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Abstract

:

Future changes are expected in precipitation under climate change, therefore, changes are projected in the oceanic and terrestrial components. However, it remains poorly elucidated how the El Niño–Southern Oscillation (ENSO) can influence these changes. Therefore, we aimed to perform a space-time causality analysis of regional ENSO impacts on terrestrial and oceanic precipitation by using the Granger causality method as a function of eight temporal lags (lags 1–8). The monthly values of total precipitation obtained using the Lagrangian approach and their respective terrestrial (PLT) and oceanic (PLO) components were used. The analysis was performed for the two regions of western North America (WNA) and eastern South America (ESA) with strong ENSO signals. For the WNA region in winter, the maximum Granger causality was observed in the component of oceanic origin for temporal lags 1 and 2 (3 and 6 months), with a predominance of both positive and negative ENSO conditions. For the ESA region, it was verified that the causality of the ENSO index was maximum for PLT. Temporal lags 2–5 (6–15 months) stood out in winter when there was a marked region of the Granger causality over the La Plata Basin. In autumn, for lags 1–4 (3–12 months), the Granger causality values were predominant in the southern and western areas of ESA and showed a tendency to move northward with an increased temporal lag. Finally, it was shown that high correlation values did not imply the causality of the relationship between the ENSO index and precipitation in the two regions.
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1. Introduction


The hydrological cycle is highly complex [1], and detailed analysis in the context of climate change is very important in the scientific community. Basic thermodynamic and energetic considerations (e.g., the Clausius–Clapeyron relationship) suggest that an increase in global mean surface temperature implies an increase in atmospheric moisture content [2,3,4,5]. This process occurs because the atmosphere exhibits an enhanced water-holding capacity. Therefore, an increase in the mean precipitation pattern, extreme values, and evaporation–precipitation balance is expected. In particular, the percentage of precipitation of oceanic origin is projected to rise with greater importance of oceanic moisture sources in the future climate [1].



However, under conditions where notable modifications in the atmospheric circulation pattern are not observed, an increased transport is expected from divergent to convergent regions. Therefore, in subtropical oceans, the most important divergent regions and continents mostly behave as convergent regions, which determines that the contribution of oceanic precipitation will rise [6]. It is known that limitations in the availability of soil moisture influence soil evaporation, implying decreased importance of precipitation of terrestrial origin as opposed to oceanic origin. Numerical simulations have accurately projected that the global recycling rate of moisture decreases by ~2–3% per a 1 °C temperature rise [7]. Therefore, individually analysing changes in the components of precipitation (its oceanic and terrestrial origin) will allow for a more accurate understanding of modifications in the hydrological cycle, thus distinguishing the effects of short-to-long-term impacts. This analysis is crucial for implementing prevention/adaptation measures, reducing vulnerability, and mitigating risk.



In particular, Gimeno et al. [1] used a Lagrangian approach to study the behaviours of oceanic (PLO) and terrestrial (PLT) precipitation components and observed a significant increase in the current climate of PLO, which was greater in tropical areas. Terrestrial precipitation was of increased importance for regions, such as the Amazon and Central Equatorial Africa, given the increased PLO. Sori et al. [8] demonstrated that PLT represents > 50% of the total precipitation determined using the Lagrangian approach (PL) in most PLO and PLT analyses for river basins. These results confirm the importance of precipitation recycling and moisture transport in continental regions. Additionally, Sori et al. [8] highlighted the importance of PLO in almost all North American river basins. However, these studies have focused on PLO and PLT changes but have not analysed how these changes might be influenced by the El Niño–Southern Oscillation (ENSO) and which regions show the most significant changes. Therefore, these studies did not determine the causality of the ENSO for the components of precipitation.



Several studies have used the Granger causality method to analyse climate teleconnections by using different variables, such as surface temperature [9], terrestrial evaporation [10], total precipitation [11], global evaporation [12] and global dust activities [13]. These studies demonstrate the ability of this statistical method to analyse the causality of teleconnection patterns for a given variable. However, the approach proposed by these studies has not been applied to determine the space-time causality of the ENSO for PLO and PLT on regional or global scales.



Therefore, the specific objectives of this study were to (1) analyse the space-time causality of the ENSO impacts on oceanic and terrestrial precipitation at two specific regions as a function of different temporal lags via the Granger method; and (2) compare results with the correlation pattern found for the same temporal lags. The latter is of utmost importance since many studies have associated changes in precipitation with the ENSO index based on the coefficient of correlation. However, the correlation pattern is a statistical measure that describes the strength and direction of a linear relationship between pairs of variables, and therefore, does not determine causality [14].



Study Regions


To carry out the study, two study regions were selected that satisfied the following criteria: (1) there is an ENSO climatic signal that affects the total precipitation pattern; and (2) values of an oceanic or terrestrial precipitation component associated with some mechanism of moisture transport are prevalent, such as atmospheric rivers (ARs) or low-level jets (LLJs).



The first study area corresponded to western North America (WNA); namely, only the region delimited by the red rectangle [100–130° W, 34–52° N] (Figure 1a). This region corresponded to the area of maximum influence of ARs that make landfall in winter [15,16]. The ENSO affects the overall variability of interannual precipitation in this region [17,18,19]. In particular, for El Niño winters, increased precipitation was observed in the extreme southern United States (US), whereas increased dry conditions were observed in the mid-latitudes of the US. According to Payne and Magnusdottir [20], the ENSO influences the landfalling ARs (LARs) in this region. In general, the maximum and minimum numbers of LARs occur for El Niño and La Niña, respectively, causing a latitudinal shift towards the equator in the positive phase and the opposite (towards higher latitudes) in the negative phase. Finally, during El Niño winters, the total precipitation anomalies were positive in the coastal areas of California. During La Niña winters, the contribution of the AR group decreases, showing negative precipitation anomalies [21].



The second study region (Figure 1b) was defined around the La Plata Basin, that is, eastern South America (ESA) [40–70° W, 15–38° S]. Its selection was based on the fact that several studies have shown that the ENSO impacts occur during boreal winter (December–February) and boreal autumn (September–November) [22,23,24]. However, the South American low-level jet (SALLJ) influences ESA and is the main mechanism contributing to moisture transport over South America (e.g., [25,26]), in particular, over the La Plata Basin (LPB). The SALLJ transports a large amount of moisture along the eastern edge of the Andes towards the southern Amazon Basin and La Plata River Basin. In addition, the SALLJ can be modulated by the ENSO, influencing the total precipitation. For example, Ferreira et al. [27] and Marengo et al. [28] showed that the SALLJ was stronger and more frequent during the El Niño summer of 1998 than during the La Niña summer of 1999, contributing twice as much precipitation. Montini et al. [26] indicated that SALLJ days were more frequent during the winter and summer of El Niño years than during neutral years. In addition, SALLJ days were significantly less frequent during the autumn than during the other seasons of La Niña years but showed no significant difference between winter and summer for La Niña. Montini et al. [26] summarised that the frequency of the SALLJ in both regions increases (decreases) during El Niño (La Niña) events.





2. Data and Methods


2.1. Data Used


In this study, the monthly values of Lagrangian precipitation (PL) and its oceanic (PLO) and terrestrial (PLT) components determined by Nieto and Gimeno [29] for 1981–2018 were used. A detailed analysis of the experiments conducted to obtain this database can be found in Nieto and Gimeno [29,30] and Sori et al. [8]. It should be noted that PL and its components of PLO and PLT are approximations of real precipitation. Specifically, PL, PLO, and PLT are calculated using the results of global modelling using the Lagrangian particle dispersion model (FLEXPART v9.0) [31,32] forced with ERA–Interim reanalysis for the period from 1980 to 2018. In particular, PLO and PLT were considered to analyse the influence of the ENSO on precipitation of terrestrial and oceanic origin in the study regions for different temporal lags. The spatial resolution of the data was 0.25° × 0.25°. This database was advantageous for this type of analysis on a regional scale since it was determined considering the optimal monthly integration times for each region, allowing us to consider the water vapour residence times for each specific region.



The monthly values of Multi-Source Weighted–Ensemble Precipitation (MSWEP) v2.8 [33] were also considered real precipitation. The temporal and spatial resolutions of MSWEP were 3 h and 0.1° × 0.1°, respectively. It should be noted that MSWEP is a product obtained from a rain gauge, satellite, and reanalysis, achieving a highly accurate estimate of precipitation at each grid point. Therefore, MSWEP is expected to show better representation than other precipitation products in both densely gauged and ungauged regions. These data were interpolated to a resolution of 0.25° × 0.25° so that they had the same resolution as the Lagrangian precipitation. In particular, MSWEP is mainly used as a reference for the evaluation of precipitation components determined using the Lagrangian approach. Finally, to carry out the causality analysis, the Bivariate ENSO Index (BEST) was used to represent the ENSO conditions. The approach was based on the BEST lead, which combines the sea surface temperature (SST) Niño 3.4 index and the Southern Oscillation Index, as opposed to other indices that rely on only SST data or the atmospheric component [34].




2.2. Granger Causality Method


The Granger causality method was used to analyse the regional impacts of the ENSO on the precipitation components. In this study, it was calculated using a vector autoregressive (VAR) model as follows:


y(t) = c0 + c1 × y(t − 1) +⋯+ ck × y(t − k) + εt,



(1)






y(t) = a0 + a1 × y(t − 1) + ⋯+ ak × y(t − k) + bl × x(t − l) + ⋯+ bn × x(t − n) + εt,



(2)







The VAR method considers two regressions for model fit. Exactly, it employs a regression function on the prediction and based on its lagged values as shown in Equation (1) [e.g., y (t − 1) … y (t − k)] and another regression that predicts y as a function of lagged values of x [e.g., x (t − l) … x (t − n)] and the lagged value of y (Equation (2)) [11]. Furthermore, the variables c0 or a0 are vectors of constants that serve as the intersection of the model and εt is a vector k of error terms. Finally, ak, ck and bk is a time-invariant matrix. In Equation (2), l is the shortest lag and n is the longest, for which the lag value of x is significant.



VAR Formulation


As a specific case of the autoregressive model, VAR is used to analyse the relationship between several variables. Song et al. [11] provided a detailed explanation of this mathematical formulation. In general, if we have two time series, x, and y, we can apply the Granger causality test of x and y by varying the lag order (p). Lag selection is described in the next section. To test for statistical significance when the Granger causality of x and y is applied, the F-test is used. This test provides two values: test statistic and critical value. For this, we considered the null hypothesis that y is not Granger caused by x and the alternative hypothesis that y is Granger caused by x. The F-test is defined as follows:


   f =    (   R u 2  −  R γ 2   )  / γ    R u 2  /  (  θ − δ  )      



(3)




where R2 is the coefficient of determination; R2u is the R2 value of the unrestricted regression model in Equation (2); R2γ is the R2 value of the restricted regression model in Equation (1); γ is the number of restrictions; θ is the number of observations; and δ is the number of explanatory variables in the unrestricted model. In the F-test, the f statistic follows the F-test distribution under the null hypothesis [11]. Based on the results obtained for the F-test, it is true that Granger causality exists when the test statistic > critical value. This consideration is equivalent to a p-value < α; therefore, the null hypothesis is rejected, resulting in that y is Granger caused by x. When the Granger Causality method is used, it should be noted that the test is not true causality, but predictive causality [35]. That is, the time series are temporally related. Thus, if the prediction of future values of a time series y(t) is improved by including past values of a time series x(t), x(t) is said to be “Granger cause” y(t). This study considered a significance level of 95% [11]. The Python Stats Models library [36] was used to develop the research and application of the VAR method.





2.3. Methodology


The results of this study corresponded to the period of 1981–2018. To use the Granger causality method and correlation, the winter (DJF), spring (MAM), summer (JJA), and autumn (SON) time series were constructed for each grid point corresponding to MSWEP, PL, PLT, and PLO. Subsequently, the seasonal ENSO series was built considering the temporal lag to be used. In this case, eight temporal lags were considered, which represented two years backward in time for the year in which it began. We define the temporal lags as shown in Table 1. Therefore, the correlations of MSWEP, PL, PLT, and PLO with the ENSO were determined for each temporal lag in both areas. In addition, statistical significance was analysed to establish the areas of interest from the correlation pattern. That stands out: regions with observed positive (negative) correlations indicate that El Niño is related to an increase (decrease) in precipitation. Conversely, in regions where the correlation is negative (positive), La Niña favours an increase (decrease) in precipitation [37]. Then, the results for Granger causality were analysed and compared with those shown by the correlation pattern. In the results, emphasis was placed on PLO and PLT as they constituted our main objective; however, a comparison of PL and MSWEP was made for the Granger causality and correlation values to demonstrate that the results shown were reliable. This process was because the results obtained for PL, PLT, and PLO were the Lagrangian approximations of precipitation.





3. Results and Discussion


3.1. Correlation and Granger Causality for WNA Region


To compare with the Granger causality model, we also calculated the correlation of the ENSO index with PL, MSWEP, PLO, and PLT for the eight temporal lags (1–8) (Figures S1–S4 in the Supplementary Material). In addition, a comparative analysis was carried out for the number of points with positive and negative correlations in the selected area, and a similar analysis was performed for those that were statistically significant at 95%, which were framed by contours. Figures S1 and S2 show the spatial representation of the correlation pattern (R) for PL and MSWEP. It can be stated that there was a similarity in the regions of the positive and negative correlations; therefore, the results shown below for both precipitation components were reliable compared with the results shown for MSWEP. In particular, Figures S3 and S4 correspond to the correlations for PLT and PLO, respectively. It was observed that, for PLT, there were very low correlations for the ENSO index in the entire region analysed and for all the temporal lags. For PLO, regions with the positive and negative values R predominated for lags 1 and 2, distributed to the south and north of the WNA region, whereas, for lags 3–5 and 8, R was mostly positive with a pattern that extended from the coast to the centre of the area, with a maximum near the Pacific Ocean. McGraw and Barnes [9] found maximum values of R for periods longer than seven months (lag 3) for this region. Son et al. [11] demonstrated a positive correlation in the WNA region for a temporal lag of seven months.



A percentage summary of how the points with the positive and negative R values for WNA change for each temporal lag is shown in Figure 2 (left axis). In this case, the colours are associated with each database used, and the solid and dashed curves are points with positive and negative R, respectively. For temporal lags 1 and 2, a highly similar percentage of points with positive and negative R values existed within a range of 35–45%. However, there was a difference in the percentage of points with positive R (>40%) versus negative R (<30%) for the rest of the temporal lags. It should be noted that the percentage values showed a constant value of ~30% for PLT (solid green line), significantly differing from PLO, MSWEP, and PL, for temporal lags 3–7. The percentage of points with positive or negative R values at p-value < 0.05 is shown in the same graph (right axis). In this case, the marked bars correspond to points with a negative R-value, with the rest being points with a positive R-value. Overall, the largest difference existed for the temporal lags of 9–21 months, predominantly for the positive R. Therefore, increased statistical significance of the ENSO index for winter precipitation existed over WNA for the positive R in the periods of the spring of the previous year until two years ago. Though relatively higher for the negative R, a range of 5–10% of points with both positive and negative R values at p-value < 0.05 existed for lags 1 and 2.



Since this correlation analysis does not show if there is a causality of the ENSO index for the precipitation pattern, we performed an analysis similar to the one shown below. In particular, for the WNA region, the analysis was carried out for the winter season, when the signal was at its maximum. First, the results obtained using the Granger method for the PL and MSWEP data were compared. Figure 3 shows the points within the study region considered and the Granger causality of the ENSO index for PL (blue) and MSWEP (magenta). Figure 3a–h represents temporal lags 1–8, respectively, by which the method was applied (Table 1). Figure 3 shows the yellow dots which corresponded to the regions where the Granger causality of the ENSO index for both PL and MSWEP coincided. An overall similarity existed in the point distribution for both databases, which was better for lags 1 and 2 than for the other lags. For the remaining temporal lags, although the number of points declined, some differences occurred with the increasing temporal lag. Therefore, for this region, the representation of the Granger causality for precipitation with the Lagrangian approach was highly similar to the results obtained using a real precipitation database (in this case, MSWEP).



Figure 4 shows the results of the Granger causality of the ENSO index for PLO (red) and PLT (green). The coincident points are indicated in yellow. The increased Granger causality of the relationship between PLO and ENSO prevailed in most of the selected regions, being maximum for lags 1 and 2. This result pointed to a maximum influence of the ENSO on the PLO pattern for 3–6 months in this region. The ENSO causality declined with the lags from 9 to 18 months. For the lags of 21–24 months, a higher number of points showed a significant Granger causality for areas further away from the coast. The effect of the ENSO on PLT in this region was practically negligible. This may be related to the fact that, in this region, in particular, for winter, precipitation is associated with the movement of ARs from the Pacific to the US coast [20]. Finally, few areas existed where the Granger causality of the ENSO index for PLO and PLT coincided in this region. Therefore, although there were maximum R values for the temporal lags of 9–18 months, this did not result in the Granger causality of the ENSO index for precipitation, in particular, for PLO. This region exhibited the maximum Granger causality of 3–6 months. This result was in agreement with the result of Son et al. [11] that no Granger causality of the ENSO index was found for surface precipitation for a temporal lag of seven months in this region.




3.2. Correlation and Granger Causality for ESA Region


Similar to the analysis conducted for R, Granger causality corresponding to the WNA region was performed in this section for ESA. In this case, two seasons (winter and autumn) were analysed based on previous studies, where the influence of the ENSO on precipitation in this region was determined. The R pattern was verified to be similar for MSWEP and PL (Figures S5, S6, S9 and S10) in both seasons. Therefore, the results for this region with PLT and PLO were reliable. For the ESA region, in both seasons, the R values of ENSO vs. PLO were very low and not significant (Figures S8 and S12). However, for PLT, both maximum positive and negative R values were observed. In particular, in winter for this region, the positive R values predominated in most of the temporal lags, except for lag 7–8. Notably, for lags 1–3, a region of the positive R-value around the LPB and a smaller region of the negative R-value near the Cordillera de Los Andes prevailed (Figure S7). Finally, for lags 7–8, the negative R values were observed, showing a relationship between the La Niña phase and PLT.



Though more accentuated around the LPB, the negative R values predominated in most of the area for autumn. However, the band of the positive R values extended further north from the Cordillera de Los Andes range to approximately the coast. This behaviour may be associated with the strengthening of the SALLJ during autumn in the warm phase of El Niño in this region [27,28]. It should be noted that, for lag 1, the positive R values predominated and were significant in most of the regions (p-value < 0.05). The results for the R pattern for lag 3 (7–9 months) were similar to those of Son et al. [11] for a maximum correlation lag of seven months. They found a positive R with a predominance of the ENSO warm phase to the north of the LPB and observed this pattern for both winter and autumn (less noticeable) in that area.



Figure 5 shows the percentage summary for ESA in both seasons, with an analysis similar to that in Figure 2. In this case, the behaviour of both seasons was quite similar, highlighting the percentage values associated with the positive relationship between the ENSO and precipitation, relatively lower for the negative R, for lags 1 and 2. However, for the lags of 3–6 months, La Niña conditions predominated in this region and were highly accentuated for autumn with temporal lags of 7–8 (21–24 months). It was verified that the relationship between the ENSO and PLO did not show a significant change in the entire study period analysed in this region. In terms of statistical significance, in both seasons, the percentage values corresponding to the influence of the ENSO on precipitation for lags 1 and 2 were the most important in this region. However, for lags 6–8, the statistical significance for the negative R predominated (La Niña conditions influenced precipitation).



As for the results of Granger causality, Figure 6 shows a comparison of the Granger causality representations for MSWEP and PL. In this region, there were major differences in the results between the two databases. Using Lagrangian precipitation increased the Granger causality of the ENSO index for precipitation in this region. However, for the region more centred in the LPB, there was a similarity between MSWEP and PL mainly for temporal lags 3–5 in winter. In the autumn season, the regions of similarity were most marked for temporal lags 2–6.



Figure 7 shows the Granger causality of the ENSO index for PLT and PLO in both seasons. For winter, regions with the Granger causality for PLT predominated over PLO, which increased with the longer temporal lags. However, we obtained regions north of the selected area with the ENSO causality for PLO (which may be related to the moisture flux transported by the SALLJ from the Atlantic Ocean [28]. Although there was a maximum positive correlation for lag 1 (3 months) south of the LPB, there was no region where the ENSO causality predominated for PLT or PLO. For temporal lags, 2–5 (6–15 months), the region around the LPB was marked by the influence of the warm phase of the ENSO versus PLT, although it was not significant for the R pattern (p-value > 0.05) (Figure 5). Finally, for lags 6–8, the causality values were distributed to the north and south of the Rio de la Plata, where areas of the positive R predominated, and the causality values where R was negative (i.e., La Niña conditions) decreased significantly.



For autumn, Figure 7 shows that the causality values for PLT in temporal lags 1 and 2 predominated in the southern and eastern regions of the LPB, located at the outer edge of the maximum positive R (Figure S11). In the remaining temporal lags, a shift of these Granger causality values for PLT was observed from south to north, while the correlation was inverse between the ENSO index and PLT for the southern regions, with positive values to the north. However, for temporal lags 3–5, there were areas of Granger causality for the La Niña conditions over the southern and central La Plata basins. The results presented by Son et al. [11] for the Granger causality for seven months (lag 3) showed a significant area in this region. It should be noted that Son et al. [11] used data with a very low spatial resolution compared with those used in this study. The higher spatial resolution leads to a greater spatial distribution in terms of the results and more information on the regions with the Granger causality.





4. Conclusions


In this study, the Granger causality method was used to perform a space-time analysis of the regional impacts of the ENSO on precipitation of terrestrial and oceanic origin. For this purpose, total Lagrangian precipitation and its oceanic and terrestrial components were considered. These were previously determined using the FLEXible PARTicle (FLEXPART) dispersion model forced with ERA–Interim [29]. In this study, the results obtained using Lagrangian precipitation were compared with those obtained using MSWEP. In particular, the influence of the ENSO index on precipitation was studied for the two regions of western North America and eastern South America. In addition, a comparison with the correlation pattern was made to determine if the areas of statistical significance could be detected by the Granger method.



For the WNA region in the winter season, the maximum Granger causality of the ENSO index was found for the component of oceanic origin for temporal lags 1 and 2 (3 and 6 months), with a predominance of the positive and negative ENSO conditions over WNA. However, the Granger causality decreased with the increased temporal lags, where a maximum positive and statistically significant correlation was observed. This result showed that the high correlation did not imply the Granger causality of the ENSO index for precipitation in this region. In addition, the influence of the ENSO on PLT was considered negligible.



For the ESA region, it was verified that the Granger causality of the ENSO index was maximum for PLT. Temporal lags of 2–5 (6–15 months) stood out for winter, where there was a marked region of the Granger causality over the La Plata Basin. This behaviour was associated with a marked influence of the warm phase of the ENSO vs. PLT although the correlation was not significant (p-value > 0.05). A similar behaviour was observed for the rest of the temporal lags. In the autumn season, for lags 1–4, the Granger causality values were predominant in the southern and western areas of ESA, which showed a tendency to move north with lags 5–8, an increase in the most prominent temporal lag. Notably, for temporal lags 3–5, the Granger causality areas existed for the La Niña conditions over the southern and central La Plata basins. In the future, we will study how the position of the SALLJ and ARs influences the distribution dynamics of the correlation and Granger causality values in each region.
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Figure 1. Geographic location of the study regions (region within the red frame): (a) western North America (WNA) and (b) eastern South America (ESA). 
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Figure 2. Percentage (left axis) of points with the positive (solid lines) and negative (dashed lines) R values in WNA for MSWEP (magenta colour), PL (blue colour), PLT (green colour), and PLO (red colour) as a function of temporal lag [−1 and −2 correspond to one and two years backward in time]. The percentage of those points statistically significant at 95% is shown on the right axis. The marked bars correspond to the negative R-value, with the rest being the positive R-value. Period: 1981–2018. 
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Figure 3. The subfigures show the points where PL (blue colour) and MSWEP (magenta colour) are Granger, caused by the ENSO index in western North America (WNA). The yellow dots represent regions where the Granger causality of the ENSO index for PL and MSWEP is coincident. (a–h) represent temporal lags 1–8, respectively; and period: 1981–2018. The interest region is within the black frame. 
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Figure 4. The subfigures show the points where PLO (red colour) and PLT (green colour) are Granger caused by the ENSO index in western North America (WNA). The yellow dots represent regions where the Granger causality of the ENSO index for PLO and PLT is coincident. (a–h) represent temporal lags 1–8, respectively; and period: 1981–2018. The interest region is within the black frame. 
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Figure 5. Percentage (left axis) of points with the positive (solid lines) and negative (dashed lines) R values in the ESA area for MSWEP (magenta colour), PL (blue colour), PLT (green colour), and PLO (red colour) as a function of temporal lag [−1 and −2 correspond to one and two years backward in time]. The percentage of those points statistically significant at 95% is shown on the right axis. The marked bars correspond to the negative R-value, with the rest being the positive R-value. (a) winter and (b) autumn. Period: 1981–2018. 
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Figure 6. The subfigures show the points where PL (blue colour) and MSWEP (magenta colour) are Granger caused by the ENSO index in eastern South America (ESA). The yellow dots represent regions where the Granger causality for PL and MSWEP is coincident. Winter (a–h) and autumn (i–p). (a–h or i–p) represent temporal lags 1–8, respectively; and period: 1981–2018. The interest region is within the black frame. 
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Figure 7. The subfigures show the points where PLO (red colour) and PLT (green colour) are Granger caused by the ENSO index in western North America (WNA). The yellow dots represent regions where the Granger causality of the ENSO index for PLO and PLT is coincident. Winter (a–h) and autumn (i–p). (a–h or i–p) represent temporal lags 1–8, respectively; and period: 1981–2018. The interest region is within the black frame. 
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Table 1. Temporal lag for the ENSO variable for the seasons considered in this study.
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	Seasons (1983–2018)
	Lag 1
	Lag 2
	Lag 3
	Lag 4
	Lag 5
	Lag 6
	Lag 7
	Lag 8





	DJF
	SON (1982–2017)
	JJA (1982–2017)
	MAM (1982–2017)
	DJF (1982–2017)
	SON (1981–2016)
	JJA (1981–2016)
	MAM (1981–2016)
	DJF (1981–2016)



	SON
	JJA (1983–2018)
	MAM (1983–2018)
	DJF (1983–2018)
	SON (1982–2017)
	JJA (1982–2017)
	MAM (1982–2017)
	DJF (1982–2017)
	SON (1981–2016)
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