firstly extracted the higher frequency variations from the data, represented by the IMF1, and the successive applications of the algorithm produced the remaining IMFs. Low frequency variations are represented by the higher-order IMFs, and the residual represents the non-linear trend of the data.

Figure 2. Empirical mode decomposition of the drought affected area based on the SPI12. Only the first five intrinsic mode functions are shown. The top panel shows the original signal (in red), while the lower panel shows the residual of the decomposition.
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The use of this methodology for the analysis of non-linear trends in SSA is novel and will be applied in this research to the time series of drought affected area. Several studies applied the EMD for the identification of the main modes of variability and the assessment of non-linear trends in variables like precipitation and temperature [36] and indices like the Southern Oscillation Index and the Indian Ocean Dipole Index [37]. Assitionally, the EMD potential for climatological indices forecasting was assessed by Iyengar et al. [38] and Karthikeyan and Kumar [39].




3. Results and Discussion


3.1. Temporal Evolution of the Number of Meteorological Stations with Drought Conditions

From a vulnerability point of view, the situations when a great portion of the study area is under drought conditions must be considered. Figure 3 shows the temporal evolution of the percentage of stations with moderate (SPI ≤ −1.0), severe (SPI ≤ −1.5), and extreme (SPI ≤ −2.0) drought conditions for the five temporal scales calculated in the SSA. For the three severity levels, the high frequency temporal variability in the time series decreases as the time scale for the calculation of SPI increases. In the case of SPI1 a strong temporal irregularity is observed, alternating periods of dryness and wetness (Figure 3a). During the years 1962, 1965, 1966, 1971, 1974, and 2006, more than 50% of the stations were affected with moderate drought conditions. This indicates that most of the drought events that affected a great portion of SSA were recorded during the 1960s and 1970s, although prolonged periods of drought were recorded during 1988–1989 and 1995–1996. In the case of SPI3, during the years 1966, 1988, and 1995, more than 60% of the stations were affected by moderate drought conditions (Figure 3b). Moreover, during the 1995 event, more than 45% of the stations presented severe drought conditions, and were located mainly in the central-east and north-east portions of Argentina. As the time scale increases, the major drought events affecting large portions of SSA are better defined. This is verified for the time scales of 6, 9, and 12 months (Figure 3c–e, respectively). The drought affected area based on the SPI6 shows that the events of 1962, 1968, and 1972 affected more than 60% of the analyzed stations (Figure 3c). During the 1972 drought, more than 40% of the locations presented severe drought conditions. The percentages of stations identified through SPI9 show greater values between 1961 and 1972, where the 1962 and 1968 events stand out. In this time scale, the drought event recorded between 1988 and 1989 was one of the most important of the 1961–2008 period, covering more than 60% of the analyzed stations (Figure 3d). Finally, if we consider the precipitation deficits in a 12-month time scale, the events of 1962 and 1988–1989 stand out, which affected more than 60% of the study area (Figure 3e). From that percentage, 20% corresponds to extreme drought conditions. Through this analysis stands the practicality of SPI12 to capture multi-annual drought events and decadal variations in the percentage of locations with drought conditions. It was notable that the increase in the drought affected area, since 2001, reached 40% of the study area during 2008 in all the time scales.

Figure 3. Temporal evolution of the percentage of meteorological stations with drought conditions during 1961–2008. Orange, vermillion, and red colors indicate moderate, severe, and extreme conditions, respectively. (a) SPI1; (b) SPI3; (c) SPI6; (d) SPI9; (e) SPI12.
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Table 2 shows the maximum percentage of locations with drought for each time scale and severity level, with the corresponding month and year of occurrence. In the case of moderate droughts, in all cases, more than 60% of SSA was affected by drought during certain periods of time, which depends upon the time scale considered. These extreme events were particularly damaging, given that rainfed agriculture represents 92% of the agricultural areas in Argentina, 90% in Bolivia and Brazil, 97% in Uruguay, and 60% in Paraguay [40]. The drought of 1988–1989 affected a higher number of locations in time scales of nine and 12 months. In the case of the time scale of six months, the drought of 1971–1972 showed the higher percentages of drought affected areas. The drought event of 1965–1966 affected the highest percentage of locations in the time scale of three months, which indicates that, from the agricultural point of view, this event was one of the most damaging of the 1961–2008 period. These results indicate that droughts are a phenomenon of limited extension, in which diverse local and regional factors interact to determine their extreme values, given the heterogeneous pattern observed in SSA in the five temporal scales analyzed.


Table 2. Maximum percentage of locations with drought conditions for each temporal scale and severity level, together with the date of occurrence.



	
Category

	
Moderate

	
Severe

	
Extreme




	
Time Scale

	
Max %

	
Date

	
Max %

	
Date

	
Max %

	
Date






	
1

	
62.50

	
May 2006

	
41.07

	
May 2006

	
23.21

	
March 1965




	
3

	
67.86

	
October 1966

	
48.21

	
October 1966

	
26.79

	
October 1966




	
6

	
67.86

	
March 1972

	
41.07

	
February and March 1972

	
17.86

	
February 1972




	
9

	
66.07

	
January 1989

	
46.43

	
January 1989

	
23.21

	
January 1989




	
12

	
67.86

	
March 1989

	
46.43

	
March 1989

	
25.00

	
March 1989











3.2. Trends in the Number of Meteorological Stations with Moderate Drought Conditions

A linear trend estimation was performed to assess the long-term changes in the evolution of the drought affected area for every severity level and time scale considered. Significant decreases were observed for the time scales of six, nine, and 12 months in all the severity levels. In the case of the temporal evolution based on the SPI6, the percentage of locations with moderate drought shows a significant negative linear trend that represents approximately a decrease of 1.8% per decade. The SPI9 time series shows a significant negative linear trend of approximately 2.4% per decade for the moderate level. For the time scale of 12 months, the time series of the percentage of locations with moderate drought conditions shows a significant decrease of 2.8% every 10 years, while this change decreases to 1.5% for the severe category. The percentage of change per decade for the three severity levels indicates that as the time scale increases, the area affected by drought decreases further.





Based on Figure 3, an increase in the drought affected area over the last decade in all the time scales considered was observed. Given the non-linearity of precipitation variations in SSA over the last century, we assessed the low frequency variations in the moderate drought affected area through the residual of the EMD. To better assess these temporal variations, we decided to analyze only the evolution of moderate drought conditions given the continuity of the time series (i.e., lack of long periods with zero values). Figure 4 shows the residuals of the EMD of the percentage of locations with moderate drought for the five time scales considered. While all the trends show a decrease in the percentage of stations affected by moderate drought, a reversion is verified between the end of the 1980s and mid-1990s. The years of the reversion are dependent upon the time scale considered; for example, for time scales of six and 12 months, the change is evident during the first half of the 1990s, while for time scales of one and nine months, this is evident during the second half of the same decade. These results were observed in other variables by Krepper and Zucarelli [5] and Rivera et al. [12], and warn about the existence of a low frequency variability that can lead to an increase in drought affected area during the beginning of the 21st century. The residual of the EMD for the SPI12 time series accounts for almost 15% of the total variance, while this percentage contributes to almost 10% for the SPI9 variability and 8% for SPI6. Recent trends in the drought affected area for the moderate severity level were calculated for the 1999–2008 period as the percentage of change. In all the time scales a significant positive trend was observed, with the higher magnitudes observed at time scales of one and six months. Table 3 summarizes the main findings of this section.

Figure 4. Non-linear trends estimation through the residual of the EMD of the time series of percentage of stations with moderate drought conditions for the period 1961–2008 in the five time scales considered.
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Table 3. Year of the trend reversal in the evolution of the drought affected area for the five scales considered, percentage of change (slope) every 10 years, based in the period 1961–2008 and recent trends (percentage of change) for the 1999–2008 period. Significant values are in bold.



	
Category

	
Moderate

	
Severe

	
Extreme




	
Time Scale

	
Year of Trend Reversal

	
Slope/10 Years

	
Recent Trend

	
Slope/10 Years

	
Slope/10 Years






	
1

	
1996

	
−0.38

	
3.40

	
−0.21

	
−0.11




	
3

	
1990

	
−0.96

	
0.65

	
−0.43

	
−0.10




	
6

	
1991

	
−1.78

	
2.44

	
−0.98

	
−0.35




	
9

	
1998

	
−2.38

	
1.09

	
−1.18

	
−0.56




	
12

	
1991

	
−2.81

	
1.11

	
−1.49

	
−0.70















3.3. Spatial Evolution of Major Droughts over SSA

Based on the results presented in Table 2, it is worthwhile to discuss the spatial evolution of the main drought events over SSA. Both the spatial extent and evolution of major droughts present several differences between events, given that the atmospheric patterns can affect several regions in different ways. For example, the drought of 1971–1972 affected a great percentage of locations particularly on time scale of six months (Table 2). This event mainly affected the central-western portion of SSA, a semi-arid region that strongly depends on water to sustain the regional economies [41], and the central portion of the La Plata Basin. Another relevant drought event was recorded for the time scale of three months during the spring of 1966, a season which is determinant for agricultural production. This event affected particularly the humid Pampas and the north-western Patagonia regions. The drought conditions began during September over the lower portion of the La Plata Basin and progressed south during October, with extreme drought conditions over most of the Pampas region (not shown). This drought event affected the highest number of locations in comparison with other drought events and time scales (Table 2) and had a relatively short duration, which warns about the random spatial and temporal behavior of short-term droughts.

One of the most damaging drought events was recorded during 1988–1989. This particular event had its greatest extension on time scales of nine and 12 months (Table 2), affecting the central portion of the study area and the northern portion of Patagonia. Figure 5 shows the temporal evolution of the drought affected area during the months of January to June, 1989, for SPI12. Persistent drought conditions affected the central and eastern regions of Argentina. Taking into account the drought severity levels, this event progressed toward the Pampas region during the months of March and April, reaching the category of severe drought. An increase in the drought severity levels over northern Patagonia is evident, being the main region affected by drought during the month of June, 1989. This event had significant impacts in the economic sector, with losses of 20% of the total volume of grain [42] and the minimum levels of hydroelectric power generation over the Comahue region, located in north-western Patagonia.

Figure 5. Temporal evolution of the 1988–1989 drought during the months of January to June 1989 for the SPI12 time series. Drought categories are indicated in Table 1.
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In the three drought events (1966, 1971–1972 and 1988–1989) a negative anomaly in the sea surface temperature over the El Niño 3.4 region was observed (i.e., La Niña conditions). Significant decreases in corn productivity documented by Minetti et al. [43] were also related to La Niña years, especially during the 1988–1989 event. Other sub-seasonal factors, such as the development of blocking conditions over the Southern Pacific Ocean [44], can contribute with the onset and intensification of drought events over SSA.




4. Conclusions

In this work we analyzed the temporal evolution of the drought affected area in Southern South America during the 1961–2008 period, for time scales ranging from one to 12 months. The presence of non-linear trends in these time series was identified through a recently proposed method, based on the residual of the empirical mode decomposition. Even though the linear trends indicate that the percentage of locations with drought conditions is diminishing, which is related to the increase of precipitation over the study area observed during the second half of the 20th century, the non-linear trends analysis showed that the time series presented a reversion during the decade of the 1990s. Due to the significant impact of these trends in the agricultural production and the hydroelectric generation, its continuous monitoring and interpretation is necessary. This should be performed through methodologies, as those used in this research, which are robust in the presence of non-stationary data. This non-linearity in the drought affected area is indicative of a low-frequency climatic oscillation that modulates the regional aspects of precipitation in SSA. According to Junquas et al. [45], trends in summer precipitation over SSA will decrease during the first half of the 21st century, which is in agreement with the trends found during recent years and warns about the severe consequences that these low-frequency oscillations can have at a regional level.

It was verified that droughts are a phenomenon of limited extension, in which several local factors act to determinate its extreme values, given the heterogeneous pattern observed in SSA. However, the analysis showed that the period of time from 1961 to 1972 was characterized by the occurrence of several widespread droughts in all the time scales. The most severe episodes affected a great portion of SSA, with the droughts of 1966 and 1988–1989 affecting with moderate drought conditions in more than 60% of the region, and more than 45% at a severe level.
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