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Abstract 22 

Rainfall and temperature are the two key parameters of crop development. Studying 23 

the characteristics of these parameters under El Niño-Southern Oscillation (ENSO) 24 

conditions is important to better understand the impacts of the different phases of this 25 

phenomenon (El Niño, Neutral, and La Niña conditions) on agriculture. This study 26 

analyzes 32 years (1980–2011) of climatic data from 128 weather stations across 27 
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Goiás State in Brazil to determine the behavior of temperature and rainfall time series 28 

over three periods (1980-1989; 1990-1999 and 2000-2011) under El Niño, Neutral, 29 

and La Niña conditions. The analysis revealed no major impacts of ENSO conditions 30 

on accumulated rainfall characteristics, a feature particularly marked in the most 31 

recent period (2000-2011). ENSO impacting temperature was identified but presented 32 

considerable variability across the periods investigated. These impacts were marked 33 

in the first two periods as for maximum temperature and increased from the first to 34 

the last period as for minimum temperature. These features were noticed in both 35 

analyses in the entire Goiás State and most of the investigated mega-regions, except 36 

for the East and Northeast mega-regions as for minimum temperature. There were 37 

increases in maximum temperature values throughout the rainfed season (October to 38 

March) for all ENSO conditions and investigated periods. Minimum temperature also 39 

increased across the three investigated periods, and this was marked in the beginning 40 

of the rainfed season (October) under El Niño and Neutral conditions.  41 

1. Introduction 42 

Brazil expects to produce 272.3 millions of tons of grains in the 2020/2021 season 43 

(CONAB 2021). The primary region of grain production (mainly soybean and maize) 44 

in Brazil is the Midwest region. Agricultural expansion in this region over the last 45 

three decades has been driven largely by the international commodity market 46 

(Verburg et al. 2014a, b). In this scenario, the Goiás State, the second largest grain 47 

producing State in Midwest region with a cultivated area of 27.3 thousand hectares, 48 

plays an important role in Brazil's agricultural gross domestic product. Regional 49 

farming and production are highly dependent on the rainy season. In addition, the 50 

electricity sector also exerts enormous pressure on water resources, since 8.6% 51 

(11,170 MW) of the national electricity generation originates in the State of Goiás 52 
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(Pereira Júnior and Nicácio 2015). Therefore, rainfall variability significantly affects 53 

the socio-economic well-being of the region’s population, as its livelihoods and food 54 

security depend on these rainfed crop systems (PBMC 2014; Abrahão and Costa 55 

2018). Besides, climate and weather affect crop area, intensity, and yield in different 56 

ways (Iizumi and Ramankutty 2015).  57 

The El Niño-Southern Oscillation (ENSO) is the main phenomenon that modulates 58 

interannual rainfall variability in South America (Souza et al. 2021). Specifically in 59 

Brazil, excess of rainfalls usually occurs in southern Brazil during the austral spring 60 

of hot (El Niño) years (Santos et al. 2021; Souza et al. 2021), as well as during the 61 

subsequent summer. Rainfall deficits usually occur in the Brazilian north and 62 

northeastern due to the austral winter of the El Niño onset year to the fall of the 63 

following year. A reversed rainfall pattern to the one described above usually occurs 64 

during the cold ENSO (La Niña) phase (Andreoli and Kayano 2006; Grimm and 65 

Tedeschi 2009; Kayano et al. 2013). Central Brazil is classified as a transitional 66 

region (Grimm 2003; Penalba and Rivera 2016; Moura et al. 2019; Nóia Júnior and 67 

Sentelhas 2019). ENSO impacts are not as characteristic as in the Brazilian southern 68 

and northeastern. However, the negative ENSO phase (La Niña) may substantially 69 

reduce the number of dry days during the rainy season across the entire Central Brazil 70 

region, and La Niña also delays the start of the growing season (Heinemann et al. 71 

2021). In this study, we hypothesize that the differentiation of ENSO impacts on 72 

rainfall and temperature in Central Brazil are not as evident as in the Brazilian south 73 

and northeastern regions due to similarity to ENSO (La Niña, El Niño, and Neutral) 74 

patterns across some decades. 75 

The general objective of this study is to determine the characteristics and quantify the 76 

dissimilarities in rainfall and temperature time series in three periods (1980-1989, 77 
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1990-1999 and 2000-2011) under the different phases of the El Niño Southern 78 

Oscillation (ENSO) phenomenon in Central Brazil. 79 

2. Materials and Methods 80 

2.1. Regional setting 81 

The study area covers part of the Cerrado biome (Brazilian savanna) and is 82 

concentrated in the Goiás State. The region has a surface area of ca. 340,086 million 83 

km2 (IBGE, 2020), which accounts for 3.99% of the Brazilian territory. Altitude, 84 

latitude, and longitude ranges from 0-1,200 m above mean sea level, 19º (S) to 15º (S), 85 

and 46º (S) to 51º (S) (Figure 1A, B). The predominant climate in the region is 86 

tropical savanna (Aw), which accounts for 94% of the total area (Alvares et al. 2013) 87 

(Figure 1C). Due to its annual cycle, the wet season is from October to March, and the 88 

dry season is from April to September, highlighting monsoonal rainfall characteristics 89 

in this region (monomodal pattern) (Prado et al. 2021). More than 80% of the total 90 

annual rainfall are in the wet season (between October and March), with the largest 91 

rainfall volumes recorded from January to March (Heinemann et al. 2021). The 92 

annual rainfall in the study region ranges from 1,130 to 2,040 mm, with a mean of 93 

1,515 mm. The highest maximum temperature values (33°C to 35°C) occur in August, 94 

September, and October. The lowest minimum temperature values range on average 95 

12 to 16ºC and are observed during this same period (Silva et al. 2018). The study 96 

region is divided politically into five mega-regions, namely Center, East, Northeast, 97 

North, and South (Figure 1A).  98 

2.2. Meteorological data 99 

We used daily rainfall, maximum, and minimum temperature time series obtained 100 

from the Brazilian Institute of Meteorology (INMET), the Water National Agency 101 
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(ANA), the Goiás Meteorological and Hydrological Information Center (CIMEHGO), 102 

and the Brazilian Agricultural Research Corporation (EMBRAPA). We selected 121 103 

meteorological weather stations to cover the entire study region (Figure 1). We 104 

obtained continuous meteorological records between 1980 and 2011 (32 years) from 105 

each station. These data sets were quality-controlled, checked for homogeneity, and 106 

gap-filled to fill missing data and possible outliers due to human-induced errors or 107 

faulty measuring equipment (Ramirez-Villegas and Challinor 2012; Van Wart et al. 108 

2015). To fill the gaps in the dataset we gathered data from the gridded 109 

meteorological dataset developed by Xavier et al. (2016). We ran visual checks of the 110 

final time series data set (1980–2011) to ensure data was free of implausible 111 

characteristics. The “gap-filling” method is described in detail in Ramirez-Villegas et 112 

al. (2018) and Heinemann et al. (2019). Missing rainfall data in most stations occurred 113 

in approximately 20% of the total number of days. 114 

2.2.1 Data set organization 115 

Rainfed agricultural system predominates in the study region. For this reason, we 116 

considered only the wet season (from October to March) to analyze rainfall and 117 

temperature characteristics. Each rainfed season starts on October 1 of one year and 118 

ends on March 31 of the next year. We did not consider February 29 in leap years. To 119 

minimize noise introduced by days with no rainfall (zero mm), which could make the 120 

statistical process much more complex, we computed the weekly accumulated rainfall 121 

values from October to March (rainfed season). For maximum and minimum 122 

temperatures, and also to minimize noise, we computed only the weekly maximum 123 

and minimum temperature values from October to March (rainfed season). Therefore, 124 

for climate variables, accumulated rainfall and temperatures values, we obtained 26 125 

(weeks) equidistant points that we plotted into a curve per rainfed season. Each curve 126 
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has unique observation times in that interval, hereafter referred to as number of season 127 

curve. At this point, we ran a second visual check on the curves and ensured again 128 

that data were free of implausible characteristics. 129 

Table 1 shows the numbers of season curves for each ENSO phenomenon (La Niña, 130 

El Niño, and Neutral) and period (# of season curves), also shown in Figure S1 of the 131 

supplementary information material (only for the variable accumulated rainfall for the 132 

1980-1989 period).  133 

2.3. ENSO data 134 

ENSO conditions are typically defined by sea surface temperature (SST) variations 135 

and their persistence along the equatorial Pacific Ocean (NOAA 2019). The National 136 

Oceanic and Atmospheric Administration (NOAA) defines El Niño and La Niña 137 

events based on a threshold temperature anomaly of ± 0.5 ºC for the Oceanic Niño 138 

Index (ONI), which in turn is computed as the three-month running mean of SST 139 

anomalies across the Eastern Equatorial Pacific (Bhuvaneswari et al. 2013). As the 140 

rainfall season occurs between October and March in the study region, we averaged 141 

ONI values of October, November, and December (OND) to January, February, and 142 

March (JFM). For the purpose of our analysis, averaged ONI values lower than -0.5 143 

ºC are considered La Niña years, values higher than 0.5 ºC are considered El Niño 144 

years, and values between -0.5 and 0.5 ºC are considered Neutral years (NOAA 145 

2019). 146 

2.4 Statistical analyses 147 

First, we applied a joint analysis considering the 121 weather stations for accumulated 148 

rainfalls and temperatures. Then, to confirm the findings obtained in the joint analysis, 149 

we disaggregated the weather stations based on the mega-regions of the State of Goiás 150 
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(Center, East, Northeast, North, and South) (Figure 1A) and applied the same 151 

statistical analysis (described below in section 2.5) for each mega-region. Table 1 152 

shows the number of years (#years), weather stations (# WS) and seasons (curves) for 153 

the joint analysis (in all Goiás State) and mega-region analysis (disaggregated 154 

analysis in the Center, East, Northeast, North, and South sectors of Goiás State) for 155 

the three phases of ENSO phenomenon, for the three investigated periods and climate 156 

variables (accumulated rainfall; maximum and minimum temperature). 157 

2.4.1 Functional data analysis (FDA) 158 

We applied the functional data analysis (FDA) to determine the characteristics and 159 

quantify the dissimilarities among functional data of rainfalls and temperatures in the 160 

three periods investigated (1980-1989, 1990-1999, and 2000-2011) in the three phases 161 

of ENSO. Conceptually, functional data is continuously defined (Ramsay and 162 

Silverman 2002) despite being collected in a discrete way, that is, the term 163 

“functional” refers to the intrinsic structure of data and not to their form as manifested 164 

in observation. In formal terms, the functional record for each individual is defined by 165 𝑝 ∈ ℕ∗ pairs (𝑡𝑗 ,𝑦𝑗), where 𝑦𝑗 is an observation of a 𝑥 realization in 𝑡𝑗 and 𝑗 =166 

(1, … ,𝑝). Therefore, it is possible to establish a functional relationship through the 167 

model 𝑦𝑗 = 𝑥(𝑡𝑗) + 𝜀𝑗 in which the noise comes from the measurement process 168 

that contributes to the non-smoothness of the observed data 𝒚 = (𝑦1, … ,𝑦𝑝). The use 169 

of smoothing techniques allows knowing the function 𝑥 in its true functional form, 170 

which in turn allows its evaluation at point t. Non-parametric modeling, as a 171 

smoothing technique, is characterized by greater flexibility in the estimation of 𝑥(𝑡)172 

since, a priori, it does not consider any type of distribution or trend that associates the 173 

independent variable 𝑡𝑗 with the response variable 𝑦𝑗. Thus, using discrete 174 
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observations, the estimation of the function 𝑥(𝑡) is performed through a linear 175 

combination given by: 176 

�̂�(𝑡) =  ∑ 𝑆𝑗𝑝𝑗=1 (𝑡)𝑦𝑗 (1)177 

The most common smoothing methods to represent the function as a linear 178 

combination of base functions are B-splines, Fourier, and others (Ramsay and 179 

Silverman 2005), or even local weighting: Kernel smoothing and local linear 180 

regression (Degras 2011; Loader 2012).  181 

The functional data analysis (FDA) results for each ENSO phenomenon phase (La 182 

Niña, El Niño, and Neutral) across the periods (1980-1989, 1990-1999, and 183 

2000-2011), hereafter called mean functional estimation (MFE), is the smoothed 184 

average curve that represent the set of number of season curves. 185 

2.4.2 Analysis of variance for functional data (FANOVA) 186 

The 𝑛 =  𝑛1 + ⋯ + 𝑛𝑙, the functional mean for a sample containing functions at 187 

fixed points, is given by 188 

𝜇𝑔𝑗(𝑡) =  
1𝑛𝑔 ∑ 𝑋𝑔𝑖𝑗(𝑡)𝑛𝑔𝑖=1     (2) 189 

where 𝑋𝑔𝑖𝑗(𝑡)  is the i-th function for 𝑔 = 1, … , 𝑙  and 𝑖 = 1, … ,𝑛𝑔 , represents 190 

groups of independent random functions defined on the closed interval 𝑇 = [𝑎, 𝑏]. 191 

In the functional context there is an interest in testing the equality between two or 192 

more mean functions of different groups 𝐻0: 𝜇1(𝑡) =  𝜇2(𝑡) = ⋯ =  𝜇𝑙(𝑡). This 193 

technique is known as unidirectional functional variance analysis for functional data 194 

or FANOVA (Górecki and Smaga 2019). 195 
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As described and demonstrated in Górecki and Smaga (2019), the stochastic process 196 𝑋𝑔𝑖(𝑡), representing the i-th function of the group, can be represented by base 197 

functions in such a way that it is possible to establish a test statistic (FP test) that 198 

compares the variance ratio between groups (deviation between the estimated mean 199 

functions of the groups and the general estimated mean function) and the variance 200 

within groups (deviations between the observed curves and the estimated mean 201 

function of the corresponding group). In addition, a p-value associated with this 202 

statistic is obtained through a permutation test, resulting in the functional variance 203 

defined as FP test (Górecki and Smaga 2015, 2019). 204 

2.4.3 Simultaneous confidence bands (SCB) 205 

In the context of functional data, constructing confidence bands separately for each 206 

point of the mean function, 𝑢(𝑡), 𝑡 ∈  𝚻, at a confidence level 1 – 𝛼, produces 207 

inferences with a lower confidence level than the established one. For this reason, it is 208 

sought to make inferences by simultaneously evaluating the entire domain of the 209 

functional parameter represented by 𝚻 = [𝑎, 𝑏]. Degras (2011) established from the 210 

result of an asymptotic normality (𝑛,𝑝 →  ∞) the construction of simultaneous 211 

confidence bands (SCB) for the mean function 𝜇(𝑡) at a confidence level 1 – 𝛼, 212 

considering that: 213 

lim𝑛,𝑝→∞ 𝑃 (�̂�(𝑡) − 𝑧𝛼,𝜌 �̂�√𝑛  ≤  𝜇(𝑡)  ≤ �̂�(𝑡) + 𝑧𝛼,𝜌 �̂�√𝑛  , 𝑡 ∈  𝜃) = 1 −214 

𝛼,  (3) 215 

where �̂�(𝑡) is the mean function estimated by local weighting, 𝜎 and 𝜌 are the 216 

function of variance and the correlation with estimates performed by principal 217 

functional component analysis, 𝑧𝛼,𝜌 is the quantile corresponding to the level of 218 
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asymptotic confidence 1 −  𝛼 obtained by numerical methods and, 𝜃 is a limited 219 

range [0, 1] (Degras 2011, 2017). 220 

The SCB, in addition to producing a test statistic, has a direct application to test 221 𝐻0: 𝜇 =  𝜇0 or 𝐻0: 𝜇1 −  𝜇2 = 0 hypotheses (Degras 2011, 2017). Thus, 𝐻0 will 222 

be rejected if the simultaneous confidence level interval 1 −  𝛼 does not contain 223 𝜇0 , where 𝜇0 is a pre-specified function, or if 𝜇2 is not centered on the 224 

simultaneous confidence interval of 𝜇1225 

For the FDA, we applied the R packages fda (Ramsay et al. 2020) and fdANOVA 226 

(Górecki and Smaga 2018). 227 

3. Results and discussion 228 

3.1 Joint analysis (entire Goiás State) 229 

As already explained in item 2.2.1, we performed a joint analysis of FDA considering 230 

the 121 weather stations for accumulated rainfalls and temperatures to determine the 231 

characteristics and quantify the dissimilarities in rainfall and temperature data time 232 

series in three periods (1980-1989, 1990-1999, and 2000-2011) under three different 233 

phases of the El Niño Southern Oscillation (ENSO) phenomenon in Central Brazil.234 

3.1.1 Accumulated Rainfall 235 

Figure 2 shows the exploratory analysis of accumulated rainfall data. The median 236 

curve (level 0%. Figure 2) for accumulated rainfall has similar characteristics 237 

regardless of the ENSO phenomenon phase and the investigated time period. For the 238 

first period (1980-1989), the highest accumulated rainfall value (last week of March) 239 

for the median curve (level 0% in Figure 2) was for El Niño conditions (warm ENSO 240 

phase). However, for the other periods (1990-1999 and 2000-2011), the highest 241 
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accumulated rainfall value (last week of march) for the median curve (level 0% in 242 

Figure 2) occurred in La Niña and Neutral conditions. Mainly for Neutral conditions, 243 

we also observed a decrease in variability during the 2000-2011 period.  244 

Figure 3 shows the MFE (mean functional estimation) and its SCB (simultaneous 245 

confidence bands) describing the characteristics of accumulated rainfall in the three 246 

phases of the ENSO phenomenon across the three investigated periods. For the first 247 

period (1980-1989), Neutral conditions revealed the highest rainfall accumulation 248 

from the first week of November until the end of January compared to El Niño and La 249 

Niña conditions. The first 500 mm accumulation happened a week earlier (2nd week of 250 

December) for Neutral conditions than for the other ENSO phases (3rd week of 251 

December for El Niña and El Niño). However, this was not noticed for the other 252 

periods (1990-1999 and 2000-2011). In fact, during these two periods of rainfall 253 

accumulation in El Niño and La Niña conditions, there were similar characteristics. 254 

Although the FANOVA test does not discriminate statistical differences among MFE 255 

(μ-ElNino/μ-LaNina/μ-Neutro are not similar - p-values < 0.05, Table 2) for ENSO 256 

phenomena across the different investigated periods, there is a decrease in the FP test 257 

values in these periods. This is an indication that ENSO phenomena tend to show 258 

similar accumulated rainfall characteristics. Similar characteristics also happened 259 

when applying the SCB hypothesis test between two MFEs (Table 3 - 260 

μ-ElNino/μ-LaNina; μ-ElNino/μ-LaNina; μ-LaNina/μ-Neutro). Although MFEs were 261 

statistically different (Table 3, p-value < 0.05), there was an important reduction in 262 

the values of the test statistic SCB from 1980-1989 to 2000-2011. Graphically, we 263 

also noticed that for the most recent periods, the MFEs for the three ENSO phases 264 

tend to show similar accumulated rainfall characteristics (Figure S2 - supplementary 265 

information). To emphasize this feature over the three investigated periods, we 266 
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calculated the values of the difference (in absolute value) among MFEs for ENSO 267 

phenomena (El Niño - La Niña; El Niño – Neutral, and La Niña - Neutral) for each 268 

period (Figure 4). For the first period (1980-1989), the highest accumulated rainfall 269 

variation happened between the end of November to the end of January. In this period, 270 

the highest difference in accumulated rainfall was for La Niña - Neutral, followed by 271 

El Niño - La Niña. In this period, the highest difference (~ 175 mm) occurred at the 272 

beginning of January (Figure 4). For the second period (1990-1999), the highest 273 

accumulated rainfall variation also happened in this same period, from the end of 274 

November to the end of January. However, in this period, the highest difference (~ 275 

150 mm) in accumulated rainfall was for El Niño - Neutral, followed by El Niño - La 276 

Niña. We also noticed that in this period (1990-1999), by the absolute differences 277 

(Figure 4), that El Ninõ/Neutral and El Ninõ/La Ninã had a similar pattern. The 278 

statistic test based on the SCB (Table 3, a) Prec) also supports the similarity for 279 

μ-ElNino/μ-LaNina (10.03 Statistic test value) and μ-ElNino/μ-Neutral (10.03 280 

Statistic test value). We did not notice the same similarity for the first period analyzed 281 

(1980-1989). For the 2000-2011 period, we did not observed a specific period of 282 

highest accumulated rainfall. In this period, the highest difference (~ 50 mm) also 283 

occurred in the middle of November. In this period, there is a clear similarity in the 284 

characteristics for ENSO phenomena in accumulated rainfalls (Figure 3 and 4, 285 

2000-2011 period). 286 

In practical terms, during the 1980-1989 period the accumulation of 500 mm 287 

would be reached around the third week of December in Neutral conditions. Under 288 

the effects of the other ENSO conditions (El Niño and La Niña), this amount would 289 

be achieved around the fifth week of November. On the other hand, for the other two 290 

periods (1990-1999 and 2000-2011), 500 mm would be achieved around the fourth 291 
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week of December regardless of ENSO conditions. In other words, the number of 292 

days, on average, for accumulated 500 mm across periods (1980-1989, 1990-1999, 293 

and 2000-2011) were 82, 86, and 80, respectively (Table 4b). We observed a decrease 294 

in the variation of standard deviation in the periods (1980-1989, 1990-1999, and 295 

2000-2011). This decrease in standard deviation (SD) was marked from 1990-1999 to 296 

2000-2011 (Table 4b). According to Heinemann et al. (2021), in the study region a 297 

total rainfall volume of 43 mm is sufficient to bring the first layer (~17 cm) of soil to 298 

field capacity to sow crops. The number of days, in average, for the begin of crop 299 

season in the periods (1980-1989, 1990-1999, and 2000-2011) were 14, 16, and 14.7, 300 

respectively (Table 4a). Here, we noticed the same feature for accumulated 500 mm, 301 

i.e., a decrease in the standard deviation, mainly from 1990-1999 to 2000-2011. These 302 

observations (accumulated 500 mm and beginning of crop season) corroborate the 303 

results obtained in this study, where we observed an increasing similarity among the 304 

three investigated ENSO phenomena phases, being more evident in the last period 305 

(2000-2010) (Table 4).  306 

3.1.2 Maximum temperature307 

Figure 5 shows the exploratory analysis of maximum temperature. The highest 308 

maximum temperature values for the median curve (level 0%, Figure 5) were 309 

concentrated in October. This month is characterized by a transition between dry and 310 

wet season in the study region. There is an increase in the occurrence of high 311 

maximum temperature peaks (> = 40 C) and also a reduction in the variability of 312 

maximum temperature values in the last period (2000-2011) (Figure 5). This 313 

reduction in variability is mainly due to an increase in maximum temperature values 314 

observed in the last period. 315 
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Figure 6 shows the MFEs and their SCB describing the patterns of maximum 316 

temperature under different ENSO conditions across the three investigated periods. 317 

We observed an increase in the maximum temperature values for October across 318 

decades for all ENSO conditions. For the first period (1980-1989), the MFEs did not 319 

show maximum temperature values equal or higher than 35 ºC for October. However, 320 

for the second (1990-1999) and third (2000-2011) periods, we observed values higher 321 

than or equal to 35 ºC for El Niño (in the beginning of October, 1990-1999), La Niña 322 

(in the middle of October and beginning of November, 1990-1999), El Niño (in the 323 

beginning of October, 2000-2011), La Niña (in the middle of October, 2000-2011), 324 

and Neutral (end of October, 2000-2011) (Figure 6). The MFEs also showed an 325 

increase in maximum temperature values throughout the rainfed season (October to 326 

March) for all ENSO conditions and investigated periods. The warning trend observed 327 

in this study by an increase in maximum temperature values can jeopardize future 328 

demands for increased crop production in the region. Furthermore, it has been 329 

estimated that for each degree Celsius (°C) increase in global mean temperature, crop 330 

yield will reduce by 6% (wheat), 10-12% (rice), or 3% (soybean), thus affecting 331 

global food security (Nelson et al., 2010; Asseng et al., 2015; Zhao et al., 2017). In 332 

the first period (1980-1989), at the end of November, there was the occurrence of the 333 

highest maximum temperature value (33 ºC). In the second period (1990-1999), 334 

mainly under La Niña conditions, it is quite common from middle of January to 335 

middle of February to show maximum temperatures equal to 33 ºC. The last period 336 

(2000-2011) also shows values of maximum temperature equal to 33 ºC, mainly in El 337 

Niño conditions. We also observed a decrease in the occurrence of maximum 338 

temperature values below 31ºC across the three investigated periods for all ENSO 339 

conditions. There is a pattern for increasing maximum temperatures values across 340 
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decades in all ENSO conditions. Although the FANOVA test did not discriminate 341 

statistical differences among the MFEs (Table 2, p-value < 0.05 for joint analysis), we 342 

observed that FP test values decreased from the first to the last investigated period 343 

(from 49.54 to 23.30, Table 2, FP test for Tmax). This indicates that the MFE for 344 

maximum temperature under La Niña, El Niño, and Neutral conditions tend to be 345 

similar during the last investigated period. However, for maximum temperature, this 346 

feature is not as strong as previously noticed for accumulated rainfalls. 347 

When we applied the SCB hypothesis test between two MFE for maximum 348 

temperature (Table 3b, Tmax - μ-ElNino/μ-LaNina; μ-ElNino/μ-Neutral; 349 

μ-LaNina/μ-Neutral), despite p-values not showing similarity among ENSO MFEs in 350 

each investigated period, we observed a decrease of statistical test values (Table 3b) 351 

from the first to the last period. This decrease is not marked as that observed for 352 

accumulated rainfalls but it is also an indicator that these features under ENSO 353 

conditions tend to be similar during the last investigated period. Although the values 354 

of statistical test decreased from the first to the last investigated period, we observed 355 

for the second period (1990-1999) an increase in statistical test values. Graphically, 356 

we noticed that the second period showed the highest difference between ENSO 357 

conditions and the last period showed the highest similarity (Supplementary Figure 358 

3S).  359 

Although the MFEs are statistically different (Table 3, p-value ,< 0.05), there is a 360 

significant reduction in the values of test statistic SCB in the periods from 1980-1989 361 

to 2000-2011. Graphically, we also noticed that increases are a trend in MFEs for 362 

ENSO conditions and show similar patterns for maximum temperature (Figure S3 - 363 

supplementary information). To emphasize this trend over the periods, we calculated 364 

(absolute values) the difference among MFEs for ENSO phenomena (El Niño - La 365 
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Niña; El Niño - Neutral and La Niña - Neutral) for each period (Figure 7). The 366 

variability decreased for maximum temperature values for all ENSO conditions from 367 

the first to the last period (about 1 ºC). The highest differences among El Niño, La 368 

Niña, and Neutral MFE occurred for the first and second periods (1980-1989 and 369 

1990 to 1999) (around 2.5 ºC). For the last period (2000-2011), the highest difference 370 

among ENSO phenomena was around 1.5 ºC. This is also an indicator that El Niño, 371 

La Niña, and Neutral MFE are similar in the last investigated period. 372 

3.1.3 Minimum temperature373 

Figure 8 shows the exploratory analysis of the minimum temperature data set. 374 

The median curve (level 0%) under El Niño conditions shows the highest values of 375 

minimum temperature for all investigated periods. On the other hand, under La Niña 376 

conditions, the median curve (level 0%) shows the lowest values of minimum 377 

temperature. 378 

Figure 9 shows the MFEs and their SCB, which describe the patterns of minimum 379 

temperature for ENSO conditions across the three investigated periods. The values of 380 

minimum temperature increased in the second and third periods, as shown by MFEs 381 

for all ENSO conditions (Figure 9). The coldest week was the first week of October, 382 

with a minimum temperature of around 17 and 17.5ºC in the first period (1980-1989) 383 

for all ENSO conditions. For the second period (1990 to 1999), we observed an 384 

increase in the minimum temperature values mainly for the MFEs under La Niña 385 

(18.5ºC) and El Niño (18ºC) conditions for the first week of October. In the third 386 

period (2000-2011), we observed the highest increase in minimum temperature values 387 

for the first week of October for all MFE ENSO conditions. In this period, the lowest 388 

temperature value for the first week of October was around 18.5ºC, an increase of 389 
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about 1.5ºC. For the first period, the highest minimum temperature values were 390 

observed from December to the end of January for the MFEs under El Niño 391 

conditions, with values around 19.5ºC. For the second period, the highest minimum 392 

temperature values occurred in the second week of November (19.5ºC) and the 393 

beginning of February (20.0ºC) for MFEs under El Niño conditions, and middle of 394 

November (19.5ºC) for La Niña conditions. The third period was a larger period for 395 

higher minimum temperature values from December to middle of January for El Niño 396 

conditions MFEs peaking around 20ºC. It is clear that values of minimum temperature 397 

increased across the three investigated periods in all ENSO conditions (Figure 9). The 398 

FANOVA test did not discriminate statistical differences among MFEs (Table 2, 399 

p-value < 0.05 for joint analysis) for minimum temperature across the three 400 

investigated periods. Contrary to that observed for accumulated rainfalls and 401 

maximum temperatures, FP test values increased from the first to the last period 402 

(20.42, 37.77 and 49.93, Table 2, FP test for Tmin). This indicates an increase in 403 

dissimilarity among the minimum temperature MFEs under La Niña, El Niño, and 404 

Neutral in the investigated periods. 405 

When we applied the SCB hypothesis test between two MFEs for minimum 406 

temperature (Table 3c, Tmin - μ-ElNino/μ-LaNina; μ-ElNino/μ-Neutral; 407 

μ-LaNina/μ-Neutral), p-values did not show similarity among ENSO MFEs in each 408 

investigated period. The statistical test values (Table 3c) for μ-ElNino/μ-LaNina 409 

increased from first (1980-1989) to last (2000-2011) period, showing dissimilarity 410 

between El Niño and La Niña conditions. However, comparing the MFE La Niña and 411 

El Niño with Neutral conditions, we observed that the values of the statistical test 412 

decreased from the first to the last period mainly for μ-ElNino/μ-Neutral (Table 3c). 413 

Graphically, we noticed for the last period a decrease in the similarity of MFE 414 
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characteristics between El Niño and La Niña conditions and an increase in similarity 415 

between MFE characteristics among Neutral and La Niña and El Niño conditions 416 

(Supplementary Figure S4). We also noticed that MFE for La Niña conditions had 417 

higher minimum temperature values than for Neutral conditions during the last period 418 

(Supplementary Figure S4). We calculated the absolute values of the difference 419 

among MFEs under ENSO conditions (El Niño - La Niña; El Niño - Neutral and La 420 

Niña - Neutral) for minimum temperature for each period (Figure 7). The highest 421 

variability among ENSO conditions MFE occurred during the second period 422 

investigated. This period showed the highest dissimilarity among MFEs. On the other 423 

hand, the first period showed the lowest variability among MFEs. 424 

In practical terms, we observed an increase in the values of minimum temperature 425 

across the three investigated periods. This increase was marked in the beginning of 426 

the rainfed season (October) under El Niño and Neutral conditions. 427 

3.2 Disaggregated analysis (mega-regions) 428 

We disaggregated weather stations’ data into five mega-regions (Center, East, 429 

Northeast, North, and South) in the study area, as described in section 2.2.1 (Figure 430 

1A). Table 1 shows the number of years (#years), weather stations (# WS), and season 431 

curves for mega-regions analyzed (disaggregated analysis).  432 

3.2.1 Disaggregated accumulated rainfall 433 

Figure 11 shows the MFEs and their SCB (simultaneous confidence bands) 434 

describing the characteristics of accumulated rainfall under different ENSO 435 

conditions across the three investigated periods for all mega-regions (Center, East, 436 

Northeast, North, and South). According to the FANOVA test, only the mega-region 437 

East discriminates statistical difference among MFE under ENSO conditions 438 
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(μ-ElNino/μ-LaNina/μ-Neutro are similar, p-value = 0.106, Table 2a) during the last 439 

period (2000-2011). For the East mega-region in the 2000-2011 period, La Niña, El 440 

Niño, and Neutral conditions showed a similar behavior. For the other mega-regions 441 

(Center, North and Northeast), although the FANOVA test does not discriminate 442 

statistical difference among MFEs (μ-ElNino/μ-LaNina/μ-Neutro are not similar - 443 

p-values < 0.05, Table 2a) under ENSO conditions in the investigated periods, we 444 

observed a decrease in the FP test values towards later periods. This indicates that 445 

ENSO conditions tend to have similar impacts on accumulated rainfall characteristics 446 

towards most recent periods. This feature also occurred in joint accumulated rainfall 447 

analyses (for the entire Goiás State), as discussed earlier in section 3.1.1. Only for 448 

Center and South regions was there an increase in FP test values from the first to the 449 

second investigated period (Table 2a), not following the same behavior as that noticed 450 

in joint analyses for accumulated rainfall (joint analysis or entire Goiás, item 3.1.1). 451 

However, for the second to the third period (1990-1999 and 2000-2011), all 452 

mega-regions showed the same behavior as in the joint analysis, i.e., a decrease in FP 453 

test values (Table 2a), indicating similarity in all ENSO conditions.454 

3.2.2 Disaggregated maximum temperature 455 

Figure 12 shows the MFEs and their SCB describing maximum temperature 456 

characteristics in different ENSO conditions across the three investigate periods for 457 

all mega-regions (Center, East, Northeast, North, and South). For all mega-regions, 458 

we observed an increase in maximum temperature values during the last period 459 

(2000-2011) in the investigated season (October to March) under all ENSO conditions 460 

(Figure 12). Although the FANOVA test does not discriminate statistical differences 461 

among MFEs (μ-ElNino/μ-LaNina/μ-Neutro are not similar - p-values < 0.05, Table 462 

2b) for different ENSO conditions in the three investigated periods, for all 463 
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mega-regions there was a decrease in the FP test values from the first to the third 464 

period. This indicates that the MFEs for maximum temperature under La Niña, El 465 

Niño, and Neutral conditions in all mega-regions tend to be similar during the last 466 

period (2000-2011). This feature was also identified in joint analyses (for the entire 467 

Goiás State) for maximum temperatures in the most recent period (2000-2011) 468 

(section 3.1.2). 469 

3.2.3 Disaggregated minimum temperature 470 

Figure 13 shows the MFEs and their SCB describing maximum temperature 471 

characteristics under different ENSO conditions in the three investigated periods for 472 

all mega-regions (Center, East, Northeast, North, and South). For all mega-regions we 473 

observed an increase in the values of minimum temperatures in the second and third 474 

periods, as shown by the MFEs in all ENSO conditions (Figure 13). The same feature 475 

occurred in joint analyses (for the entire Goiás State) for minimum temperature 476 

(Figure 9). FANOVA test does not discriminate statistical differences among MFEs 477 

(μ-ElNino/μ-LaNina/μ-Neutro are not similar - p-values < 0.05, Table 2c) for 478 

different ENSO conditions in the three investigated periods for Center, North, 479 

Northeast, and South mega-regions. Only for the East mega-region, during the first 480 

and third periods, MFEs under all ENSO conditions are statistically similar (p value > 481 

0.05, table 2c). This indicates a similar behavior in all ENSO conditions during the 482 

first and third investigated periods. This mega-region is an exception and shows a 483 

different behavior as that previously identified in joint analyses (for the entire Goiás 484 

State, section 3.1.3). However, for the Center, North, and South mega-regions, we 485 

observed that FP test values increased from the first to the last investigated period 486 

(Table 2c). This indicates an increase in dissimilarity among the MFEs of minimum 487 

temperature under La Niña, El Niño, and Neutral conditions during the first to third 488 
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periods in these mega-regions. This is the same feature as previously noticed in joint 489 

analyses (for the entire Goiás State) for minimum temperatures (section 3.1.3). 490 

Contrary to Center, North, and South mega-regions, the Northeast mega-region shows 491 

an opposite behavior, with a decrease in FP test values from the first and the third 492 

period. For the Northeast mega-region, the characteristic is similar across different 493 

ENSO conditions during the last period. 494 

3. Conclusion 495 

This study diagnoses the behavior of temperature and rainfall time series of 128 496 

weather stations across the Goiás State in Brazil over three periods (1980-1989, 497 

1990-1999, and 2000-2011) under El Niño, Neutral, and La Niña conditions. The 498 

analysis revealed no major impacts of ENSO conditions on accumulated rainfall 499 

characteristics, a feature particularly marked in the most recent period (2000-2011). 500 

This was observed both for the entire Goiás state and for the State mega-regions. 501 

ENSO affect maximum temperature considering the entire State mainly in the first 502 

two periods. There was an increase in maximum temperature values throughout the 503 

rainfed season (October to March) under all ENSO conditions and investigated 504 

periods. The same behavior was noticed for all mega-regions. 505 

ENSO affects minimum temperatures but presented a considerable variability across 506 

the investigated periods, which increased from first to the last period. This feature was 507 

observed both for the entire Goiás State and for the State mega-regions, with the 508 

exception of the East and Northeast mega-regions. There was an increase in the values 509 

of minimum temperature across the three investigated periods. This increase was 510 

marked in the beginning of the rainfed season (October) under El Niño and Neutral 511 

conditions.  512 
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Table 1. Number (#) of years, weather stations (WS), and seasons curves for joint analysis (Goiás) and disaggregated analysis (Mega-regions) 

for ENSO conditions, investigated periods, and climate variables (Prec - rainfall; Tmax - maximum temperature, and Tmin - minimum 

temperature). 

Variable  
Joint analysis 

(Goiás) 
Mega-region

Period ENSO Center East North Northeast South

# of 
years 

# of 
WS 

# of 
season 
curves 

# of 
WS 

# of 
season 
curves 

# of WS 
# of 
season 
curves 

# of 
WS 

# of 
season 
curves 

# of WS 
# of 
season 
curvess 

# WS 
# of season 
curvess 

El Niño 3 121 362 21 63 17 51 16 48 24 71 43 129 

80-89 La Niña 2 121 241 21 42 17 34 16 32 24 47 43 86 

Prec Neutral 5 121 603 21 105 17 85 16 78 24 120 43 215 

El Niño 3 121 362 21 63 17 51 16 47 24 72 43 129 

90-99 La Niña 3 121 360 21 63 17 49 16 47 24 72 43 129 

Neutral 4 121 481 21 83 17 67 16 63 24 96 43 172 

El Niño 4 121 480 21 84 17 67 16 63 24 96 43 170 

00-11 La Niña 4 121 482 21 84 17 68 16 63 24 96 43 171 

Neutral 4 121 482 21 83 17 68 16 64 24 96 43 171 

El Niño 3 121 361 21 63 17 51 16 46 24 72 43 129 

80-89 La Niña 5 121 241 21 42 17 34 16 31 24 48 43 86 

Tmax Neutral 2 121 601 21 105 17 85 16 76 24 120 43 215 

El Niño 3 121 363 21 63 17 51 16 48 24 72 43 129 
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90-99 La Niña 3 121 363 21 63 17 51 16 48 24 72 43 129 

Neutral 4 121 484 21 84 17 68 16 64 24 96 43 172 

El Niño 4 121 484 21 84 17 68 16 64 24 96 43 172 

00-11 La Niña 4 121 484 21 84 17 68 16 64 24 96 43 172 

Neutral 4 121 484 21 84 17 68 16 64 24 96 43 172 

El Niño 3 121 361 21 63 17 51 16 46 24 72 43 129 

80-89 La Niña 2 121 241 21 42 17 34 16 31 24 48 43 86 

Tmin Neutral 5 121 601 21 105 17 85 16 76 24 120 43 215 

El Niño 3 121 363 21 63 17 51 16 48 24 72 43 129 

90-99 La Niña 3 121 363 21 63 17 51 16 48 24 72 43 129 

Neutral 4 121 484 21 84 17 68 16 64 24 96 43 172 

El Niño 4 121 479 21 84 17 68 16 59 24 96 43 172 

00-11 La Niña 4 121 484 21 84 17 68 16 64 24 96 43 172 

Neutral 4 121 483 21 84 17 68 16 64 24 96 43 171 
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Table 2. Functional analysis of variance (FANOVA) and permutation F test (FP test) 

for the mean functional estimated for a) accumulated rainfall (Prec), b) maximum 

temperature (Tmax), and c) minimum temperature (Tmin) in three investigated 

periods for joint (Goiás) and mega-region (disaggregated) analysis considering all 

estimated curves for ENSO conditions (El Niño, La Niña, and Neutral). 

a) Prec 

Period 

1980-1989 1990-1999 2000-2011 

μ-ElNino/μ-LaNina/μ-Neutro μ-ElNino/μ-LaNina/μ-Neutro μ-ElNino/μ-LaNina/μ-Neutro 

Joint analysis (Goiás) 

FP test 24.82 17.62 8.80 

p-value 0.000 0.000 0.000 

Mega-region analysis 

Center FP test 5.72 7.38 2.44 

p-value 0.001 0.000 0.048 

East FP test 5.76 5.53 1.93 

p-value 0.002 0.001 0.106* 

North FP test 16.97 3.70 3.24 

p-value 0.000 0.015 0.023 

Northeast FP test 8.01 4.32 2.96 

p-value 0.000 0.007 0.027 

South FP test 8.51 15.54 11.56 

p-value 0.000 0.000 0.000 

b) Tmax 

1980-1989 1990-1999 2000-2011 

μ-ElNino/μ-LaNina/μ-Neutro μ-ElNino/μ-LaNina/μ-Neutro μ-ElNino/μ-LaNina/μ-Neutro 

Joint analysis 

FP test 49.54 78.72 23.30 

p-value 0.000 0.000 0.000 

Mega-region analysis 

Center FP test 14.38 29.05 5.80 

p-value 0.000 0.000 0.000 

East FP test 6.99 6.84 9.05 
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p-value 0.000 0.000 0.000 

North FP test 9.88 11.19 5.09 

p-value 0.000 0.000 0.000 

Northeast FP test 16.71 22.96 6.45 

p-value 0.000 0.000 0.000 

South FP test 27.14 36.06 15.29 

p-value 0.000 0.000 0.000 

c) Tmin 

1980-1989 1990-1999 2000-2011 

μ-ElNino/μ-LaNina/μ-Neutro μ-ElNino/μ-LaNina/μ-Neutro μ-ElNino/μ-LaNina/μ-Neutro 

Joint analysis 

FP test 20.42 37.77 49.93 

p-value 0.000 0.000 0.000 

Mega-region analysis 

Center FP test 12.05 18.63 20.42 

p-value 0.000 0.000 0.000 

East FP test 1.10 4.00 2.13 

p-value 0.320* 0.000 0.052* 

North FP test 2.47 4.50 7.97 

p-value 0.031 0.000 0.000 

Northeast FP test 11.56 24.30 10.43 

p-value 0.000 0.000 0.000 

South FP test 8.86 15.01 32.73 

p-value 0.000 0.000 0.000 
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Table 3. Hypothesis test based on the SCB for mean functional estimated for a) 

accumulated rainfall (Prec), b) maximum temperature (Tmax), and c) minimum 

temperature (Tmin) across the three investigated periods for ENSO conditions (El 

Niño, La Niña, and Neutral) considering only the joint analysis (entire Goiás Sate). 

Period 

ENSO 1980-1989 1990-1999 2000-2011 

Joint analysis (Goiás) 

a) Prec 

μ-ElNino/
μ-LaNina 

Statistic 
Test 13.40 10.03 7.86 

p-value 1e-16 1e-16 1e-16

μ-ElNino/
μ-Neutral 

Statistic 
Test 9.90 10.38 11.39 

p-value 1e-16 1e-16 1e-16

μ-LaNina/
μ-Neutral 

Statistic 
Test 16.15 12.53 5.86 

p-value 1e-16 1e-16 1e-16

b) Tmax 

μ-ElNino/
μ-LaNina 

Statistic 
Test 16.23 20.71 14.26 

p-value 1e-16 1e-16 1e-16

μ-ElNino/
μ-Neutral 

Statistic 
Test

16.78 19.09 15.12 

p-value 1e-16 1e-16 1e-16

μ-LaNina/
μ-Neutral 

Statistic 
Test 16.54 11.05 14.00 

p-value 1e-16 1e-16 1e-16

c) Tmin 

μ-ElNino/
μ-LaNina 

Statistic 
Test 7.37 8.50 15.45 

p-value 1e-16 1e-16 1e-16

μ-ElNino/
μ-Neutral 

Statistic 
Test 11.49 15.04 7.24 

l p-value 1e-16 1e-16 1e-16

μ-LaNina/
μ-Neutral

Statistic 
Test 10.72 12.15 10.43 

p-value 1e-16 1e-16 1e-16
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Table 4. Mean number of days needed for a) accumulating the minimum amount of 

rainfall to allow the start of crop sowing season in the region (Heinemann et al. 2021) 

and b) accumulated 500 mm 

Period 

ENSO 1980 - 1989 1990 - 1999 2000 – 2011 

a) mean number of days to allow the start of 
crop sowing season (accumulated 43 mm) 

El Niño 11 19 13 

La Niña 19 16 16 

Neutral 12 13 15 

Mean 14.0  16.0  14.7  

SD 4.4  3.0  1.5  

b) Mean number of days to accumulate 500 mm 

El Niño 85 89 80 

La Niña 87 85 80 

Neutral 75 84 81 

Mean 82.3  86.0  80.3  

SD 6.4  2.6  0.6  

SD - standard deviation 
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Figure 1. Geographic distribution of the weather stations. A) mega-regions, B) 

altitude above sea level (m), and C) climate in the study region. 
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Figure 2. Functional statistics for accumulated rainfall data set, in mm, across ENSO 

conditions (top panel) and time periods (right panel) for 121 weather stations (Goiás - 

joint analysis). 0% represents the median curve. 50% is the central region. 75% 

represents the non-outlying extreme curves. 90% represents outlier candidates 

detected by 1.5 times the 50% central region rule. 
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Figure 3. Mean functional estimation (MFE) and its simultaneous confidence bands 

(SCB, shading) for accumulated rainfall (mm) for ENSO conditions (La Niña, El 

Niño, and Neutral) across three periods (right panel) for 121 weather stations. 
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Figure 4. Difference among the mean functional estimated (MFE) for accumulated 

rainfall (mm) for ENSO conditions (El Niño - La Niña; El Niño – Neutral, and La 

Niña - Neutral) in absolute values (mm) in the three investigated periods (right panel). 
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Figure 5. Functional statistics for maximum temperature data set, in C, in ENSO 

conditions (top panel) and periods (right panel) for 121 weather stations (Goiás - joint 

analyses). 0% represents the median curve, 50% is the central region, 75% represents 

the non-outlying extreme curves, and 90% represents the outlier candidates detected 

by 1.5 times the 50% central region rule. 
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Figure 6. Mean functional estimation (MFE) and its simultaneous confidence bands 

(SCB, shading) for maximum temperature (ºC) in ENSO conditions (La Niña, El Niño, 

and Neutral) in the three investigated periods (right panel) for 121 weather stations. 
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Figure 7. Difference among the mean functional estimate for maximum temperature 

(ºC) for ENSO conditions (El Niño - La Niña; El Niño - Neutral and La Niña - 

Neutral) in absolute values across the three investigated periods (right panel). 
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Figure 8. Functional statistics for minimum temperature data set, in C, in ENSO 

conditions (top panel) and periods (right panel) for 121 weather stations (Goiás - joint 

analyses). 0% represents the median curve, 50% is the central region, 75% represents 

the non-outlying extreme curves, and 90% represents the outlier candidates detected 

by 1.5 times the 50% central region rule. 
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Figure 9. Mean functional estimation (MFE) and its simultaneous confidence bands 

(SCB, shading) for minimum temperature (ºC) for ENSO conditions (La Niña, El 

Niño, and Neutral) in the three investigated periods (right panel) for 121 weather 

stations. 
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Figure 10. Difference among the mean functional estimate (MFE) for minimum 

temperature (ºC) for ENSO conditions (El Niño - La Niña; El Niño - Neutral and La 

Niña - Neutral) in absolute values in the three investigated periods (right panel). 
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Figure 11. Mean functional estimation (MFE) and its simultaneous confidence bands 

(SCB -shading) for accumulated rainfall (mm) for ENSO conditions (La Niña, El 

Niño, and Neutral) in mega-regions (right panel) and three investigated periods (top 

panel). 
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Figure 12. Mean functional estimation (MFE) and its simultaneous confidence bands 

(SCB, shading) for maximum temperature (ºC) for ENSO conditions (La Niña, El 

Niño, and Neutral) in mega regions (right panel) and three investigated periods (top 

panel). 
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Figure 13. Mean functional estimation (MFE) and its (simultaneous confidence bands 

(SCB, shading) for minimum temperature (ºC) for ENSO conditions (La Niña, El 

Niño, and Neutral) in mega regions (right panel) and three investigated periods (top 

panel). 
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