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Abstract 4 

It is well known that El Niño Southern Oscillation (ENSO) causes floods, droughts in different 5 

regions of the Earth and the collapse of fisheries in the tropical Pacific, therefore forecasting of 6 

ENSO is an important task in climate researches. Variations in the equatorial warm water volume of 7 

the tropical Pacific and wind variability in the western equatorial Pacific has been considered to be a 8 

good ENSO predictor. However, in the 2000s, the interrelationship between these two characteristics 9 

and ENSO onsets became weak. This article attempts to find some plausible explanation for this. 10 

The results presented here demonstrate a possible link between the variability of atmospheric 11 

conditions over the Southern Ocean and their impact on the ocean circulation leading to the 12 

amplifying of ENSO events. It is shown that the variability of the atmospheric conditions upstream of 13 

Drake Passage can strongly influence ENSO events. The interrelationship between ENSO and 14 

variability in the equatorial warm water volume of the equatorial Pacific, together with wind 15 

variability in the western equatorial Pacific has recently weakened. It can be explained by the fact 16 

that the process occurred in the Southern Ocean recently became a major contributor amplifying 17 

ENSO events (in comparison with the processes of interaction between the atmosphere and the ocean 18 

in the tropics of the Pacific). Likely it is due to a warmer ocean state observed from the end of the 19 

1990s that led to smaller atmospheric variability in the tropics and insignificant their changes in the 20 

Southern Ocean.  21 
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1. Introduction 27 

Forecasting of ENSO events is an important task in climate research because ENSO events have a 28 

global influence weather systems: both in the tropical Pacific (where the ENSO events occur) and at 29 

moderate/high latitudes (e.g., Lau et al. (2005), Nicholls et al. (2005), Mokhov and Smirnov (2006), 30 

Müller and Roecker (2006), Stepanov et al. 2012, demonstrated the influence of warm ENSO on the 31 

weather in the Northern Hemisphere). Many publications provide evidence that the interactions 32 

between high latitudes and the tropics also can impact the ENSO variability (e.g., Pierce et al. (2000), 33 

Vimont et al. (2003), Dong et al. (2006), Chang et al. (2007), Alexander et al. (2008), Wang et al. 34 

(2012), Terray (2011)). 35 

As was noted by Stepanov (2009 a, b), the above mentioned teleconnections can be explained by 36 

the fact that ENSO events could be considered as a consequence of changes in the global meridional 37 

atmospheric circulation rather than a local phenomenon in the tropics. The link between the tropics 38 

and high latitudes can exist due to interactions between the tropics and the mid-latitudes, which 39 

influence the high latitudes and vice versa. For example, warming (cooling) of the upper ocean layer 40 

in the tropics (which can be related, for example, to the seasonal cycle, or consequence of the 41 

frequent occurrence of the weak El Niño) leads to an increase (decrease) in the warming of the 42 

troposphere in a region where atmospheric mass upwells (the Pacific Ocean is the largest ocean and 43 

therefore has the largest contribution to these changes). This means that warmer (colder) upgoing air 44 

from the tropical zone is transported by the Hadley circulation cell to the subtropics, which slows 45 

down (accelerates) the air motion in the downwelling branch of the Hadley cell and then leads to 46 

weakening (intensification) of the wind in the mid-latitudes, which then lead to similar changes in the 47 

high latitudes. Therefore many teleconnections between ENSO and weather at distant regions from 48 

the tropical Pacific have been found, and the paper will pay an attention to the link between the wind 49 

processes over the Antarctic Circumpolar Current (ACC) and ENSO events (Stepanov, 2009a,b).  50 
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The intensity of Walker circulation is associated with the Southern Oscillation Index (SOI) that 51 

describes fluctuations in the difference of the surface air pressure anomalies between Tahiti (17º52'S) 52 

and Darwin (12°25'S). During warm ENSO conditions there is an eastward displacement of the 53 

Walker circulation, resulting in high atmospheric pressure and cooler SST conditions over the 54 

western Pacific. During cold ENSO conditions there is an intensification of normal Walker 55 

circulation conditions, producing low atmospheric pressure and warmed SSTs in the western Pacific 56 

(http://www.bom.gov.au/lam/climate/levelthree/analclim/elnino.htm). Thus, the SOI can be 57 

considered as atmospheric component of ENSO due to the variability of atmospheric forcing in the 58 

western equatorial Pacific. Fig. 1a shows 1989-2008 correlations of zonally averaged monthly sea 59 

level pressure (SLP) with SOI-index taken with negative sign, which was taken from 60 

http://www.cpc.ncep.noaa.gov/data/indices. We clearly see seasonality and that SOI-index leads the 61 

SLP change in low latitudes. However, as Fig. 1 (b-d) demonstrates, the change of the zonally 62 

averaged SLP occurs in phase with the change of the meridional gradient of the SLP. Likely the 63 

meridional gradient change of the SLP is a primary source of the SLP variability in the low latitudes 64 

that then in its turn, results in to the next SLP change in the tropics in the zonal direction, i.e. SOI 65 

index change (Fig. 1a). The above figures show that even for annual cycle the change of the 66 

meridional gradient of the atmospheric pressure in low latitudes is more important for the variability 67 

of atmospheric pressure here than SOI-index variability, since the correlations of zonally averaged 68 

SLP with the meridional gradient of the atmospheric pressure is higher and the last can lead the 69 

variability of the zonally averaged SLP, which, in its turn, can impact the meridional gradient of the 70 

SLP. After removing the seasonal cycle and low-pass filtering with periods longer than 18 months, 71 

the correlation between SOI-index and zonally averaged sea level pressure difference between 17° 72 

and 12°S (Fig. 1d) is about -0.6 (all the correlations presented by the paper are statistically significant 73 

with a probability of 95%, which was determined through the effective number of degrees of freedom 74 

following Bretherton et al. (1999)). According to the absolute values of correlation coefficients 75 

http://en.wikipedia.org/wiki/Tahiti
http://en.wikipedia.org/wiki/Darwin,_Northern_Territory
http://www.bom.gov.au/lam/climate/levelthree/analclim/elnino.htm
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between NINO and SOI indexes (≤0.7), less than 50% of the NINO variability can be explained by 76 

changes of atmospheric forcing in the western equatorial Pacific. Thus, it is likely that the 77 

development of ENSO events can be due to some other mechanism, e.g. the global meridional 78 

atmospheric circulation change that can affect both high and low latitudes. Thus we can assume that 79 

the changes in the global meridional atmospheric circulation begun in April (i.e. time when the 80 

initiation of ENSO begins) can lead to the changes both in the tropics and in the Southern ocean 81 

simultaneously, and some link between atmospheric processes in the Southern ocean and ENSO can 82 

exist (Stepanov (2009a). 83 

Numerical experiments presented by Stepanov (2009 a,b) have demonstrated that the variability of 84 

wind forcing over the ACC, together with the effect of bottom topography, lead to the appearance of 85 

anomalies in pressure and density in the Southern Ocean. The appearance of these anomalies is 86 

caused by the short time scale variability of the meridional mass fluxes in the Pacific sector of the 87 

Southern Ocean north of 47°S, of which the average value from July to September is estimated to be 88 

greater than 2000 Gt (1 Gt =10
9
t). This variability of the oceanic mass in the Pacific Ocean is 89 

negatively significantly correlated with the wind forcing over the ACC. As a measure of wind 90 

strength the SAM index (Southern Hemisphere Annular Mode) has been used. This is determined as 91 

the normalized difference between the zonal-mean SLP between 40°S and 70°S (obtained from the 92 

National Oceanic and Atmospheric Administration).  93 

The density anomalies near the regions, where the strong variability of the meridional mass fluxes 94 

in the Pacific sector of the Southern Ocean is observed, can be transported to the low latitudes of the 95 

Pacific Ocean by means of the wave mechanism described by Ivchenko et al. (2004, 2006) and 96 

Blaker et al (2006). Here they interact with the stratification and can cause variations in the 97 

inclination of the thermocline in the tropical Pacific, which, in turn, can facilitate more intense 98 

development of ENSO effects (Stepanov, (2009 a,b)). Therefore there is also high correlation (with 99 
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coefficient of ~0.8) between the variability of the oceanic mass in the Pacific Ocean and ENSO 100 

events (Stepanov, 2009 a). 101 

The above mentioned variability of the meridional mass fluxes in the Pacific sector of the 102 

Southern Ocean is due to mass exchange occurring between the Southern Ocean and Pacific regions 103 

at periods of 30–100 days, which is determined by the balance of wind stress by form stress (a 104 

pressure difference across topographic obstacles) in Drake Passage, together with the inverse 105 

barometer response to atmospheric pressure (see details in Stepanov and Hughes (2006)). 106 

This paper puts forward the plausible explanation why we see the breakdown in the 2000s of 107 

ENSO predictors proposed by McPhaden (2003). In accordance with the recharge/discharge 108 

paradigm for ENSO (see, for example, Jin (1997)), McPhaden, (2003, 2006), found some ENSO 109 

precursors in observation data: it was shown that variation in the equatorial warm water volume of 110 

the tropical Pacific and wind variability in the western equatorial Pacific precedes ENSO by two to 111 

three seasons and can be a useful ENSO predictor. A similar approach was proposed by Clarke and 112 

Van Gorder, (2003) who used zonal wind stress over the Indo-Pacific tropics.  113 

However Horii et al. (2012) have shown that the robust predictability of these predictors for 114 

ENSO has changed in the 2000s. Before 2000, during two decades, the increase/decrease of the warm 115 

water volume of the equatorial Pacific (recharge/discharge phase of the recharge/discharge oscillator) 116 

together with strong/weak wind in the western equatorial Pacific preceded warm (El Niño) and cold 117 

(La Niña) ENSO events by two to three seasons. While in the 2000s, the interrelationship between 118 

these predictors and following ENSO became weak, especially for the ENSO events after 2005. 119 

According to Horii et al. (2012) these changes may be caused by frequent occurrences of the “warm-120 

pool El Niño”, which is characterized by SST anomalies centered in the central equatorial Pacific 121 

(Larkin and Harrison (2005), Ashok et al. (2007), Kao and Yu (2009), Kug et al. (2009), and Lee and 122 

McPhaden, (2010)), compared with that during 1980-2000. Under these conditions, the tropical 123 

temperature anomalies are weak and the discharge phase of the recharge/discharge oscillator is not 124 
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significant. Therefore the frequent occurrence of the warm-pool El Niño in the 2000s cannot provide 125 

discharged conditions that prevent the development of significant cold ENSO events.  126 

No reasons have been mentioned by Horii et al. (2012) to explain why the conventional ENSO 127 

events have been recently displaced by the “warm-pool El Niño”. The comparison of the time series 128 

of the NINO3 (SST averaged in area of 5°N-5°S; 150°W-90°W) and NINO4 (SST averaged in area 129 

of 5°N-5°S; 160°E-150°W) indexes (www.cpc.ncep.noaa.gov/data/indices), as a measure of the 130 

departure from normal sea surface temperature in the east and central Pacific Ocean respectively (not 131 

shown), demonstrates that both indexes are varied almost in phase, but the amplitudes of the 132 

variability are different: the amplitude of NINO3 index can be up to 2 times larger (before 2000) than 133 

NINO4. It is reasonable to think that NINO4 describes a primary source of some factor forcing the 134 

onset of ENSO events (that exists and after 2000), while NINO3 is a combination effect of the 135 

primary source and changes due to the beginning of ENSO onset in the central Pacific, i.e. the 136 

subsequent interaction between the atmosphere and ocean in the tropics (that has changed/modified 137 

after 2000). It is likely that the subsequent changes in the Walker circulation cell could significantly 138 

amplify ENSO development in this region located close to land prior to the 2000s. The results 139 

presented in this article will lead us to the conclusion that the wind processes over the ACC, and 140 

particularly the atmospheric conditions upstream of Drake Passage, can strongly influence the ENSO 141 

events (i.e. we should pay an attention to non-tropical factor too). 142 

Section 2 describes the typical changes in the atmospheric conditions over the Southern Ocean a 143 

few months before the maximum phase of the development of ENSO and how these changes can be 144 

interrelated with ENSO events. Also the results of an empirical orthogonal function (EOF) analysis 145 

are presented in Section 3 to identify modes of variability relevant to the hypothesis that processes 146 

occurring in the Southern Ocean can amplify ENSO events. Section 4 provides some discussion and 147 

conclusions about the link between the atmospheric and oceanic processes in the Southern Ocean and 148 

the maximum phase of the development of ENSO events. 149 

http://lingvopro.abbyyonline.com/en/Search/GlossaryItemExtraInfo?text=%d0%bf%d0%be%d1%81%d0%bb%d0%b5%d0%b4%d1%83%d1%8e%d1%89%d0%b8%d0%b9&translation=subsequent&srcLang=ru&destLang=en
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2. Is the Southern Ocean a main trigger for the development of the 150 

maximum phase of ENSO during warm periods? 151 

As was mentioned early, the variability of the oceanic mass in the Pacific sector of the Southern 152 

ocean is negatively correlated with the wind forcing over the ACC. We will see later that the wind 153 

weakness is due to atmospheric pressure pattern blocking over the south-east Pacific. The change of 154 

atmospheric conditions over the ACC, and particularly over the region upstream of Drake Passage, 155 

can substantially influence the bottom pressure on the western side of Drake Passage and the balance 156 

between wind stress and form stress in Drake Passage, which can impact the variability of the 157 

meridional mass fluxes in the Pacific sector of the Southern Ocean, and hence ENSO events.  158 

It is well known that the maximum phase of the development of the warm/cold ENSO events is 159 

observed in November-December, while the ENSO onset, i.e. time when the initiation of ENSO 160 

begins, is observed around April to June in many cases (e.g. Larkin and Harrison (2005)). Stepanov 161 

(2009 a,b) has shown that there is a time lag of 4–6 months between the variation of the oceanic mass 162 

in the Pacific sector of the Southern ocean in the winter–spring season of the Southern Hemisphere 163 

and the maximum phase of ENSO development (which is determined by the time needed to transport 164 

the density anomalies appearing in the Southern Ocean to low latitudes by means of a wave 165 

mechanism described by Ivchenko et al. (2004, 2006)). Therefore, we have to pay attention to the 166 

atmospheric variability over the ACC that occurred about 4 months before the maximum phase of 167 

ENSO development, i.e. we will analyze what factors can impact the development of the maximum 168 

phase of ENSO in the end of the year. 169 

Figures 2a-b show 1989-2011 mean SLP and its standard deviation. One can see that the field of 170 

SLP has almost zonal structure over the ACC, while upstream of Drake Passage there is a high 171 

variability of SLP. It means that sometimes in this region instead of a usual low atmospheric 172 

pressure, an anticyclonic/cyclonic atmospheric circulation pattern can occur.  173 
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From correlation between the monthly average SAM index and SLP (Fig. 2c) one can see that the 174 

wind strength over the ACC is maximal when a low SLP is settled over the southern part of the 175 

Southern Ocean, particularly near 250-260
o
E, and vice versa. As we saw before the region upstream 176 

of Drake Passage is important from the point of view of a balance between the wind stress and form 177 

stress in Drake Passage that impacts the variability of the meridional mass fluxes in the Pacific sector 178 

of the Southern Ocean. Therefore it is clear that a high atmospheric pressure settled over the 179 

upstream of Drake Passage region changes the above balance in Drake Passage, and together with the 180 

inverse barometer response to atmospheric pressure result in equatorward meridional flux anomaly in 181 

the Pacific sector of the Southern Ocean that, as was shown by Stepanov (2009 a,b), leads to 182 

conditions favourable to amplify warm ENSO. While a low pressure developed over this region 183 

“accelerates” the wind over the ACC leading to poleward meridional flux anomaly in the Pacific 184 

sector of the Southern Ocean resulting in the development of cold ENSO (Stepanov (2009 a,b)).  185 

Figure 3 shows July-September (Fig. 3a-c) and August-October (Fig. 3d) mean ERAInterim SLP 186 

anomalies (from the 1989-2011 mean) that are typical before the maximum phase of the development 187 

of warm (Fig. 3a-b) and cold (Fig. 3c-d) ENSO events. Before warm ENSO reaches its maximum 188 

phase of development, over the region upstream/near of Drake Passage high atmospheric pressure is 189 

settled (Fig. 3a-b), while low SLP over this region is observed during the months preceding the 190 

maximum phase of the development of a cold ENSO (Fig. 3c-d). The lag between the changes of 191 

atmospheric conditions over the ACC and maximum phase of ENSO development (3-6 months) is in 192 

accordance with previous finding by Stepanov (2009a), e.g., the cold ENSO of 2007 has reached its 193 

maximum phase of the development about 1-2 months later than ones in 1997, 1998 and 2002 (Fig. 194 

3a-c), therefore the negative SLP anomalies in the Southern Ocean near Antarctica have also been 195 

observed later (Fig. 3d). Similar distribution of SLP anomalies has also been observed 3-5 months 196 

before the development of maximal phase of the ENSO in 1992, 1994, 1995, 2000, 2002, 2004, 197 
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2006, 2007, 2008, 2009 and 2010. Thus we see that atmospheric pressure patterns near/upstream of 198 

Drake Passage region can be connected with ENSO events. 199 

As was mentioned in Introduction SAM index and the variability of the oceanic mass in the 200 

Pacific sector of the Southern ocean are significantly negatively correlated with NINO4 index, 201 

however the correlation coefficient between SAM index and NINO4 index is low (~-0.2). Now when 202 

we realise that the atmospheric conditions over the region upstream of Drake Passage can be 203 

significant for ENSO development, we can choose some other index.  204 

Near the western coast of South America at ~35°S there is a region of high atmospheric pressure 205 

(Fig. 2a) and an analysis of ERAInterim SLP shows that sometimes the area of high pressure 206 

penetrates to the south, in the region upstream of Drake Passage, between 260-290
o
E. This path is in 207 

accordance with the preferred propagation away from the Southern Hemisphere subtropical jet 208 

waveguides indicated by Ambrizzi et al. (1995). Therefore the averaged sea level pressure anomaly 209 

along 280
o
E between 35

o
S (the point marked by black cross on Fig. 2c) and 45

o
S, p, can be a good 210 

indicator for predicting such changes in atmospheric pressure field.  211 

In introduction it was supposed that NINO4 describes a primary source of some factor forcing the 212 

maximal development of ENSO events, which is due to ocean impact (NINO4 is the region where 213 

changes of sea-surface temperature lead to total values around 27.5
o
C, which is thought to be an 214 

important threshold in producing rainfall in the tropics during ENSO). Therefore model ocean 215 

characteristics obtained by Stepanov (2009a) have been compared with NINO4. However analysing 216 

SLP field, variability of which reflects joint effect of the interaction between the ocean and 217 

atmosphere, assumes using NINO index, incorporating similar impact. Therefore further we will 218 

compare new characteristics found with NINO3.4 index (SST averaged in area of 5
o
-5

o
S; 170-219 

120
o
W, www.cpc.ncep.noaa.gov/data/indices): it is the region that has large ENSO variability, and 220 

that is close to NINO4 region where changes in local sea-surface temperature are important for 221 
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shifting the large region of rainfall typically located in the far western Pacific (though the comparison 222 

results are similar for NINO4 too).   223 

Figure 4 shows normalized on their standard deviations anomalies monthly time series of 224 

NINO3.4 index (black dashed) and p (solid line) after applying 5 month running average procedure 225 

(this procedure minimizes intra-seasonal noise, e.g., see Trenberth, 1997, note that this smoothing 226 

leads to that time series of the SOI index correspond very well with changes in ocean temperatures 227 

across the tropical Pacific). The black solid line is after subtraction of the seasonal cycle and is 228 

shifted 4 months forward. One can see that there is correspondence between peaks and troughs of 229 

NINO-index with ones of p curve that have been observed 3-5 months before the maximum phase 230 

of the development of ENSO. The effect of atmospheric stochastic forcing, which always exists in 231 

the processes of the interaction between the atmosphere and the ocean, led to wider time lag (3-5 232 

months) between atmospheric changes in the Southern Ocean and the maximum phase of the 233 

development of ENSO. The cases when NINO variability is in phase with/or slightly leads SLP ones 234 

are seen only in the middle of years (these events are not considered by the paper), while at the 235 

end/beginning of years (when the maximal developments of ENSO occur) SLP variability always 236 

leads NINO3.4 (exactly these cases are considered by the paper, i.e. we look at SLP change several 237 

months before maximal ENSO development). 238 

The correlation coefficient between NINO3.4 index and p time series for 1989-2011 period is 239 

about 0.6 (p leads 4 months) and slightly varies for 1989-1999 (0.65) and 2000-2011 (~0.55) 240 

periods (tests to determine the significance of difference in correlations between two periods shows 241 

that this difference is not statistically significant). Later we will see that the EOF2 (Fig. 6b) captures 242 

a zonal dipole pattern near Drake Passage presented in Fig. 3, with PC2 that is generally bigger and 243 

maxima of PC2 are wider prior to the 2000s than after (the same is true for NINO4-index). Therefore 244 

the correlation coefficient between the two indices for the period prior to the 2000s can be slightly 245 
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greater than one after 2000, but, as was mentioned above, the difference is not statistically 246 

significant. 247 

 Figure 5 shows 1989-1999 (a) and 2000-2008 (b) standard deviations of SLP from 10
o
N to the 248 

Antarctic continent. One can see that atmospheric dynamics near Antarctica has not been 249 

substantially changed: only over the upstream of Drake Passage region a high variability of the SLP 250 

became more localized near Drake Passage, while in the tropical Pacific, the SLP variability 251 

decreased in the 2000s (Fig. 5c-d). Since the mid 1990s the SST became warmer, therefore if we 252 

exclude from consideration the effect of the tropical cyclones (they rarely form within 5° of the 253 

equator (Henderson-Sellers et al, 1998) and their impact is significant in the northwest Pacific Ocean 254 

basin only), it is reasonable to suppose that the variability of atmosphere in the tropics is decreased, 255 

which does not allow developing conventional ENSO (described by NINO3 index). Results presented 256 

on Fig. 5c-d confirm this conclusion: before 2000 the variability of the SLP over the tropical Pacific 257 

was higher than after: in the 2000s the atmospheric pressure patterns show weaker variability (~70% 258 

from 1989-2011 mean variability), while during the 1989-1999 period the area of higher atmospheric 259 

pressure variability (>100% of 1989-2011 mean one) occupied almost the whole tropical Pacific. 260 

However, the atmospheric variability in moderate and high latitudes of the southern hemisphere did 261 

not change noticeably (Fig. 5a-b), which suggests that the effect of processes near Antarctica still 262 

impact the tropical region of the Pacific Ocean with the same efficacy.  263 

The interaction between the atmosphere and the ocean due to the existence of stochastic forcings 264 

(e.g., see Flügel et al. (2004), Eisenman et al. (2005)) limits the predictability of ENSO (especially 265 

“warm-pool El Niño”, e.g. see Horii et al. 2012). The stochastic variability can lead to some 266 

interannual changes in the tropics when weak tropical temperature anomalies can be superimposed 267 

leading to substantial changes in the atmospheric meridional circulation. An example is 2006 when a 268 

long warm period in the central tropics (during more than half of a year) provided discharged 269 

conditions of the recharge/discharge ENSO oscillator at the beginning of 2007 (Horii et al. (2012)). 270 
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This cooling in the tropics led to the intensification of the meridional atmospheric circulation cell and 271 

stronger wind over the ACC (the value of SAM index exceeded its standard deviation) when negative 272 

SLP anomaly developed over the Southern Ocean (Fig. 3d) that finally resulted in the development of 273 

the strong cold ENSO in 2007-2008. This ENSO had led to charged conditions of the 274 

recharge/discharge ENSO oscillator and, as a result, the atmospheric variability in the tropical Pacific 275 

has been increased after 2008. Figures 5 e-f show that 2000-2007 period had small SLP variability 276 

(Fig. 5e), but 2008-2011 SLP variability in the western tropical Pacific (Fig. 5f) is comparable with 277 

one before 2000 (Fig. 5c) that increases the impact of the tropical interactions on ENSO. 278 

This variability is in agreement with NINO index variability. However, we should estimate the 279 

variability of the difference, e.g. between NINO3.4 and NINO4 indexes, rather than the change of 280 

absolute values themselves since the zonal gradient is significant for the intensity of Walker 281 

circulation, which can be characterized by SOI index. Analysis shows that really standard deviation 282 

of the difference between NINO3.4 and NINO4 for 1989-1999 period 2 times more than for 2000-283 

2011. Besides, there is a significant correlation of the difference between NINO3.4 and NINO4 with 284 

SOI for 1989-1999 (-0.51), while the same correlation for 2000-2011 is about zero. Thus, the 285 

significant correlation before 2000 and zero ones after 2000 says that the contribution of atmospheric 286 

component of ENSO due to the variability of atmospheric forcing in the western equatorial Pacific 287 

reduced, and hence the variability over the Southern ocean recently can contribute more in the 288 

processes of ENSO developments than it was before the 2000s. It is worth noting also that the 289 

significant correlations between SOI and NINO3.4 (-0.84) and NINO4 (-0.79) for 2008-2011 period 290 

are higher than during 2000-2007 (-0.58 and -0.47, respectively for NINO3.4 and NINO4). The 291 

differences in correlations between two periods are statistically significant. The change of the above 292 

correlations is in agreement with results presented in Fig. 5 e-f. The above facts explain why the 293 

correlation between the SOI and NINO also remains statistically significant during warm periods. It 294 
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is likely that during warm periods the atmospheric variability in the tropics will be decreased again 295 

after onsets of series of the “warm-pool El Niño” events. 296 

 297 

3. The results of an EOF analysis of ERAInterim SLP field. 298 

The EOF analysis of atmospheric pressure patterns in the SE Pacific revealed an additional 299 

mechanism explaining the change in ENSO characteristics in the 2000s. The first, second and fifth 300 

leading EOF modes of monthly SLP field over the region of the Southern Ocean in the area south of 301 

31S; 150-310E are presented in Fig. 6a-c. The EOF1 pattern shown in Fig. 6a captures the almost 302 

zonal structure of the SLP over the ACC. This mode explains about of 44% of the total variability 303 

over the region for the period between 1989 and 2011. The EOF2 (Fig. 6b) that explains about 14% 304 

of the SLP variability captures a zonal dipole pattern near Drake Passage that is in accordance with 305 

Fig. 3. Finally, the EOF5 mode (Fig. 6c) explaining 5% of the SLP variability captures a meridional 306 

dipole pattern to the west of Drake Passage, which characterizes the variability of the strength of 307 

meridional shear of zonal wind.  308 

The EOF3 (explains less than 10% of the total variability) is omitted from a consideration, since 309 

the EOF3 has a strong resemblance to the Pacific-South American pattern identified by Mo and Ghil 310 

(1987), with principal component PC3 slightly correlated with NINO index (the highest correlation 311 

(~0.3) corresponds to the case when NINO index leads PC3 by 3 months), and it is strongly 312 

associated with ENSO events (Sinclair et al. (1997); Carleton (2003)). The EOF4 (~7% of the total 313 

variability) is not considered here because of its some resemblance to the EOF2 (high/low pressure 314 

upstream and near of Drake Passage) and there is only a slight correlation between PC4 and NINO3.4 315 

(~0.3) for 1989-2001 period with PC4 leading NINO3.4 at about 3-4 months (for 2002-2011 PC4 and 316 

NINO3.4 are not correlated at all, i.e. this mode cannot be a plausible reason for the change in ENSO 317 

characteristics in the 2000s). 318 
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The time series of the normalized principal components (PCs) of EOF1, EOF2 and EOF5 together 319 

with normalized NINO3.4 index are presented in Fig. 6d-f. A cross-correlation analysis between 320 

these PCs and NINO3.4 index at different leads and lags for 1989-2011 period gives a maximum 321 

correlations of 0.45, 0.55 and 0.38 with PCs leading NINO3.4 at 1, 4 and 8 months respectively for 322 

PC1, PC2 and PC5. However, we should note that correlations between PC1, PC2 and NINO3.4 for 323 

whole 1989-2011 period and for 2 subperiods (1989-2001 and 2002-2011 periods) are comparable 324 

(about 0.4 for PC1 and 0.5 for PC2), but the correlations between PC5 and NINO3.4 are different for 325 

these different periods. The 2002-2011 period is a major contributor to the value of correlation 326 

coefficient between PC5 and NINO3.4 for 1989-2011 period: 2002-2011 correlation is about 0.8, 327 

while for 1989-2001 PC5 and NINO3.4 are not correlated at all. As was mentioned earlier, the EOF5 328 

characterizes the strength of meridional shear of zonal wind over the region under consideration, 329 

which defines the growth rate of the air jet instability over this region (see, e.g. Gill (1982), Paldor 330 

and Dvorkin (2006)). The high correlation between PC5 and NINO3.4 means that air jet instability 331 

over the region, leading to the formation of SLP patterns shown in Fig.3, became to be a significant 332 

contributor to the development of maximal phase of the ENSO after 2002 with lead time of about 8 333 

months, i.e., this event is coincident with the time of ENSO onset, Larkin and Harrison (2005).   334 

Of course, it does not mean that the after change of PC5 it is needed about 4 months to lead to the 335 

formation of SLP patterns shown in Fig.3. The PC5 variability shows only that 8 months before the 336 

development of maximal phase of the ENSO (i.e. in April, after boreal summer) there are 337 

atmospheric conditions over the south-east Pacific sector of the Southern ocean, which characterize 338 

higher meridional shear of zonal wind here. This variability is likely connected with global 339 

meridional atmospheric circulation change in this time. This higher meridional shear of zonal wind in 340 

April results in higher likelihood that the air jet instability will occur during Australian winter (July-341 

September) when the maximal variability of atmospheric characteristics is observed. 342 
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Many authors accept to take into account EOF modes just up to the 4-th order and they assume 343 

that adding a few more does not modify the picture in any substantial way (e.g., see de Viron et al. 344 

(2013)), that choice is based on Monte Carlo tests done by Overland and Preisendorfer (1982), who 345 

showed that for their analysis only the first four PCs were significant. However, as follows from 346 

Overland and Preisendorfer (1982), the significance of EOF modes depends on both length of 347 

observation data set and the choice of a number of eigenvalue statistics, p. Therefore to check a 348 

significance of our 5-th EOF mode, Monte Carlo test has been done similar to Overland and 349 

Preisendorfer (1982). That is, it was verified if the eigenvalues of an EOF analysis of monthly SLP 350 

anomalies can be distinguished from those produced from spatially and temporally uncorrelated 351 

random process. A random number generator was used to produce uncorrelated gaussian variables of 352 

zero mean and unit variance and corresponding eigenvalues have been calculated (for computation of 353 

the covariance matrix the value of variance is irrelevant). The experiment has been repeated one 354 

hundred times. Let us denote by j and j
r
 eigenvalues computed from data sets corresponding to SLP 355 

field and r-th Monte Carlo experiment, respectively (where j (j=1, …, p) is j-th EOF mode). Then the 356 

rule N that was used by Overland and Preisendorfer (1982) to distinguish observed mode from those 357 

produced by random processes, is given by the following: terminate the sequence of the normalized 358 

eigenvalues Tj, which is:  359 

              p 360 

Tj= j (j)
-1

, j=1, …, p,                                                                                  (1) 361 

           j=1 362 

 363 

at the largest integer j=m such that Tm exceeds Um
95

, where Um
95

 is normalized eigenvalue calculated 364 

for random processes so that for fixed j we have the following order: Uj
1
 ≤ Uj

2
 ≤ … ≤ Uj

100
, where 365 

                p 366 

Uj
r
= j (j

r
)
-1

, j=1, …, p,                                                                                (2) 367 

           j=1       r=1, …, 100. 368 

 369 
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Table 1 lists the normalized eigenvalues, Tj, and the ratio, Tj/Uj
95

, which determines the 370 

application of rule N, for two choices of value of p. Both choices of p are sensible. The choice of 371 

p=22 corresponds to the case when the first 22 EOF’s modes explain about of 98% of the total SLP 372 

variability over the region for the period between 1989 and 2011. While the choice of p=45 is based 373 

on sampling “stochastic” eigenvalues with maximal values: each from the first 45 EOF’s modes 374 

explains approximately the same value of the total stochastic variability (cumulatively they explain 375 

only about of 20% of the total stochastic variability). Perhaps, the second choice is more adequate. 376 

Note here that Overland and Preisendorfer (1982) have used higher values for p: 56 and 74. Thus, the 377 

first five EOF’s appear to contain meteorological information distinguished from noise, based upon 378 

rule N, and the use of this mode in our analysis is justified. 379 

The EOF analysis agrees with the previous cross-correlation analysis. So, PC1 is highly correlated 380 

with SAM index (with coefficient about -0.9) since EOF1 and SAM index describe the weakness and 381 

strength of wind over the ACC respectively. The EOF2 is in a good agreement with SLP anomaly 382 

pattern near Drake Passage presented in Fig. 3. Both p and PC2 are significantly correlated with 383 

NINO3.4 (with the coefficient of ~0.6 and 0.5 respectively) with lead time of about 4 months. 384 

 385 

4. Discussion and conclusions  386 

It is a generally accepted opinion that ENSO events are caused by the interaction processes 387 

between the ocean and atmosphere in the tropics (excluding the recent paper by Terray (2011) who 388 

pointed out the linkage between mid-latitude Southern Hemisphere climate and ENSO). It is well 389 

known that the onset of ENSO events depends on the type of wind anomalies that are established in 390 

the western equatorial part of the Pacific Ocean in the previous spring and summer.  However, it was 391 

shown by Lengaigne et al. (2004), these wind anomalies can trigger ENSO only under particular 392 

favourable oceanic conditions. It was demonstrated by Eisenman et al. (2005) that the wind 393 

anomalies considered in the tropics are a combination of joint effects of stochastic atmospheric 394 

http://www.lingvo-online.ru/en/Search/Translate/GlossaryItemExtraInfo?text=%d1%81%d1%83%d0%bc%d0%bc%d0%b0%d1%80%d0%bd%d0%be&translation=cumulatively&srcLang=ru&destLang=en
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forcing and large-scale dynamics depending on the ENSO processes rather than being completely 395 

external to the development of the ENSO events. Recently, Horii et al. (2012) have demonstrated that 396 

because of some decadal changes in the variability of warm water volume of the equatorial Pacific 397 

and wind variability in the western equatorial Pacific the robust predictability of these two predictors 398 

for ENSO has changed in the 2000s: the lead time of two to three seasons observed before 2000 has 399 

almost vanished and in the 2000s the variability of the warm water volume of the equatorial Pacific 400 

and wind variability in the western equatorial Pacific occur almost in phase with ENSO development. 401 

This suggests that other factors can impact the ENSO onsets.  402 

This paper has considered a hypothesis based on the numerical results by Stepanov (2009 a,b) that 403 

the atmospheric variability over the ACC can strongly influence amplifying ENSO events. This 404 

hypothesis allows us to explain the breakdown in the 2000s of ENSO predictors proposed by 405 

McPhaden (2003) through analysis of SLP fields. It was shown that the maximum phase of the 406 

development of most ENSO events was associated with a change of the atmospheric conditions 407 

upstream of Drake Passage in July-October when the variability of the atmosphere over the Southern 408 

Ocean is especially strong. This variability, together with the effect of the bottom topography, leads 409 

to the changes of the balance between the wind stress and form stress in Drake Passage that, together 410 

with the inverse barometer response to atmospheric pressure, result in the appearance of anomalies in 411 

the fields of the pressure and density in the Southern Ocean. By means of the wave mechanism 412 

described by Ivchenko et al. (2004, 2006) and Blaker et al (2006), these anomalies can be transported 413 

to the low latitudes of the Pacific ocean, where they interact with the stratification via Kelvin wave 414 

propagation and can cause variations in the inclination of the thermocline in the tropical Pacific, 415 

which, in turn, can amplify ENSO event (Stepanov (2009 a,b)). In the 2000s, due to warmer SST, 416 

more homogeneous dynamical conditions in the tropics developed (Fig. 5d), hence the subsequent 417 

interaction between the atmosphere and ocean in the tropics after the beginning of ENSO in the 418 

central equatorial Pacific is suppressed and a strong ENSO cannot be developed in the eastern side of 419 
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the tropical Pacific. As a result, frequent occurrences of the “warm-pool El Niño”, which is 420 

characterized by SST anomalies centered in the central equatorial Pacific, are observed (Horii et al. 421 

(2012)). The high correlation between PC5 and NINO after 2002, EOF5 of which characterizes the 422 

strength of the meridional shear of zonal wind over the region under consideration, demonstrates that 423 

during warm periods the air jet instability over the region significantly impact ENSO. Due to this 424 

instability in the region to the west of Drake Passage, anticyclonic/cyclonic atmospheric circulation 425 

patterns can arise. It is likely that due to air jet instability during cold periods (when the meridional 426 

shear of zonal wind is stronger) the area with high atmospheric pressure can be developed over the 427 

region upstream of Drake Passage more frequently, therefore generally more warm ENSO events 428 

than cold ones are observed. For example, the Oceanic Niño Index from 429 

http://www.cpc.ncep.noaa.gov/products/analysis_monitoring/ensostuff/ensoyears.shtml. This shows 430 

that for 1950-2002 period 15 warm and 11 cold ENSO events have been observed respectively, while 431 

after 2002 the numbers of warm and cold ENSO were the same. It is in agreement with the analysis 432 

of PC2 and PC5 timeseries. Both timeseries are not symmetric with respect to the zero value. The 433 

skewness coefficients for the unsmoothed PC2 and PC5 timeseries for the period of 1989-2011 are 434 

about 0.2, and about 2 times greater for the period before 2000. The positive value of the skewness 435 

indicates that more often SLP anomalies, having constituents similar to EOF2 and EOF5 patterns 436 

presented in Fig. 6 b,c, can be developed in the region under consideration. 437 

The EOF analysis has revealed the best possible ENSO predictor for warm periods: it is PC5 that 438 

is highly correlated with NINO3.4 (~0.8) with lead time of 8 months. It means that processes in the 439 

Southern Ocean due to air jet instability over the ACC during warm periods significantly contribute 440 

to development of maximal phase of ENSO. One might argue that the conclusion stands on the 441 

principle component PC5 which has only 5% of total variance, and even if the PC5 correlates well 442 

with ENSO with a 8-month lead, we cannot suggest that the SLP anomalies over the Southern Ocean 443 

could have very significant effect on ENSO. However, it is well known that extreme events are 444 

http://www.cpc.ncep.noaa.gov/products/analysis_monitoring/%20ensostuff/ensoyears.shtml
http://www.cpc.ncep.noaa.gov/products/analysis_monitoring/%20ensostuff/ensoyears.shtml
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described by “probability distribution tail” that describes even less than 5% of all possible outcomes 445 

(and ENSO can be considered such an event, since no regularity for ENSO events is observed 446 

because the wind anomalies considered in the tropics are a combination of joint effects of stochastic 447 

atmospheric forcing and large-scale dynamics (Eisenman et al. (2005)). It is worth noting that the 448 

pressure difference between centres of regions with high and low pressure of EOF5 mode (Fig. 6c) is 449 

more than 50% of a similar difference of EOF1 mode (Fig.6a). Thus PC5 describing only 5% of total 450 

variance of SLP field can be significant for ENSO forecast since it describes an appearance of 451 

plausible favourable conditions resulting in air jet instability over the ACC that leads to different 452 

July-September SLP patterns in the Southern Ocean (characterized by EOF2, explaining 14% of total 453 

variance).  454 

As was noted in the Introduction ENSO events could be considered as a consequence of changes 455 

in the global meridional atmospheric circulation when the tropics and high latitudes interact with 456 

each other rather than a local phenomenon. Since the interaction between the tropics and high 457 

latitudes depends on the stochastic processes, which always occur during the interaction between the 458 

atmosphere and the ocean, time lag between atmospheric changes in the Southern Ocean and the 459 

maximum phase of the development of ENSO is in a wide range of 3-5 months. Note here that the 460 

primary component of stochastic forcing can be tropical intraseasonal variation, such as the Madden–461 

Julian Oscillation (MJO), Madden and Julian (1972), since MJO can impact the development ENSO 462 

from the surface; it is likely that local atmospheric forcing is important to this type of ENSO, such as 463 

those associated with the MJO. However, it is worth noting that Stepanov and Hughes (2006) have 464 

shown that large-scale mass exchange exists not only between the Southern Ocean and Pacific. There 465 

are also the Atlantic-Pacific and slightly weaker Indian-Pacific exchanges at shorter timescales 466 

(periods from few days to 3 months). Therefore it is likely that this exchange can lead to the 467 

appearance of some signals in the tropics and mid-latitudes of the Indian and Atlantic oceans too. 468 

Hints of this can be seen in Fig. 7 presented by Stepanov (2009a) showing the model temperature 469 
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anomaly on the zonal section along the equator for the Indian Ocean too, which are due to the 470 

variability of wind forcing over the ACC, together with the effect of bottom topography, though in 471 

this experiment the forcing was defined as velocity disturbance for the meridional component of the 472 

velocity only in the Pacific sector of the Southern ocean. It is likely that MJO and, e.g., subtropical 473 

dipole variability in both the Southern Indian and Atlantic Oceans triggered by Southern Hemisphere 474 

mid-latitude variability influencing ENSO found by Terray (2011), are the results of such global 475 

inter-basin mass exchange. Further studies are needed to explore this hypothesis. 476 

During warmer periods, meridional gradients of the atmospheric dynamic characteristics that 477 

describe inter-latitudinal exchange, are weaker, therefore the SLP variability in the tropics becomes 478 

weaker leading to the development of frequent but weak ENSO events (with SST anomalies centered 479 

in the central equatorial Pacific). Interestingly, the observed result of frequent occurrence of the 480 

“warm-pool El Niño” in the 2000s is consistent with coupled model simulations under global 481 

warming by Yeh et al. (2009). 482 

In conclusion, it is worth noting that the results of the paper are in good agreement with Byshev et 483 

al., (2012). They showed that the warm ENSO events are accompanied by the global atmospheric 484 

oscillation when high atmospheric pressure is generated in the equatorial-tropical latitude band 485 

(~45
0
N - 45

0
S; 60

0
W-180

0
), and a low atmospheric pressure develops over 2-310

3
 km zone along 486 

the outer boundaries of that structure. Thus, the magnitude of the meridional gradient of the zonal 487 

wind speeds over the Southern Ocean is increasing, and favourable conditions for the onset of 488 

instability of the air jet over the ACC are created leading to the appearance of blocking anticyclone 489 

over the south-eastern part of the Pacific sector of the Southern Ocean. In the northern hemisphere, 490 

the changes in the atmosphere, described by Byshev et al., (2012), may also lead to the appearance of 491 

SST anomalies in the western North Pacific, which, according to Wang et al. (2012), can trigger 492 

oceanic Kelvin waves, which propagate eastward and initiate the developments of ENSO. 493 
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 621 

Fig. 1. 1989-2009 correlations of zonally averaged sea level pressure with SOI-index with negative 622 

signs (a), and (b) with the zonally averaged sea level pressure difference between 17
o
 and 12

o
S. 623 

Positive lags means that the zonally averaged sea level pressure lags from corresponding time series. 624 

(c) – time series of SOI-index with negative signs (red), zonally averaged sea level pressure 625 

difference between 17
o
 and 12

o
S (blue), and zonally averaged sea level pressure difference between 626 

17
o
 and the equator (green); d) – the same as c) but the seasonal cycle was removed and low-pass 627 

filtering with periods longer than 18 months was applied. 628 

Fig. 2. 1989-2011 mean (a) and standard deviation (b) of sea level pressure, and correlations (c) 629 

between SAM index and sea level pressure for the same period. The dashed black line on Fig. 2c 630 

shows a zone of divergence (convergence) of the meridional mass fluxes according to Stepanov 631 

(2009a). The black cross denotes the position (280
o
E and 35

o
S) chosen to monitor the sea level 632 

pressure variability. 633 

Fig. 3. Sea level pressure anomaly (in HPa) for July-September mean of 1997 (a), 2002 (b), 1998 (c) 634 

and for August-October mean of 2007 (d) before the maximum phase of the development of warm (a, 635 

b) and cold (c, d) ENSO.   636 

Fig. 4. Normalized on their standard deviations anomalies monthly time series of NINO3.4 index 637 

(black dashed) and the averaged sea level pressure along 280
o
E between 35

o
S (the point marked by 638 

black cross on Fig. 4c) and 45
o
S, p, (solid). The black solid line is after applying 5 month running 639 

average procedure and it is shifted 4 months forward; the seasonal cycle was subtracted.  640 

Fig. 5. 1989-1999 (a) and 2000-2008 (b) standard deviations of sea level pressure (in Hpa); c-d – the 641 

same as a-b, but normalized on 1989-2011 mean standard deviations, and shown in enlarged scale for 642 

the tropics; e-f the same as c-d but for 2000-2007 and 2008-2011 periods respectively.  643 
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Fig. 6. EOF1 (a), EOF2 (b) and EOF5 (c) modes of the Southern ocean region SLP (1989-2011) 644 

multiplied by respective standard deviations of the principal components (units in Hpa). Normalized 645 

time series (solid line) of PC1 (d), PC2 (e) and PC5 (f) together with the time series of the NINO3.4 646 

index (dashed line, after applying 5 month running average procedure) are also shown. PC1, PC2 and 647 

PC5 are after applying 5 month running average procedure and they are shifted forwards by 1, 4 and 648 

8 months respectively. 649 

 650 

 651 

Table 1. Summary of normalized eigenvalues. Rule N for selection of 

geophysical  eigenvalues is satisfied for values of Tj/Uj
95

  > 1 (Tj satisfied 

rule N are presented by bold font) 

 

j 

  1 2 3 4 5 6 

Tj×100, p=22 45.5 14.3 10.1 7.5 5.2 3.7 

Tj/Uj
95

, p=22 9.57 3.05 2.16 1.61 1.11 0.80 

Tj×100, p=45 44.8 14.1 10.0 7.4 5.1 3.7 

Tj/Uj
95

, p=45 18.66 5.96 4.22 3.13 2.17 1.56 

 652 

 653 

654 
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 668 

 669 

 670 

 671 

 672 

673 

Fig. 1. 1989-2008 correlations of zonally averaged sea level pressure with SOI-index with 

negative signs (a), and (b) with the zonally averaged sea level pressure difference 

between 17
o
 and 12

o
S. Positive lags means that the zonally averaged sea level pressure 

lags from corresponding time series. (c) – time series of SOI-index with negative signs 

(red), zonally averaged sea level pressure difference between 17
o
 and 12

o
S (blue), and 

zonally averaged sea level pressure difference between 17
o
 and the equator (green); d) – 

the same as c) but the seasonal cycle was removed and low-pass filtering with periods 

longer than 18 months was applied. 

 c)  

 d)  

 a)   b)  
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676 

 677 

 678 

 679 

 680 

 681 

 682 

 683 

Fig. 2. 1989-2011 mean (a) and standard deviation (b) of sea level pressure 

and correlations (c) between SAM index and sea level pressure for the same 

period. The dashed black line on Fig. 2c shows a zone of divergence 

(convergence) of the meridional mass fluxes according to Stepanov (2009a). 

The black cross denotes the position (280
o
E and 35

o
S) chosen to monitor the 

sea level pressure variability. 

a) 

b) 

c) 



 31 

 684 

 685 

 686 

 687 

 688 
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 700 

 701 

 702 

Fig. 3. Sea level pressure anomaly (in HPa) for July-September mean of 1997 

(a), 2002 (b), 1998 (c) and for August-October mean of 2007 (d) before the 

maximum phase of the development of warm (a, b) and cold (c, d) ENSO. 

a) b) 

c) d) 
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 721 

 722 

 723 

 724 

Figure 4. Normalized on their standard deviations anomalies monthly time series 

of NINO3.4 index (black dashed) and the averaged sea level pressure along 280
o
E 

between 35
o
S (the point marked by black cross on Fig. 5c) and 45

o
S, p, (solid). 

The black solid line is after applying 5 month running average procedure and it is 

shifted 4 months forward; the seasonal cycle was subtracted. 
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 737 

 738 

 739 

 740 

 741 

a) b) 

c) d) 

Fig. 5. 1989-1999 (a) and 2000-2008 (b) standard deviations of sea level 

pressure (in Hpa); c-d – the same as a-b, but normalized on 1989-2011 mean 

standard deviations, and shown in enlarged scale for the tropics; e-f the same 

as c-d but for 2000-2007 and 2008-2011 periods respectively.  

1989-1999  2000-2008  

e) f) 

2000-2007  2008-2011  
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 759 

Fig. 6. EOF1 (a), EOF2 (b) and EOF5 (c) modes of the Southern ocean region 

SLP (1989-2011) multiplied by respective standard deviations of the principal 

components (units in Hpa). Normalized time series (solid line) of PC1 (d), 

PC2 (e) and PC5 (f). Also shown is the time series of the NINO3.4 index 

(dashed line). PC1, PC2 and PC5 are after applying 5 month running average 

procedure and they are shifted forwards by 1, 4 and 8 months respectively. 

a) d) 

b) e) 

c) f) 


