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Abstract 

(ENSO, climate, Sea-Surface Temperatures) 

���������	
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��������������
��(ENSO) is an important natural climate variation that 

affects large portions of the world. The changing magnitude and frequency of ENSO 

reveals that it is getting stronger as measured by the maximum anomaly in sea surface 

temperature (SST). Principal component analysis of the ENSO is conducted to estimate 

the spectrum of the SST of the time series. The intensity of the ENSO events during the 

period 1970—2010 is statistically significantly higher when compared to the period 

1930—1970, with a broad spectral peak centered around 4 years. When we compare the 

SST spectrum for the period 1930—1970 with the spectrum for 1970—2010, we find the 

latter period to be much stronger in power. The resultant impact of more powerful and 

frequent ENSO events on the Southeast United States is examined through a spatial and 

temporal statistical analysis of precipitation and temperatures between the two time 

periods. Our analysis reveals statistically significant changes in precipitation during El 

Niño where the rainfall is much more widespread across the Southeast during the 1970—

2010 period than the 1930—1970 period. The La Niña rainfall deficit is mainly confined 

to Florida in the latter period than the former. Finally, the temperature distribution, 

through an analysis of the first four statistical moments, showed conventional responses 

to the changes in ENSO precipitation such as an anomalous decrease in maximum 

temperatures during El Niño and an overall anomalous increase in temperatures during 

La Niña. 
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1. Introduction  

The El Niño–Southern Oscillation (ENSO) is a coupled atmospheric–oceanic 

phenomenon that occurs in the tropical Pacific and is characterized by neutral, warm (El 

Niño), and cold (La Niña) phases. The atmospheric impacts of ENSO can be felt 

worldwide, making it important to our understanding of climate change and its impacts.  

The climate of the southeast United States (Southeast), which consists of Florida, 

Alabama, Georgia, South Carolina and North Carolina, is strongly influenced by ENSO 

(Hansen et al. 1998; Gershunov and Barnett 1998; Ropelewski and Halpert 1986). El 

Niño brings generally cooler and wetter conditions to the Southeast, in contrast to La 

Niña, which brings hotter and drier conditions (Ropelewski and Halpert 1986; Kiladis 

and Diaz 1989; Sittel 1994a).  

A large percentage of the interannual variability of fall, winter, and spring 

temperatures and precipitation in the Southeast can be attributed to ENSO. In addition to 

warm, cool, dry, and wet variations in fall, winter, and spring, ENSO impacts North 

Atlantic tropical cyclone activity (fewer hurricanes occur during El Niño years) and 

spring tornado frequency (increased activity during La Niña years).  An understanding of 

seasonal ENSO variability will allow the agricultural community to make informed 

decisions on management practices for their crops and reduce their risk.   

Canonical correlation analysis (Hansen et al. 1998) has shown that agriculture in the 

Southeast has a significant response to ENSO phases. Using observations and general 

circulation models, Gershunov and Barnett (1998) revealed a statistically significant 

relationship between ENSO and extreme rainfall and temperature frequencies in various 

regions of the United States (including the Southeast). The Southeast is one of the three 
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regions within the United States that has a coherent response to ENSO during the period 

from October to March (Ropelewski and Halpert 1986). Ropelewski and Halpert (1986) 

conducted a harmonic analysis of temperature over the United States to determine the 

magnitude of the response and the percentage of time the response occurred during 

ENSO events. In contrast to these demonstrated ENSO-related effects, Mo (2010), 

comparing composites of the 1916–1960 and the 1962–2006 periods, showed that the 

impacts of ENSO on the temperature anomalies across the Southeast appear to be 

weakening as a result of the central Pacific (CP) ENSO. 

Empirical orthogonal function (EOF) analyses of Pacific sea surface temperature 

(SST) can provide insight into both the nature of ENSO and the existence of additional 

ENSO-related modes of variability in the tropical Pacific. Several studies have shown the 

existence of different types of El Niño (Ashok et al. 2007; Kug et al. 2008; Larkin and 

Harison 2005), which have significant worldwide climate impacts separate from ENSO.  

Among the types of El Niño is the “El Niño Modoki,” identified by Ashok et al. (2007), 

which is characterized by positive SST anomalies over the central equatorial Pacific and 

negative SST anomalies to the west and east. This recently discovered type of El Niño 

influences temperature and precipitation around the globe, and some of the effects are 

opposite of the effects of the conventional El Niño (defined in section 2). The western 

half of North America experiences above average temperatures in contrast to the eastern 

portion, which experiences below average temperatures. The rainfall pattern is similar, 

with a rainfall deficit in the west and a surplus in the east. 

Kug et al. (2008) classified two types of El Niño events: the “cold tongue El Niño 

(CPEN)” and the “warm pool El Niño (WPEN).” The CPEN is the conventional El Niño 
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pattern of above average SST in the Niño 3 (5°N–5°S, 150°W–90°W) region centered on 

the equator in the eastern Pacific. The WPEN is measured in the Niño 4 (5°N–5°S, 

150°W–160°E) region and has maximum SST anomalies in the central Pacific and 

weaker anomalies in the eastern Pacific. Kug et al. (2008) identified 1977–1978, 1990–

1991, 1994–1995, 2002–2003, and 2004–2005 as WPEN years. Finally, Larkin and 

Harrison (2005) identified a “dateline El Niño” in which the anomalous warmth is 

concentrated near the international dateline. This El Niño is shown to have considerably 

different impacts on, most notably, global temperature patterns, compared to the 

conventional El Niño (Larkin and Harrison 2005). 

In addition to providing insight into the spatial structure and modes of ENSO, the 

principal components (PC) in EOF analysis can be used to study temporal variability in 

the ENSO signal. When analyzing the spectra of the long-term ENSO time series greater 

than 40 years, Rasmussen and Carpenter (1982) found that the power has a large spectral 

peak from 2 to 8 years. Kestin et al. (1997) found a single dominant El Niño mode with a 

frequency range that changes within the 2–10 year range. They used a time series of the 

data from 1871 to 1994 to reconstruct the pre-1982 data. They found that the period 

1920–1950 had low variability. The variability is not distributed evenly with time so 

different frequencies appear to be occurring at different times. 

Lee and McPhaden (2010) found an increasing trend in central Pacific El Niño events 

in which the maximum anomaly is in the Niño 4 region. This is due to the increasing 

intensity and frequency of central Pacific El Niño events over the past 30 years. This 

result, however, was not obvious from their time series of the Niño 4 region. 

Furthermore, the use of the parametric Student’s t-test assumes the data were previously 
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centered on a specific mean, which is not a statistically sound way to approach a 

potentially non-Gaussian distribution. Our approach uses nonparametric tests over a more 

conservative spatial domain. 

This paper focuses on the structure of ENSO and ENSO-related modes as well as the 

change in the magnitude and frequency of the different phases of ENSO over the past 80 

years. It does not attempt to link the apparent changes to quasi-cycles or anthropogenic 

global warming. A time-frequency analysis is conducted through EOF analysis of the 

equatorial Pacific Ocean. The first spatial component of the EOF analysis is consistent 

with the conventional El Niño spatial pattern, with warm anomalies centered on the 

equator. Subsequent modes appear to be associated with different types of ENSO 

phenomena, which will be discussed in the EOF analysis section. Also, a spectral analysis 

of the PC time series using a fast Fourier transform (FFT) is conducted to determine the 

frequency and magnitude of ENSO. The changes in ENSO’s footprint for the Southeast 

in terms of the spatial distribution of the temperature and precipitation over the southeast 

United States are also analyzed.  

 

2. Data and Methodology 

The SST data are extracted from the Extended Reconstructed Sea Surface 

Temperature (ERSST) analysis v3 (Smith et al. 2008). This 2° x 2° gridded dataset 

consists of monthly SST values from 1854 to 2010, from which we analyze the period 

from 1930–2010. Although El Niño is defined by NOAA as the anomalous warming of 

the waters along the equatorial Pacific in the Niño 3.4 region (5°S–5°N, 120°W–170°W) 
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greater than 0.5°C averaged over three consecutive months, our spatial domain ranges 

from 10°N to 10°S and 80°W to 180°E. This domain captures the majority of the 

observed ENSO events mentioned in the introduction (Ashok et al. 2007; Kug et al 2008; 

Larkin and Harison 2005). 

 We recognize that there are estimates of SST patterns existing prior to 1930. It is 

well known that early ship data are very sparse and we are being conservative in 

choosing a shorter period. Even the period 1930 to 1950 may have problems; however, 

since there are interdecadal variations in the data, we believe that a period of 80 years is 

best for this analysis. It is also important to note that we use only the latitudinal extent of 

10°N to 10°S, which limits the EOF’s extent to the equatorial region. This limitation 

explains why so much of the variance is concentrated in the first mode since off-

equatorial physics is less dominant. Both the long-term mean and the annual cycle are 

removed at each grid point of the ERSST, and an EOF analysis is implemented using the 

SSTs over the entire spatial domain (10°N–10°S, 80°W–180°E) to analyze the spatial and 

temporal variations (Weare et al. 1976).  

The principal component time series are normalized and then a nonparametric 

Wilcoxon rank sum test (Wilks 2006) at the 95% confidence interval is applied to the 

first principal component (PC1) to compare the El Niño distribution of the two periods, 

1930–1970 and 1970–2010. Since the PC1 values are normalized, values above 1 are 

considered El Niño years, and values below -1 are considered La Niña years. In the 

Wilcoxon rank sum test, it is critical that the samples be independent. The autocorrelation 

function (not shown) yields an e-folding correlation of 6–8 months. Since El Niños are 

typically several years apart, we are justified in using this test. 
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Additionally, an FFT is applied to PC1 and PC2 to estimate the spectrum and then 

sent through 10 passes of a 1–2–1 Hanning filter to smooth the ENSO mode. The 95% 

confidence limits at the spectral peak are computed by approximating the distribution of 

the smoothed spectra by the chi-squared distribution with 23 degrees of freedom from the 

pass through the filter (Bloomfield 2000). The spectrum is then separated between the 

two 40-year periods, 1930–1970 and 1970–2010, to determine whether the frequency 

and/or intensity of ENSO has changed during the latter half of the time period. After 

separation of the two time periods, a nonparametric two-sample Kolmogorov-Smirnov 

test (KS-test; Wilks 2006) at the 95% confidence interval is applied to PC1, as it 

accounted for most of the variance, to compare the magnitudes of the two distributions. 

To study the impacts of ENSO on precipitation across the Southeast, the anomalies 

for 1930–1970 are compared to the anomalies for 1970–2010 from the long-term, 80-year 

monthly average from 1930 to 2010. The data used to conduct this analysis are provided 

by the United States Historical Climatology Network (USHCN), and consist of daily 

precipitation and temperature data. Forty-seven stations, having adequate spatial 

coverage across the Southeast and having reliable data extending back to 1930, are used 

for statistical testing. A Student’s t-test is conducted on the anomalies between the two 

time periods to test the significance, which we consider a confidence interval of 90% or 

greater. The winter months December, January, and February are considered since the 

region has the greatest response to El Niño during these months (Ropelewski and Halpert 

1986; Smith et al. 1998).  

In addition to the changes in precipitation, the spatial distribution of the maximum 

and minimum temperature anomalies between the two 40-year periods are also examined 
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through the first four statistical moments: mean, standard deviation, skewness, and 

kurtosis.  For a given ENSO phase, the first four moments are calculated on the basis of 

the daily temperature anomalies. Further insight into the structure of the temperature 

distribution is observed through the probability density function (PDF).  

3. EOF Analysis 

a. Increasing intensity of El Niño 

 

Various types of El Niños can be identified through the analysis of the spatial 

components of the EOF. In our analysis, the first EOF, explaining 75% of the variance, 

has a distinct representation of an ENSO mode in which the maximum warmth (positive 

values) is along the equator (Fig. 1a). This mode closely resembles the CPEN as 

described in a recent study by Kug et al. (2008) and an ENSO mode in an earlier study by 

Ashok et al. (2007). Qualitatively, the PC1 time series (Fig. 2a) reveals that the 

magnitude of El Niño events appears to have increased from 1970 to 2010. This increase 

is also in agreement with the multivariate ENSO index (MEI) time series (Klaus and 

Timlin 1993).  The base state also appears to have warmed compared to the earlier 

period. Gu and Philander (1997) attributed the warming, particularly in the early 1990s, 

to changes in the equatorial thermocline as a result of the influx of water with anomalous 

temperatures from higher latitudes. Possibly related to this warmer base state, the recent 

La Niña events during the later period appear weaker. The 1930–1970 period exhibits 

low variability consistent with the findings of Kestin et al. (1997) in their analysis of the 

time-frequency of ENSO.  A Wilcoxon rank-sum test at the 95% confidence interval 

shows that El Niño periods between 1930–1970 and 1970–2010 have different 
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distributions, allowing us to reject the null hypothesis at the 5% significance level. The 

Wilcoxon rank-sum test shows that it is likely that El Niño has been strengthening over 

the past 30 years, and detrending the data yields no difference in our results. The 

distribution of La Niña years between the 1930–1970 period and the 1970–2010 period 

has not changed according to the Wilcoxon rank-sum test at the 95% confidence interval. 

When the FFT of PC1 is smoothed with a low-pass Hanning filter, it shows 

bimodality in the ENSO signal inside the 3–5 year interval (Fig. 2b). This interval is 

consistent with the findings of Gu and Philander (1995), who used a wavelet analysis to 

study the interannual variability and annual cycle over portions of the tropical Pacific. 

When the 1930–1970 and 1970–2010 periods are separated and then run through the 

FFT, the power and frequencies are different. The 1930–1970 period has a peak at 5.5 

years and the 1970–2010 period has a peak at 4 years (Fig. 2b), which agrees with the 

findings of Kestin et al. (1997).  The power shows a notable increase between the two 40-

year periods, consistent with the full PC1 time series. A two-sample Kolmogorov-

Smirnov test at the 95% confidence interval shows statistically that the two distributions 

are different, and the test has a p-value well below the 5% significance level. The 

nonparametric nature of these tests is beneficial because they do not assume anything 

about the data’s distribution. All together, the spectral analysis shows that the magnitude 

and the frequency of ENSO vary at different time periods (Wang and Wang 1996). 

 

b. Subsequent EOF modes 

In our results, EOF2 (Fig. 1b), which accounts for 11% of the variance, has a pattern 

similar to the WPEN and El Niño Modoki signatures within our domain. Strong cold 
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anomalies occur off the western South American coast and warm anomalies occur toward 

the international dateline, similar to what Ashok et al. (2007) found. The strong cold 

anomalies off the South American coast may be due to the orthogonality restriction of the 

EOF (Tao and Dake 2012), although cooling in the eastern Pacific does occur with the 

WPEN in March-May, to a lesser degree (Kug et al. 2008). The PC2 time series (Fig. 3a) 

is not dissimilar to the time series in Ashok et al. (2007).  Statistical testing was not 

conducted on the magnitude of the PC2 time series between the first and second periods, 

because there are no apparent changes between the two. An FFT is applied to the 1930–

1970 and 1970–2010 periods, respectively, to distinguish any changes in the periodicity 

of this ENSO phase. The power is much more concentrated on the 10-year periodicity in 

the latter period compared to the former period, which exhibits low variability (Fig. 3b). 

The periodicity matches the findings of Kug et al. (2008), who used a wavelet analysis to 

show a decadal SST variability on the 10–15 year time scale associated with the WPEN. 

The spectrum of the 1970–2010 period also shows some interannual variability in the 2–

4-year range periodicity, which is also similar to the results of Ashok et al. (2007), who 

found an interannual signal for 4 years and a slowly varying signal on a 12-year time 

scale. Kug et al. (2008) note that the WPEN events are recent, and most occur after 1990.  

EOF3 can be interpreted as the “coastal realization” of ENSO, which accounts for 4% 

of the variance (Fig. 1c), although caution should be exercised when trying to assign 

physical phenomenon to EOFs, especially when they account for a low amount of the 

total variance. The Niño 1+2 region (0–10°S, 90°W–80°W) is cold, and the maximum 

warmth is farther westward compared to the maximum observed in EOF1, which may 

indicate that this is a west-based El Niño event. This west-based El Niño is less potent in 
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magnitude than the conventional El Niño. The PC3 time series suggests a multidecadal 

oscillation.  

 

4. Impacts to the Southeastern United States 

a. El Niño and La Niña precipitation and temperature analysis 

    Although addressing whether the changes in the magnitude and frequency of ENSO 

are due to climate change or natural variability is beyond the scope of this paper, the 

influence these changes have had on the Southeast can be easily analyzed. As described 

in the Introduction, prior studies have shown that ENSO has considerable impact across 

the Southeast, particularly the precipitation that occurs over the region during the winter 

months when the response is the strongest. El Niño brings wetter and cooler conditions 

across the Southeast during the winter months; conversely, La Niña brings drier and 

hotter conditions (Ropelewski and Halpert 1986; Smith et al. 1998). To determine what 

impact a frequent and more intense ENSO has had on the Southeast, the precipitation 

anomalies for the 1930–1970 and 1970–2010 periods for El Niño and La Niña compared 

to Neutral are calculated from the long-term monthly average rainfall from 1930–2010. 

The significance of the anomalies is measured using a Student t-test, with appreciable 

significance defined as above the 90% confidence interval.  

     The spatial precipitation analysis reveals a distinct dichotomy in precipitation across 

the Southeast during the 1930–1970 period (Fig. 4a). The El Niño-associated increase in 

precipitation is confined mainly to Florida; however, portions of Alabama, Georgia, 

South Carolina, and North Carolina have observed an anomalous decrease in rainfall 

when compared to Neutral. During the more recent period (1970–2010), the positive 
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precipitation anomalies extend considerably northward of Florida and many stations 

show statistically significant (above the 90% confidence interval) increases exceeding 3 

in. or more (Fig. 4b). For completeness, the precipitation for the other ENSO modes has 

been calculated. The rainfall deficit associated with La Niña is pronounced throughout 

the Southeast during both time periods, with greater significance compared to Neutral 

across Florida during the latter period (Fig. 4c,d). Although not significant according to 

the Student t-test, the anomalies themselves have become less negative or even positive 

across sections of Alabama, Georgia, South Carolina, and North Carolina.  

 To illustrate the differences in the temperature anomaly distribution between 

1930–1970 and 1970–2010, the first four statistical moments—mean, standard deviation, 

skewness, and kurtosis—are evaluated. Stefanova et al. (2012), similarly, quantified the 

effects that ENSO and AO have had on the daily maximum and minimum temperatures 

through an analysis of the first four statistical moments, although the period of analysis 

was limited from 1960 to 2009.  In our research, El Niño conditions are associated with a 

widespread decrease in the mean maximum temperature anomalies across the majority of 

the Southeast for both time periods, although more so in the earlier period (Fig 5c,d). A 

Student t-test at the 95% confidence interval (not shown) reveals that the warming of the 

anomalies in the second period compared to the first, are not statistically significant. The 

mean minimum temperature anomalies compared to Neutral are strongly negative during 

1930–1970 but become less negative during the 1970–2010 period (Fig. 5a,b). The 

changes in the latter period compared to the former can be attributed to the increase in the 

rainfall anomalies during 1970–2010. The cloudiness associated with additional rainfall 

prevents radiational heating during the day and inhibits radiational cooling during the 
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nighttime. The maximum temperatures during the La Niña phase are significantly more 

positive during the last 40 years and the minimum temperatures reflect a similar increase 

as well (Fig. 6). It is well known that atmospheric circulations associated with La Niña 

lead to increase temperatures across the southeast.  

During the 1930–1970 period, coupled with a decrease in the maximum 

temperatures during the El Niño phase, is a general decrease in the kurtosis in many 

stations indicating the temperature anomaly distribution across those regions has flattened 

(Fig 5). The kurtosis for the most part is in the neural range with the exception of a few 

positive values through Georgia and North Carolina. On the other hand, the kurtosis has 

increased across several stations in Alabama, Georgia, South Carolina, and North 

Carolina, and the standard deviation had decreased, indicating the minimum temperature 

anomaly structure has become more Gaussian in those areas during the 1970–2010 

period. The maximum temperatures during the 1970–2010 period exhibit a decrease in 

kurtosis across many Florida stations and some Alabama and Georgia stations. The PDF 

of several stations (not shown) across the Southeast reveals a positively skewed graph in 

the maximum temperature anomaly, typical for El Niño. The minimum temperatures 

exhibit a more Gaussian structure in the PDF, although there are a few positively skewed 

PDFs, which have a slight extension in the tails on either side of the distribution for a 

given station. Our findings for the later period are somewhat similar to the results of 

Stefanova et al. (2012); however, the region of decreased standard deviation, in 

maximum and minimum temperatures, is much more widespread which may be due to 

the fact that their analysis includes the 1960s which our analysis for the later period does 

not. 
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During the La Niña phase, warm mean anomalies are present throughout most of 

the period with the exception of the 1930–1970 minimum temperatures, which features a 

mixture of warm anomalies in Alabama and portions of Georgia and North Carolina and 

neutral to cool anomalies through South Carolina and Florida (Fig. 6). The warm 

anomalies are greater in the 1970–2010 period. The standard deviation of minimum 

temperature appears within the neutral range, whereas the standard deviation for the 

maximum temperatures has decreased for the first period.  In contrast, the standard 

deviation has increased in both the minimum and maximum temperatures during later 

period. The skewness has increased throughout most of the Southeast during the first 

period indicating the right tails of the distribution has gotten longer, in comparison to the 

maximum temperature, which reveals a symmetric distribution. In the 1970–2010 period, 

the skewness is slightly negative in both minimum and maximum temperatures, which 

illustrates the extension of the tail on the left side of the distribution. This could be an 

indication of severe cold outbreaks with La Niña that has been noted in previous 

literature (e.g., Rogers and Rohli 1991; Hansen et al. 1999; Smith and Sardeshmukh 

2000). The kurtosis is slightly negative in the minimum temperatures for both time 

periods, while the maximum temperatures are more variable in kurtosis with both 

positive and negative values especially through Florida. All considering, the first four 

statistical moments for the later period were similar to Stefanova et al. (2012) and any 

differences maybe be due to the addition of the 1960s used in the Stefanova et al. (2012) 

paper. It also should be noted that while qualitatively the La Niña events appeared 

weaker in the second period, quantitatively, the statistics showed no significant change in 
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magnitude between the 1930–1970 and 1970–2010 period La Niña events, which may be 

why our results are not dissimilar to Stefanova et al. (2012). 

b. Physical mechanisms driving ENSO impacts 

The relationship between cloudiness and precipitation and the seasonal mean 

temperatures from our findings is consistent with the relationship identified in previous 

studies. During El Niño events, midlatitude storms are more likely to track across the 

Southeast as a result of a southwesterly upper-level jet (Smith et al. 1998, Eichler and 

Higgins 2006). Subsequently, the low-level southwesterly flow advects moisture from the 

Gulf of Mexico, leading to increased cloudiness and precipitation (Mote 1996, Smith et 

al. 1998), which are accompanied by seasonal mean temperatures that are cooler than 

those in the neutral ENSO phase (Ropelewski and Halpert 1986; Smith et al. 1998; 

Kiladis and Diaz 1989; Sittel 1994a). Conversely, during the La Niña phase the upper-

level jet stream is oriented zonally over the mid-Atlantic region of the United States east 

coast, and the jet stream is farther north than during the El Niño phase. The Bermuda 

High, at the surface, expands westward over the Southeast, resulting in southerly flow 

over Alabama, Mississippi, and Louisiana (Smith et al. 1998). This low-level pattern, 

accompanied by lower-level convergence and upper-level positive vorticity advection, 

results in increased precipitation across northern Georgia and Alabama and through 

central Mississippi, and dry, subsident conditions to the east and south of these areas. 

Surface low-pressure cyclones within this pattern tend to track more across Mississippi, 

northern Alabama, and Georgia.  
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Discussion and Summary 

 In this research we apply EOF and Fourier analysis to provide insight into both 

the spatial and temporal structure of El Niño for the given tropical Pacific domain. The 

first spatial mode matches the known ENSO pattern very well, with maximum warm 

anomalies extending westward along the equator. This dominant ENSO mode explains 

75% of the SST variance in the selected domain. Subsequent spatial modes agree well 

with the work of previous authors.  The second EOF mode, explaining 11% of the 

variance, closely resembles the El Niño Modoki (Ashok et al. 2007) and the WPEN  

(Kug et al. 2008). The third EOF mode, which can be viewed as the coastal realization of 

ENSO, accounts for 4% of the variance. This mode is generally weaker than the 

conventional El Niño (EOF1) and is also centered farther west along the equator. 

Although it is convenient to assign physical phenomena to EOF modes, one must be 

cautious in doing so when comparing the physical phenomena to the actual empirical 

observations (Tao and Dake 2012). 

 Analyzing the temporal variability of ENSO is imperative as it impacts weather 

on both global and regional scales, depending on its magnitude and sign. Qualitatively, 

the PC1 time series seems to suggest some kind of warming in the base state. The 1930–

1970 period exhibits lower variability than the 1970–2010 period, and the magnitude of 

the stronger El Niño events appears to be increasing. Statistically, the Wilcoxon rank-sum 

test shows that there is a significant difference between the two periods, making it likely 

that El Niño has been intensifying over the past 40 years. The La Niña phase shows no 

statistically significant change between the two time periods. It is important to reiterate 

that this study does not ascertain whether the observed changes in El Niño are due to 
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climate change or natural variability. All that can be said when comparing the two time 

periods, 1930–1970 and 1970–2010, is that the El Niño events in the latter period have 

been stronger than in the former. The spectral analysis reveals that the ENSO frequency 

has changed from 5.5 years to 4 years.  

The evolution of El Niño magnitude and frequency over the past 80 years reveals 

a change in the impacts across the Southeast between 1930–1970 and 1970–2010. The 

positive precipitation anomalies, when compared to anomalies in Neutral years, have 

expanded poleward over the last 40 years throughout the entire Southeast and have 

confidence above the 90% threshold for many areas. Areas that previously experienced 

significant subsidence, such as Alabama, Georgia, and portions of South Carolina and 

North Carolina, are now experiencing much greater rainfall. Although La Niña shows the 

typical drying throughout the southeast, the drying is more significant in Florida during 

the 1970-2010 period. However, for this same period, an increase in rainfall is evident 

throughout Alabama, Georgia, South Carolina, and North Carolina compared to the 1930-

1970 period.  

Analysis of the temperature data through the first four statistical moments 

provides insight into the influence the precipitation has had on seasonal mean 

temperatures. During El Niño, cold anomalies are present throughout both time periods 

although we ascertain that the increased cloudiness and precipitation in the 1970–2010 

period has reduced the nighttime radiational cooling, leading to relatively warmer 

temperature minimums compared to the first period. La Niña exhibits the expected 

anomalous warming during the winter (especially in the 1970-2010 period) and a lack of 

rainfall allowing for maximum radiational heating during the daytime. Although the 
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temperature minimum anomalies also appear to have warmed compared to the first 

period, the skewness of the distribution has become more negative and the kurtosis has 

decreased, indicating that the bulk of the PDF has become more focused on the warm 

side, which is likely explanation for the observed warmer conditions.  

Our findings have several practical applications. Farmers in the Southeast can 

expect that a period of intense and more frequent El Niño events will lead to more 

widespread rainfall and can manage and assess the risk of their crops appropriately. Many 

sectors such as water management, forestry, agriculture, and infrastructure planning rely 

on ENSO forecasts to make informed decisions as to what practices will be necessary for 

a particular ENSO phase. The changes in the impacts that ENSO has had on the 

Southeast will allow people in the mentioned sectors to adjust their planning, 

accordingly.  
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Figure Caption List: 

 

 

Fig. 1 a) The first empirical orthogonal function of sea-surface temperatures (1930-2010) 

accounting for 75% of the variance. b) The second EOF accounting for 11% of the 

variance. c) The third EOF accounting for 4% of the variance. The values are indicative 

of departures from the mean, in °C. Positive (negative) values indicate anomalously 

higher (lower) sea-surface temperatures. 
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Fig. 2 a) Normalized first principal component (PC1) time series from 1930-2010. b) The 

spectrum of the PC1 time series using a FFT with the 95% confidence limits at the 

spectral peaks.  

 

Fig. 3 a) Normalized second principal component (PC2) time series from 1930-2010. b) 

The spectrum of the PC2 times series using a FFT with the 95% confidence limits at the 

spectral peaks. 

Fig. 4 ENSO winter precipitation anomalies compared to Neutral. The Student-t test 90% 

confidence interval is reflected by squares and sub-90% confidence by circles.  

Fig. 5 The first four statistical moments of El Nino minimum and maximum temperature 

between 1930-1970 and 1970-2010 using degrees Celsius.  

Fig. 6 The first four statistical moments of La Niña minimum and maximum temperature 

between 1930-1970 and 1970-2010 using degrees Celsius. 
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