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Abstract  1 

This study investigates the relationship between sea surface temperature (SST) in the 2 

subtropical Atlantic Ocean, as represented by the Southern Atlantic Subtropical 3 

Dipole (SASD), and SST in the tropical Pacific Ocean, identified by the El 4 

Niño-Southern Oscillation (ENSO). Our analysis reveals a significant inverse 5 

correlation between the SASD and Niño indices over a century, with multi-decadal 6 

variability that contradicts weak simultaneous correlations previously reported in the 7 

literature. The study also highlights a strengthening of their inverse correlations in the 8 

most recent two decades compared to the preceding two decades, which can be 9 

attributed to the shift in ENSO regime from more frequent eastern Pacific El Niño to 10 

central Pacific El Niño around the turn of the century. This shift helps set the stage for 11 

changes in convective activity in the critical region (20°S-40°S, 180°-140°W) of the 12 

central South Pacific Ocean, triggering wavetrains that propagate along different paths 13 

and ultimately contributing to different southern Atlantic subtropical high (SASH) and 14 

changes in anomalous SST patterns in the subtropical Atlantic Ocean. These findings 15 

advance our understanding of the interactions between South Atlantic and Pacific SST 16 

variations, which strongly influence rainfall patterns particularly in South America 17 

and southern Africa and may improve sub-seasonal to seasonal precipitation 18 

predictions in these regions. 19 

 20 

Plain Language Summary  21 

We look at how changes in sea surface temperature (SST) in the subtropical Atlantic 22 
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Ocean and the tropical Pacific Ocean are related to each other over time. We found 23 

that there is a significant inverse correlation between the two areas over the course of 24 

a century, and that this relationship changes over time in multi-decade cycles. We also 25 

found that the inverse relationship has become stronger in the recent two decades 26 

compared to the proceeding two decades. This change is likely due to a regime shift in 27 

ENSO around the turn of the century that helps set stage to the occurrences of 28 

different convective activities in a particular area of the central South Pacific Ocean, 29 

ultimately leading to changes in SST in the subtropical South Atlantic through 30 

atmospheric waves. Understanding these relationships is important because they can 31 

affect, among other things, rainfall in South America and southern Africa, and the 32 

study may help improve predictions of future rainfall patterns in these regions. 33 

 34 

Key Points 35 

In contrary to the current understanding, there can be a strong connection between 36 

ENSO and the South Atlantic Subtropical Dipole (SASD). 37 

It is highly probable that the robust inverse correlation between ENSO and SASD will 38 

persist in the future.  39 

The ENSO-SASD correlation exhibits substantial multi-decadal variability over the 40 

course of a century.  41 

The change in the ENSO-SASD relation can be linked to changes in ENSO regime 42 

and convective activities over the central South Pacific Ocean. 43 

  44 
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1. Introduction 45 

The South Atlantic subtropical dipole (SASD) mode represents an opposite 46 

variability of sea surface temperature (SST) over the northeastern and southwestern 47 

South Atlantic Ocean (Venegas et al., 1997; Sterl and Hazeleger, 2003; Haarsma et al., 48 

2005; Morioka et al., 2011). The SASD exhibits a strong seasonal variability that 49 

peaks in austral summer and is related to the strength and location of the South 50 

Atlantic subtropical high (SASH). The anomalous surface circulations associated with 51 

SASH influence the oceanic mixed layer depth and surface evaporation, leading to 52 

SST anomalies over South Atlantic subtropical regions (Sterl and Hazeleger, 2003; 53 

Haarsma et al., 2005; Colberg and Reason, 2006; Morioka et al., 2011). Surface 54 

shortwave radiation also plays a vital role in the formation and decay of the SASD 55 

(Morioka et al., 2011).  56 

The SASD also shows an interannual variability, which has been linked to 57 

year-to-year changes in precipitation in southern Africa (Vigaud et al., 2009; Morioka 58 

et al., 2011), West Africa (Nnamchi and Li, 2011) and South America (Muza et al., 59 

2009; Bombaridi and Carvalho, 2011; Kayano et al., 2013; Bombardi et al., 2014). 60 

Understanding what factors are behind the SASD interannual variability may improve 61 

precipitation predictions for these regions. Previous studies have investigated the 62 

effects of large-scale climate indices on the SASD. Hermes and Reason (2005) and 63 

Morioka et al. (2014) noted the effect of the Antarctic Oscillation (AAO) on the 64 

SASD. Several studies have confirmed the linkage between the SASD and the 65 

Subtropical Indian Ocean Dipole (SIOD) (Fauchereau et al., 2003; Hermes and 66 
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Reason, 2005; Lin, 2019; Yu et al., 2023). A weak relationship has been noted 67 

between the simultaneous values of SASD and ENSO at zero lag (Venegas et al., 1997; 68 

Hermes and Reason, 2003; Fauchereau et al., 2003; Kayano et al., 2013). However, 69 

Kayano et al. (2013) detected a significant lagged correlation between the two indices. 70 

Rodrigues et al. (2015) explained the weak SASD-ENSO relationship by showing that 71 

although negative (positive) SASD events are associated with the positive (negative) 72 

phase of the central Pacific El Niño events, such association is absent during eastern 73 

Pacific El Niño events.  74 

The weak simultaneous and strong lagged relationships between SASD and ENSO 75 

have been established based on data for earlier time periods prior to 2010 (Rodrigues 76 

et al., 2015). However, since 2010, there have been a major El Niño event and two 77 

record-breaking La Niña events, making the last decade invaluable for determining 78 

how robust the established SASD-ENSO relationship is. In this study, we have 79 

extended previous analyses to include the most recent decade with the aim to test the 80 

robustness of the SASD-ENSO relationship, and to offer additional insight into the 81 

mechanisms behind the teleconnection between the SST anomalies in the tropical 82 

Pacific and subtropical South Atlantic Oceans. In addition, we have expanded our 83 

analysis by examining SST time series over a course of a century dating back to 1871. 84 

  85 

2. Datasets and methods 86 

The monthly SST data applied in this study are from the U.S. National Oceanic 87 

and Atmospheric Administration (NOAA) Extended Reconstructed Sea Surface 88 
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Temperature (ERSST) version 5 (Huang et al., 2017) covering the globe with a 89 

horizontal resolution of 2.0º latitude × 2.0º longitude and spanning from 1871 to the 90 

present. The primary focus of our study is the recent four decades from 1979 through 91 

2020. Following Morioka et al. (2011), we define the SASD index as the difference of 92 

the SST anomalies between the south-western (10-30ºW, 30-40ºS) and north-eastern 93 

(0-20ºW, 15-25ºS) South Atlantic Ocean (Figure 1a). The ENSO signal is represented 94 

primarily by the Niño 3.4 index, defined on the basis of SST anomalies in the tropical 95 

central Pacific Ocean (5ºN-5ºS, 120-170ºW) (Trenberth, 1997). The relationship 96 

between ENSO and SASD is determined by the 18-year sliding correlation between 97 

the detrended time series of the SASD index and the Niño 3.4 index. Two other ENSO 98 

indices, the Niño 3 index (5ºN-5ºS, 90-150ºW) and the Niño 4 index (5ºN-5ºS, 16099 

ºE-150 ºW), are also included in our analyses to test the sensitivity of the 100 

SASD-ENSO relationship to the types of ENSO events. The statistical significance of 101 

the correlation is determined by the two-tailed student’s t test and the statistical 102 

significance of the difference between two time series of regression coefficients is 103 

tested by the Z-test (Clogg et al., 1995). 104 

We explore the mechanisms underlying the SASD-ENSO relationship through 105 

examining the corresponding atmospheric circulations using monthly data from the 106 

European Centre for Medium-Range Weather Forecasts (ECMWF) fifth-generation 107 

reanalysis (ERA5) that has a 1/4 degree latitude and longitude horizontal resolution 108 

and covers the period from 1979 to the present (Hersbach et al., 2020). We 109 

supplement the ERA5 data with the monthly NOAA Interpolated Outgoing Longwave 110 
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Radiation (OLR) data, which has a horizontal resolution of 2.5º latitude × 2.5º 111 

longitude (Liebmann and Smith, 1996). To analyze atmospheric planetary waves, we 112 

calculate the 200-hPa Rossby wave source (RWS) using the formulae proposed by 113 

Sardeshmukh and Hoskins (1998): 114 

RWS = −𝑉𝜒 ⋅ ∇𝜁 − 𝜁𝐷 ≈ −𝑉𝜒
′ ⋅ ∇𝜁̅ − 𝜁�̅�′                              (1) 115 

wherein ζ is the vertical component of the absolute vorticity, 𝑉𝜒 and 𝐷 are the 116 

divergent wind and divergence at  200 hPa, respectively. Climatological mean and 117 

perturbation are represented by overbar and prime, respectively. 118 

Additionally, we also analyze 200-hPa wave activity flux (WAF), which is derived 119 

using the equation proposed by Takaya and Nakamura (2001): 120 
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Where  and  are longitude and latitude, respectively;  is geostrophic stream 123 

function; U is climatological horizontal wind;u and v are the climatological zonal 124 

and meridional winds, respectively; p is the pressure divided by 1000 hPa; a is the 125 

earth’s radius. Overbar symbols represent climatological values while prime symbols 126 

denote anomalies. 127 

All the analyses presented focus on austral summer when both ENSO and SASD 128 

peak in the annual cycle. Here, austral summer refers to January, February and March 129 

(JFM) as SASD tends to peak in February (Morioka et al., 2012).  130 
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To further corroborate our statistical findings, we conduct numerical experiments 131 

using Version 5 of the Community Atmosphere Model (CAM5), which serves as the 132 

atmospheric component of the Community Earth System Model (CESM). CAM5 133 

features 30 vertical levels and a horizontal resolution of 1.9 latitude × 2.5 longitude. 134 

For more in-depth information about CAM5, please refer to Neale et al. (2011). 135 

Several numerical experiments are conducted.  These experiments include a 136 

control run, which spans 50 years and is forced by the climatological annual cycle of 137 

SST and sea ice concentration data from the Hadley Center, and three idealized 138 

experiments where a +2 ºC SST anomaly is introduced in the Southern Pacific region 139 

(20°S-40°S, 180°-140°W), the Niño4 region over the central tropical Pacific (5ºN-5ºS, 140 

160ºE-150ºW) and the Niño3 region over the eastern tropical Pacific (5ºN-5ºS, 141 

150ºW-90ºW), respectively. The warm SST anomaly is introduced annually from 142 

January 1 to March 31, while the SST and sea ice conditions in the remaining months 143 

and regions are maintained at climatological levels. The last 20 years of the control 144 

run are utilized as the reference years to restart the idealized experiments. The results 145 

from the numerical experiments are presented as the differences between the idealized 146 

experiments and the control experiment.  147 

 148 

 149 

3. Results 150 

3.1 Variability of the SASD-ENSO relationship 151 

In contrast to the weak simultaneous correlation between the SASD and the Niño 152 
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3.4 indices suggested in previous studies, our results indicate a significant inverse 153 

correlation (r = -0.51, p<0.01) between the two indices (Figure 1b, c) over the period 154 

of 1979 through 2020. The magnitudes of the 18-year moving correlation coefficients 155 

of the detrended SASD index (Figure 1b) with the detrended Niño 3.4 index (Figure 156 

1b) tripled from r ≈ -0.25 in the late-1980s to r ≈ -0.75 during 2006-2011, intercepting 157 

the p = 0.05 line between 1993 and 1994 (Figure 1c). When we divided the four 158 

decades into two equally long periods, we found that the correlation coefficient was 159 

-0.32 (p > 0.05) for the period before 2000 and -0.77 (p < 0.01) for the period after 160 

2000. Despite replacing Niño 3.4 with Niño 4 or Niño 3 indices, the marked 161 

difference in correlation strength between the earlier and latter periods remains 162 

unchanged, which is unsurprising given the known correlation among the three Niño 163 

indices. Specifically, the correlation coefficients for Niño 4 and Niño 3 increased from 164 

-0.34 and -0.10 (p > 0.05), respectively, for the earlier period to -0.71 (p < 0.01) for 165 

both indices for the latter period. The overall correlations for the entire 42-year period 166 

were -0.4 for Niño 4 and -0.48 for Niño 3 (p < 0.05), which is slightly weaker than the 167 

correlation of -0.51 for Niño 3.4. While Kao and Yu (2009) suggested that there are 168 

superior alternatives to represent ENSO diversity than the Niño 3, 3.4 and 4 indices, 169 

the above results reveal, for the first time to our knowledge, a strong multi-decadal 170 

variability in the SASD-ENSO relationship. In other words, the interannual SST 171 

variability modes in the tropical Pacific and subtropical Atlantic Oceans are 172 

teleconnected, but the teleconnection is highly variable on the decadal to 173 

multi-decadal scale.  174 
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Recognizing that four decades may not provide a comprehensive understanding of 175 

decadal to multi-decadal variability, we expanded our analysis to more than a century, 176 

spanning from 1871 to 2020. As depicted in Figure S1, our century-long time series 177 

analysis reveals a noticeable multi-decadal variability in the 18-year moving 178 

correlation, which further validates our findings. 179 

 180 

3.2. Potential forcing mechanisms underlying the variability in the SASD-ENSO 181 

relationship in the past four decades 182 

We next explore what might be behind the decadal variability of the SASD-ENSO 183 

relationship (Figure 1). Since Niño 3 and Niño 4 have yielded results similar to those 184 

of Niño 3.4, the analyses here utilize Niño 3.4 only. We compare regressions of 185 

anomalous SST and atmospheric fields onto the Niño 3.4 index for the 2000-2020 186 

period with those for the 1979-1999 period (Figures 2-4). For SST, the regression 187 

pattern appears to resemble more strongly the negative phase of the SASD index 188 

during 2000-2020 than during 1979-1999 (Figure 2a, b), seen as larger and more 189 

significant SST anomalies in the positive center of SASD during 2000-2020. 190 

Subtracting the 1979-1999 pattern from the 2000-2020 pattern yields a La Niña 191 

structure, where the values are negative in the eastern tropical Pacific but positive in 192 

the central and western tropical Pacific (Figure 2c), suggesting a shift to more central 193 

Pacific El Niño during the 2000-2020 period from more eastern Pacific El Niño 194 

during the 1979-1999 period.  195 

Significant differences in the SST regression patterns indicating changes in ENSO 196 
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regime between the two periods are accompanied by substantial differences in the 197 

regression patterns of the top-of-the-atmosphere outgoing longwave radiation (OLR) 198 

and atmospheric circulations (see Figure 3). During the 1979-1999 period, there are 199 

negative OLR anomalies over the tropical Pacific Ocean and southeastern Pacific 200 

Ocean and positive anomalies over the southwestern Pacific Ocean and northern 201 

South America (Figure 3a). The negative OLR anomalies, an indication of more and 202 

stronger convective activities, produce positive Rossby Wave Source or RWS 203 

(Sardeshmukh and Hoskins, 1998) and upper-tropospheric divergent wind over the 204 

tropical and the southeastern Pacific Ocean and the opposite OLR anomalies generate 205 

negative RWS and upper-tropospheric convergent wind over the southwestern Pacific 206 

Ocean (Figure 3d). The sign of RWS determines the sign of vorticity and the direction 207 

of rotation in atmospheric waves, including Rossby waves. Specifically, positive 208 

(negative) RWS corresponds to positive (negative) relative vorticity or 209 

counterclockwise (clockwise) rotation of the upper atmosphere relative to the Earth's 210 

surface in the southern hemisphere. According to Sardeshmukh and Hoskins (1998), 211 

the components of RWS that represent the changes in vorticity include the advection 212 

of vorticity and vorticity anomalies related to the divergence of the flow. These 213 

vorticity anomalies propagate through teleconnection wavetrains. The negative RWS 214 

anomalies over the southwestern Pacific Ocean trigger a wavetrain that propagates 215 

southeastwards into the Ross Sea, then eastwards into the Amundsen, Bellingshausen, 216 

and Weddell Seas, as depicted by the anomalous fields of WAF and 200-hPa 217 

geopotential heights in Figure 4a. The wavetrain generates positive anomalies of the 218 
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mean sea level pressure (MSLP) over the South Atlantic north of 40
o
S and negative 219 

anomalies over the southeastern South Atlantic (Figure 4b).  220 

The negative anomalous MSLP and cyclonic circulation result in a negative wind 221 

curl, which generates Ekman upwelling, leading to negative SST anomalies; the 222 

opposite occurs for positive MSLP and anticyclonic circulation (Chaves and Nobre, 223 

2004). The negative SST anomalies along Brazil coasts are also related to coastal 224 

upwelling due to anomalous northeasterly winds (Franchito et al., 2008). Anomalous 225 

warm (cold) air advection induced by anomalous northerly (southwesterly) winds 226 

over the western South Atlantic Ocean also favors the formation of warm (cold) SST 227 

centers of the negative phase SASD through downward (upward) transfer of sensible 228 

heat flux (Figure 4b and 4d). Latent heat flux also plays an important role in the SST 229 

anomalies (Barreiro et al., 2004). The enhanced westerly wind anomalies also lower 230 

SST, which favors the development of the negative SST anomaly centers of the 231 

negative phase SASD. Downward longwave radiation also shows a dipole structure, 232 

which contributes to SST anomalies of the negative phase SASD (Figure S2a).  233 

Compared to 1979-1999, the 2000-2020 period shows westward expansion of the 234 

positive OLR anomalies into the tropical western Pacific (Figure 3b). There is an 235 

increase in the extent, but a decrease in the magnitude, of the positive OLR anomalies 236 

over the southwestern Pacific Ocean, and an increase in the significance of the 237 

negative OLR anomalies over the central South Pacific Ocean. The OLR difference 238 

between the two periods shows a La Niña state (Figure 3c). Negative OLR anomalies 239 

indicating stronger than normal convective activities produce negative RWS and 240 
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upper-tropospheric convergence over the region east of New Zealand (Figure 3e), 241 

which excites a wavetrain propagating eastwards into South Atlantic Ocean (Figure 242 

4c). Under the influence of this wavetrain, the anomalous MSLP field displays a 243 

dipole structure over the South Atlantic Ocean (Figure 4d). Similar to the discussion 244 

about the earlier period, the horizontal heat advection associated with the anomalous 245 

wind field, vertical heat transfer related to anomalous wind curl, and increased 246 

westerly winds all play an important role in the formation of the negative phase SASD. 247 

Weaker northeasterly wind anomalies relative to the earlier period weaken upwelling, 248 

leading to warmer SST anomalies. The stronger easterly wind anomalies over the 249 

eastern South Atlantic (25°S-30°S) offset the climatological southeasterly winds, 250 

contributing to the warm SST anomalies. Downward longwave radiation anomalies 251 

make larger contributions to the SST anomalies of the negative SASD than those over 252 

the former period (Figure S2).  253 

The distinct regression patterns of the OLR, RWS, and upper-level divergent 254 

winds onto the Niño 3.4 index over the two periods (Figure 3c, f) suggest that the 255 

varying strengths of convective activities over the central South Pacific Ocean may 256 

have played an important role in the differences observed in the SASD-Niño 3.4 257 

correlations between the two periods by triggering wavetrains propagating along 258 

different paths. Over the key region (20-40°S, 140-180°W) in the central South 259 

Pacific (green rectangle in Figure 3c), the correlation coefficients between the SASD 260 

index and the OLR anomalies are -0.16 (p > 0.05) for the 1979-1999 period and -0.66 261 

(p < 0.01) for the 2000-2020 period. A comparison of the climatological SST and 262 
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OLR in this key region between the two periods shows a significant increase in SST 263 

and a decrease in OLR from the earlier to the latter period (Figure S3).  264 

Besides the sources of the Rossby wavetrain, upper-level zonal wind also 265 

influences the propagating direction of the wavetrains by generating a Rossby 266 

waveguide. Climatological 200-hPa zonal wind display westerly winds south of 20ºS 267 

with the largest wind speed around 50ºS (Figure 5a, b). Relative to the 1979-1999 268 

period, stronger westerly winds at southern mid-latitudes during the 2000-2020 period 269 

help the wavetrain go into the waveguide and let it propagate eastwards and 270 

northeastwards into Southern Atlantic Ocean (Figure 4c). Conversely, during the 271 

1979-1999 period, weaker westerly winds do not facilitate the wavetrain excited west 272 

of New Zealand go into the waveguide and the wavetrain only propagate 273 

southeastwards into the Ross and Amundsen Seas (Figure 4a).   274 

In the past century, eastern Pacific ENSO events outnumbered the central Pacific 275 

ENSO events until near the end of the century, when the trend was reversed with the 276 

central Pacific events becoming more frequent (Kug et al., 2009; Freund et al., 2019). 277 

This shift in ENSO regime is reflected in Figure 2. According to Rodrigues et al. 278 

(2015), the two types of ENSO events trigger different atmospheric variability modes 279 

in the Southern Hemisphere represented by the Pacific South American (PSA) pattern. 280 

The central Pacific events trigger the third leading mode (PSA2; the first and second 281 

leading modes being AAO and PSA1, respectively) which, by modulating the 282 

strengths and position of the SASH, connects the tropical Pacific to the Atlantic. The 283 

teleconnection is absent during eastern Pacific ENSO events because these events 284 
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trigger PSA1. This helps explain the differences in the SASD-ENSO relationship 285 

between the two periods. The regressions of the SASD index onto the SST anomalies 286 

show that the spatial patterns of the Pacific SST anomalies corresponding to the 287 

positive phase SASD bear a resemblance to the eastern Pacific La Niña state over the 288 

former period, and to a central Pacific La Niña state over the latter period (Figure 6). 289 

The difference of the two patterns (2000-2020 minus 1979-1999) resembles a typical 290 

central Pacific La Niña state. It is, therefore, plausible that the stronger ENSO-SASD 291 

relationship during the recent two decades compared to the proceeding two decades 292 

could be related to the shift in the ENSO regime around the turn of the century from 293 

more frequent eastern Pacific El Niño to more frequent central Pacific El Niño.  294 

To confirm the relationship between the OLR anomalies in the key region and the 295 

SASD anomalies, we conducted an idealized numerical experiment using the CAM5 296 

atmospheric model. In this experiment, we artificially increase the SST by 2 ºC in the 297 

key region (20°S-40°S, 180°-140°W), which corresponds to negative OLR anomalies 298 

(as depicted in Figure 2c and 3c). Figure 4S illustrates the anomalous 200-hPa 299 

geopotential height relative to the results from the control experiment, where SST and 300 

sea ice conditions followed the climatological annual cycle. Notably, a wavetrain is 301 

observed from the southern Pacific Ocean to the southern Atlantic Ocean. 302 

Additionally, the experiment shows a weakened South Atlantic Subtropical High 303 

(SASH) over the southern subtropical Atlantic Ocean. The corresponding 1000-hPa 304 

height and wind field display an anomalous low pressure and cyclonic circulation 305 

(Figure 5S), indicating a negative phase of the SASD. Although the OLR anomalies 306 
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are not entirely equivalent to SST anomalies, these numerical modeling results 307 

provide further evidence of the negative correlation between the OLR anomalies in 308 

the key region and the SASD. 309 

It is important to note that the differences in the SST anomalies in the equatorial 310 

Pacific (as depicted in Figure 2c), which are indicative of varying ENSO conditions 311 

(i.e., a shifting from eastern to central Pacific El Nino regime around the turn of the 312 

century), laid the background for the OLR anomalies in the key region. Therefore, 313 

these differences played a critical role in modulating the SASD-ENSO teleconnection. 314 

Two additional numerical experiments were conducted, where a +2°C SST 315 

anomaly is introduced in the Niño 4 region over the central tropical Pacific (5ºN-5ºS, 316 

160ºE-150ºW) and the Niño 3 region over the eastern tropical Pacific (5ºN-5ºS, 317 

150ºW-90ºW), respectively, to ascertain the distinct impacts of eastern and central 318 

Pacific El Niño events on the ENSO-SASD relationship.  319 

As depicted in Figures S6 and S7, in contrast to the idealized experiment 320 

involving SST anomalies over the eastern Pacific Ocean, the idealized experiment 321 

with the SST anomalies over the central Pacific Ocean resulted in geopotential height 322 

anomalies over the southern Atlantic Ocean shifting westward. This westward shift 323 

induced a surface cyclonic circulation, which favored the development of the negative 324 

phase of the SASD mode. 325 

These numerical modeling results provide further confirmation that central Pacific 326 

El Niño events occurring more frequently after 2000 have a more pronounced impact 327 

on the ENSO-SASD relationship. 328 

https://doi.org/10.5194/egusphere-2023-2436
Preprint. Discussion started: 11 December 2023
c© Author(s) 2023. CC BY 4.0 License.



17 
 

4. Conclusion and discussion 329 

We have revisited the teleconnection of the SST variability in the subtropical 330 

Atlantic Ocean and tropical Pacific Ocean, represented by the SASD and Niño 3.4 331 

indices, respectively. We have showed that SASD and Niño 3.4 are significantly 332 

correlated (r = -0.51, p < 0.01) over the past four decades, with a multi-decadal 333 

variability, which contradicts the weak simultaneous correlations between the two 334 

indices previously suggested in the literature (Venegas et al., 1997; Fauchereau et al., 335 

2003; Hermes and Reason, 2005; Kayano et al., 2013; Rodrigues et al., 2015). We 336 

have also demonstrated a strengthening of their correlations over the recent two 337 

decades (r = -0.77, p < 0.01) from the preceding two decades (r = -0.32, p > 0.05), and 338 

this significant change in the correlation strength holds true when using either the 339 

Niño 4 index or Niño 3 index in place of the Niño 3.4 index. However, we 340 

acknowledge that the higher frequency of central El Nino events in recent years may 341 

have contributed to the stronger correlations. We have further confirmed the existence 342 

of the multi-decadal variability of the ENSO-SASD relationship through analysis of 343 

century-long SST time series. 344 

Furthermore, we have demonstrated that the changes in the relationship between 345 

SASD and ENSO from the earlier two decades to the recent two decades are not only 346 

associated with the shift in ENSO regime but may also be directly linked to 347 

differences in the anomalous SST and convective activity reflected in OLR anomalies 348 

in the crucial region (20°S-40°S, 180°-140°W) of the central South Pacific Ocean. 349 

These variations, together with differences in upper-level zonal winds, cause 350 
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wavetrains triggered by varying convective activities to propagate along distinct paths, 351 

inducing varying responses in the anomalous MSLP, surface wind, and downward 352 

longwave radiation fields, ultimately resulting in differences in SST anomalies in the 353 

subtropical Atlantic Ocean. 354 

The significant strengthening of the SASD-ENSO relationship in recent decades 355 

may also be related to the sudden phase reversal of the interdecadal-scale modes in 356 

the Pacific and the Atlantic Oceans near the end of the last century (Yu et al., 2017). 357 

In particularly, the Pacific Decadal Oscillation (PDO) and the Interdecadal Pacific 358 

Oscillation (IPO) shifted from positive to negative phase while the opposite occurred 359 

to the Atlantic Multidecadal Oscillation (AMO) around 2000. Salinger et al. (2001) 360 

noted that IPO has a strong influence on the relationship between the ENSO index and 361 

South Pacific precipitation. The positive phase of IPO favors the negative phase of 362 

SASD on interdecadal time scales (Lopez et al., 2016). How IPO (PDO) may 363 

influence the SASD-ENSO relationship remains to be explored in future studies. 364 

Additionally, the tropical passage between the tropical Pacific and Atlantic Oceans 365 

may also influence their relationship (Giannini et al., 2001; Seager et al., 2019). Ham 366 

et al. (2021) found that the SASD mode influences ENSO through tropical Atlantic 367 

SST anomalies and the zonal Walker circulation. Our results further highlight aspects 368 

of the complexity of the interactions between the South Atlantic and Pacific SST 369 

variations. Further exploration of the influence of the IPO and PDO on the 370 

SASD-ENSO relationship, as well as the tropical passage between the Pacific and 371 

Atlantic Oceans, is needed to gain a deeper understanding of the complex interactions 372 
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between these coupled atmosphere-ocean systems.  373 

Our study focuses on the simultaneous SASD-ENSO relationship, the SST dipole 374 

structure of the SASD during austral summer (JFM) also may be associated with the 375 

ENSO forcing in previous spring (OND) and winter (JJA) due to the delayed response 376 

of the ocean mixed layer (Saravanan and Chang, 2000; Fernandez and Barreiro, 377 

2022). 378 

In addition to natural variability discussed here, global climate change also may 379 

influence the SASD-ENSO relationship, because global warming may change the 380 

characteristics of ENSO and atmospheric teleconnections related to ENSO 381 

(Martín-Gómez et al., 2020a; Martín-Gómez et al., 2020b; Martín-Gómez and 382 

Barreiro, 2020; Cai et al., 2021;). 383 

Our study contributes to the growing body of knowledge on the interactions 384 

between the South Atlantic and Pacific SST variations, which have a strong influence 385 

on South American and southern African rainfall patterns (Kayano et al., 2013). The 386 

knowledge gained from our study may also improve possibilities for sub-seasonal to 387 

seasonal predictions of precipitation in these regions.  388 

 389 

Code and data availability 390 

The monthly SST data from the U.S. NOAA Extended Reconstructed Sea Surface 391 

Temperature (ERSST) version 5 (ERSST v5) are available online 392 

(https://www1.ncdc.noaa.gov/pub/data/cmb/ersst/v5/netcdf/). The ERA5 reanalysis 393 

data are available from the below website (https://doi.org/10.24381/cds.6860a573). 394 

The monthly OLR data are derived from the website 395 
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(https://psl.noaa.gov/data/gridded/data.uninterp_OLR.html). The monthly SST and 396 

OLR data from 20 models of CMIP6 for SSP1-2.6, SSP2-4.5, and SSP 3-7.0 scenarios 397 

are derived from the website (https://aims2.llnl.gov/search).  398 

Code is available upon request to corresponding author. 399 
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Figure 1. The spatial pattern of SST for the positive SASD phase (a), the time 

coefficients of the detrended Niño 3.4 (solid blue lines) and SASD (solid black lines) 

indices in austral summer (JFM) (b), and the 18-year moving correlations between the 

two indices (black sold line) (c).The dashed line in (c) denotes the correlation 

coefficients with the above 95% confidence. The number of abscissa denotes the 

middle of 18-year sliding window. For example, 1987 is the middle year of 

1979-1996 period. 
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Figure 2. Regression maps of SST anomalies (
o 

C) onto the Niño 3.4 index over the 

1979-1999 period (a) and the 2000-2020 period (b) and the difference between them 

(b-a) (c). Dotted regions denote the above 95% confidence level. 
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Figure 3. Regression maps of anomalous fields of OLR (W m
-2

) (a), (b), (c), Rossby 

wave source (RWS) (10
−10 

s
−2

) and 200-hPa divergent wind (vector) (d), (e), (f) onto 

the Nino 3.4 index over the periods of 1979-1999 (a, d), 2000-2020 (b, e) and the 

differences between the two periods (latter minus former) (c, f). Dotted regions in 

panels (a), (b) and (c) denote the above 95% confidence level. The green box in panel 

c indicates the key region of OLR.  
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Figure 4. Regression maps of the anomalous fields of WAF (vector) and 200-hPa 

geopotential height (gpm) (a, c), and mean sea level pressure (hectopascal) and 

surface wind (vector) (b, d) onto the Nino 3.4 index over the periods of 1979-1999 (a, 

b) and 2000-2020 (c, d).  
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Figure 5. Climatological summertime 200-hPa zonal wind speed (m s
-1

) for the 

1979-1999 period (a), for the 2000-2020 period (b) and their difference (c). Dotted 

regions in panel c denote above 95% confidence level. 
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Figure 6. Regression maps of SST anomalies (
o 

C) onto the SASD index for austral 

summer over the periods of 1979-1999 (a), 2000-2020 (b), and the differences 

between them (b-a) (c). Dotted regions denote the above 95% confidence level. 
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