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Abstract. In this paper, global fields of mean anomalies of the sea-level atmospheric pressure 

and the surface air temperature are constructed for positive and negative phases of a recently 

discovered by Russian scientists Global atmospheric oscillation (GAO) with El Niño and La 

Niña as its elements. This is done using observations and their re-analyses, as well as the 

results of experiments with climate models. A GAO index is proposed, and its spectra, as well 

as spectra of El Niño – Southern Oscillation (ENSO), are calculated. It is shown that some of 

the modern models of ocean-atmosphere general circulation of the international Coupled 

Model Intercomparison Project Phase 5 (CMIP5) reproduce well the GAO spatial structure. 

The model temporal energy spectra, however, differ from the real ones in the general variation 

of the energy spectra of interannual-decadal oscillations, as well as in the periods of specific 

peaks in this range. A comparison of CMIP5 experiments called Historical and piControl 

shows that the climate models with the 11-year solar activity cycle forcing reproduce the GAO 

periodicity more accurately. It is concluded that the differences between the model spectra and 

the real ones cause major errors in the predictions of the El Niño onset for more than half a 

year. 

1.  Introduction 

El Niño – Southern Oscillation (ENSO) is a well-known phenomenon observed in the ocean-

atmosphere system. ENSO develops in a narrow equatorial Pacific Ocean band. That is, formally it is 

a regional event. However, it is commonly accepted that ENSO affects the meteorological processes 

on interannual to decadal time scales on the Earth. Numerous publications in Russian and other 

languages (see, for instance, [1, 2, 3]) are devoted to this problem. Note that a dozen of papers 

annually consider the importance of global influence of ENSO.  

Some years ago a team of researchers from the Shirshov Institute of Oceanology RAS [4] 

suggested that there exists a Global atmospheric oscillation (GAO) with El Niño and La Niña 

developing at its extreme phases. In other words, they proposed that there is a primary interaction of 

some hydrometeorological processes taking place on the Earth, and ENSO is a major manifestation of 

these processes.  

To detect the GAO, the global sea-level atmospheric pressure (SLP) fields corresponding to the ten 

strongest El Niño and La Niña events that took place in 1950-2010 were compared. They were used as 

a basis for constructing a mean field of differences between the El Niño and La Niña SLP fields. A 

major peculiarity of the mean field of differences was the presence of a wide positive SLP region 
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stretching in the zonal direction along the equator from Indonesia through the Indian Ocean, Africa, 

and the Atlantic to the Brazil coast. In the meridional direction this region is bounded by the 30 north 

and south latitudes. This region is surrounded on all sides by narrow bands of negative SLP 

differences. They merge and enhance in magnitude at the center and the eastern part of the Pacific 

Ocean crossing in the canonical zone of El Niño and La Niña development. Near the polar zones of 

the both hemispheres the SLP differences become positive again. To the south-west of South America 

there is a most pronounced area of positive SLP values. Here some researchers [5, 6] had discovered a 

high-power anticyclone developing simultaneously with El Niño.  

Since the number of El Niño and La Niña events used to construct the mean field of differences by 

[4] was not large, it was not clear whether the mean field of SLP differences was statistically 

significant and, hence, whether the GAO was real. Therefore, in [7] the mean global field of SLP 

differences between the El Niño and La Niña events was recalculated with a larger number (23 and 

25) of events that took place in 1920-2012. It is important that the global fields of root-mean-square 

SLP deviations from the mean fields of El Niño and La Niña were calculated separately for both 

groups of events. With these root-mean-square deviations, Student’s t-test values were calculated for 

each geographical grid node. These values showed that the areas of positive and negative SLP 

differences in the GAO spatial structure are statistically highly significant (95% and even more). This 

proved that the GAO really exists.  

This brings up the question, whether the modern coupled models of the ocean-atmosphere general 

circulation, that can simulate well many features of interannual variability in the Pacific Ocean tropics 

[8], can simulate the GAO. A comparison of the temporal energy spectra of the ENSO indices 

calculated with the observational data and the spectra obtained with the climate models of Coupled 

Model Intercomparison Project Phase 5 (CMIP5) has revealed a large scatter in the results [9, 10, 11, 

12, 13]. The global and regional structures of anomalies of hydrometeorological fields at the El Niño 

events obtained with the CMIP5 models have also shown a wide spread in the observed anomalies [14, 

15, 16, 17].  

In the present paper, the global structures of SLP and the surface air temperature (SAT) differences 

between the El Niño and La Niña events, that is, between the positive and negative GAO phases, as 

well as the temporal energy spectra of the ENSO and GAO indices calculated with the observations 

and their re-analyses, are compared with the corresponding characteristics obtained by calculating the 

CMIP5 models in order to reveal possible shortcomings of the modern climate models. 

2.  Materials and methods of the study 

The global monthly mean SLP fields used in the analysis were taken from the following sources: 

NCEP/NCAR Reanalysis on a 2.5°х2.5° grid over 1948-2014 [18], Met Office Hadley Center 

HadSLP2 on a 5°х5° grid over 1850-2014 [19], NOAA-CIRES 20th Century Global Reanalysis 

Version 2c on a 2°х2° grid over 1851-2011 [20], ECMWF ERA-20C on a 1°х1° grid over 1900-2010 

[21], and JMA JRA-55 on a 1.25°х1.25° grid over 1958-2013 [22]. 

The global monthly mean values of sea surface temperature (SST) were taken from the following 

sources: Met Office Hadley Center HadISST on a 1°х1° grid over 1870-2014 [23], JMA COBE SST2 

on a 1°х1° grid over 1850-2014 [24], and NOAA ERSST V4 on a 2°х2° grid over 1854-2015 [25, 26]. 

The global monthly mean data of the near-surface temperature of Met Office Hadley Center 

HadCRUT.4.4 on a 5°х5° grid over 1850-2014 [27] and the global monthly mean data of SAT from 

the above-mentioned re-analyses (NCEP/NCAR, 20thC_ReanV2c, ERA-20C and JRA-55) have also 

been analyzed. 

For each of the above data sets at each grid node, the average annual variation in the corresponding 

time period was calculated, and then subtracted from the initial data. The thus obtained anomaly fields 

were used to calculate three indices: first, an El Niño index called the Extended Oceanic Nino Index 

(EONI). It is the mean SST anomaly over (5°S-5°N, 170°-80°W). There are typically more shipborne 

SST observations in this region than in the region (5°S-5°N, 170°-120°W) used to estimate a Niño 3.4 

index that is the standard for determining El Niño. Second, the Equatorial Southern Oscillation Index 
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(ESOI) determined by the difference of the mean SLP anomalies between the regions of (5°S-5°N, 

90°-140°E) and (5°S-5°N, 130°-80°W). Third, the Global Atmospheric Oscillation Index (GAOI), 

which is the next combination of normalized mean SLP anomalies over 10 areas of the maximal 

statistical significance of the differences between El Niño and La Niña related SLP-distributions [7]: 

(5°S-5°N, 35°-25°W) + (5°S-5°N, 55°-65°E) + (55°-65°N, 95°-85°W) + (65°-55°S, 95°-85°W) + 

(5°S-5°N, 145°-155°E) – (45°-55°N, 175°-165°W) – (45°-55°N, 15°-5°W) – (55°-45°S, 15°-5°W) – 

(55°-45°S, 175°-165°W) – (5°S-5°N, 95°-85°W). Unlike other ENSO and GAO indexes, GAOI 

contains the anomalies of the middle- and high-latitude regions, where the probability of GAO 

anomalies is large. Therefore, GAOI characterizes the whole planetary structure of the GAO, rather 

not only its tropical part. The GAOI varies synchronously with the EONI and ESOI, because its 

variations incorporate the Southern Oscillation. This shows that all atmospheric processes resulting in 

GAO evolve more or less synchronously. The linear trends in the thus obtained series of all the indices 

were removed by the least squares method to suppress the interdecadal climate changes. 

El Niño and La Niña events were determined using EONI as follows: if this index within 5 

successive months or longer exceeded +0.5°С, it was an El Niño, and if it was less than -0.5°С, it was 

a La Niña. The global fields of mean SLP and SAT anomalies were calculated for each event chosen 

in this way. These fields were averaged for El Niño and La Niña events separately. Then the 

difference between the thus obtained mean fields was calculated. The field of root-mean-square 

deviations of individual events from the mean field was determined for each type of events (El Niño 

and La Niña). This was used for estimating the fields of statistical significance of the differences 

between the mean fields according to Student’s t-test with various probabilities. The positive and 

negative GAO phases were determined with GAOI, similarly to determining the El Niño and La Niña 

events. However, the root-mean-square deviation and the time in which the autocorrelation function of 

the GAOI reaches near-zero value served as a criterion for selection. For the GAO phases, global 

fields of mean SAT and SLP differences have also been constructed and the statistical significance of 

these anomalies has been estimated, which are very close to the fields obtained by EONI. 

The temporal energy spectra of the indices were calculated using the fast Fourier transform (FFT). 

To provide maximum resolution of these spectra in the periods, a large group of spectra has been 

calculated. For this, the parts corresponding to the “windows” with widths ranging from the full length 

of the initial series to its half were taken, with the “windows” sliding along the entire length of the 

initial series. All thus obtained spectra were averaged, and the averaged spectrum was smoothed using 

a moving average [28].  

The spectra of the so-called mappings of the indices on the annual time scale were calculated 

similarly. For this, a sequence of values of a month, for instance, the sequence of Januaries, 

Februaries, etc. was taken from the series under investigation. The “window” technique described 

above was used to calculate the spectrum for each sequence. Then all twelve spectra were averaged. 

This calculation method decreased the effect of the annual cycle on the estimation of the statistical 

significance of spectral density peaks, since the spectra of the mappings are not as “red” as those of 

typical continuous series. In fact, the range of periods under consideration in the spectra of mappings 

is limited to two years. However, this is sufficient for studying the GAO dynamics in 2- to 7-year 

periods, which are typical for El Niño. 

The global fields of the mean amplitude of SLP and SAT oscillations during GAO and the energy 

spectra of the indices calculated using measurements and re-analyses were compared with the 

corresponding fields and spectra obtained similarly using the results of an experiment called Historical 

over 1850-2005 for the 47 coupled ocean-atmosphere general circulation models available in CMIP5: 

ACCESS1.0, ACCESS1-3, bcc-csm1-1, bcc-csm1-1-m, BNU-ESM, CanESM2, CCSM4, CESM1-

BGC, CESM1-CAM5, CESM1-FASTCHEM, CESM1-WACCM, CMCC-CESM, CMCC-CM, 

CMCC-CMS, CNRM-CM5, CNRM-CM5-2, CSIRO-Mk3.6, EC-EARTH, FGOALS-s2, FIO-ESM, 

GFDL-CM2p1, GFDL-CM3, GFDL-ESM2G, GFDL-ESM2M, GISS-E2-H, GISS-E2-H-CC, GISS-

E2-R, GISS-E2-R-CC, HadCM3, HadGEM2-AO, HadGEM2-CC, HadGEM2-ES, INM-CM4, IPSL-

CM5A-LR, IPSL-CM5A-MR, IPSL-CM5B-LR, MIROC4h, MIROC5, MIROC-ESM, MIROC-ESM-
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CHEM, MPI-ESM-LR, MPI-ESM-MR, MPI-ESM-P, MRI-CGCM3, MRI-ESM1, NorESM1-M, and 

NorESM1-ME [29]. A visual comparison of the obtained fields was performed. In addition, the 

differences between the fields after their linear interpolation to a 1x1 grid were calculated. From the 

47 CMIP5 models investigated, those that best reproduce the GAO global structure and the energy 

spectra of the indices were chosen. The method described above was used to calculate the fields and 

spectra obtained in an experiment called piControl for these climate models. This experiment, in 

contrast to Historical, has no external forcing of solar activity variations. The results of Historical and 

piControl experiments were compared to estimate the influence of external forces on the GAO and 

ENSO periodicity. 

3.  Discussion of the results 

The comparison of the global fields of SLP and SAT differences between the GAO opposite phases 

constructed using observations and re-analyses has shown that they are very similar. Therefore, the 

present paper provides only for these fields an example of NOAA-CIRES 20th Century Reanalysis 

(figures 1a and 2a).  

 

 

Figure 1. Fields of mean differences of sea-level pressure (SLP) between El Niño and La Niña events 

(positive and negative GAO phases) for NOAA-CIRES 20th Century Reanalysis v2c (a) and CMIP5 

Historical experiment with climate models: CESM1-CAM5 (b), CMCC-CM (c), CNRM-CM5 (d), 

GFDL-CM3 (e) and HadGEM2-ES (f).  

 

The SLP field of GAO (figure 1a) has a planetary structure with some symmetry about the equator 

and the meridian of 90°W, according to the location and relief of the continents. There is a wide zone 

of positive SLP GAO values in the tropics and subtropics of the Atlantic and Indian Oceans and the 
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western part of the Pacific Ocean surrounded by bands of negative values that intersect in the eastern 

part of the Pacific Ocean (120°-90°W) near the equator. Two zones of positive SLP anomalies are 

located almost symmetrically in high latitudes to the north and south of this intersection. 

The above-described structure of the SLP oscillations caused by GAO is in good agreement with 

the accompanying SAT changes (figure 2a). They reveal a global structure of the temperature 

oscillations symmetric (with a correction for the continents) about the equator and the meridian 

passing through 120°W. There is a wide zone of positive SAT values in the tropics and subtropics of 

the Atlantic and Indian Oceans surrounded by bands of negative values. However, at their point of 

intersection in the central-eastern part of the Pacific Ocean tropics there is a “tongue” of positive SAT 

anomalies that is typical for El Niño. To the north and south of the “tongue”, in high latitudes, there 

are two zones of positive values of SAT anomalies located almost symmetrically. 

 

 

Figure 2. Fields of mean differences of surface air temperature (SAT) between El Niño and La Niña 

events (positive and negative GAO phases) for NOAA-CIRES 20th Century Reanalysis v2c (a) and 

CMIP5 Historical experiment with climate models: CESM1-CAM5 (b), CMCC-CM (c), CNRM-CM5 

(d), GFDL-CM3 (e) and HadGEM2-ES (f).  

 

The fields of SLP and SAT differences between the opposite GAO phases calculated with the 

results of the CMIP5 Historical experiment of climate models that are in the best agreement with the 

observations and their re-analyses are presented in figures 1b-1f and 2b-2f. In the SLP fields obtained 

by the models, the differences are underestimated (in comparison to the observations) in the tropics of 

the Atlantic Ocean and Africa (figure 1). This shows that in the models the teleconnections between 

the Indo-Pacific Walker circulation cells and the Atlantic and African ones are weaker. In the models 

results the bands of SLP negative values surrounding the wide tropical zone of positive values are not 
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clearly defined and have more breaks than the similar bands in the observations. This suggests that the 

interrelations between the tropics and mid-latitudes in the Hadley circulation are not fully taken into 

account in the models. In contrast to the observations, the SLP spatial structures obtained by the 

models better reproduce the corresponding SAT structures. Model’s SLP spatial structures reveal the 

“tongue” of positive SST anomalies in the Pacific Ocean tropics typical for El Niño. This indicates 

that the effect of SST changes on SLP is overestimated in the models. In some models (not shown in 

figure 2) this SST “tongue” stretches too far to the western part of the Pacific Ocean covering the 

region of Indonesia, which results from the fact that equatorial upwelling in the central and western 

parts of the Pacific Ocean is overestimated in the models [8]. Note that the structure of SAT fields 

calculated by the models is less smooth over the continents than that of similar fields in the re-

analyses. This indicates that the influence of relief in these models is overestimated. 

 

 

Figure 3. Energy spectra of EONI (red curves) and ESOI (blue curves) for NOAA-CIRES 20th 

Century Reanalysis v2c (a) and CMIP5 Historical experiment with climate models: CESM1-CAM5 

(b), CMCC-CM (c), CNRM-CM5 (d), GFDL-CM3 (e) and HadGEM2-ES (f).  
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The best way to understand how the models reproduce ENSO and GAO temporal dynamics is to 

consider the observed and simulated temporal energy spectra of EONI and ESOI. In figure 3 these 

spectra are shown for the annual cycle mappings. These spectra allow more reliable estimation of the 

statistical significance of the spectral density peaks on scales from 2 to 10 years, since they are not as 

“red” as the spectra of their continuous analogs. It was found that the locations of peaks on the axis of 

the periods are very similar for all EONI, ESOI and GAOI spectra. This means that they can be 

analyzed simultaneously as one and the same spectrum. 

Figure 3a shows that this real spectrum is practically “white”, that is, its spectral density is the 

same if it is considered in a window of about a year or wider. From the model spectra presented, only 

the spectrum of the CMCC-CM model has this property (figure 3c). The spectra of two models, 

CESM1-CAM5 (figure 3b) and HadGEM2-ES (figure 3f), are “red”. That is, the spectral density, in 

general, increases with the increasing period up to about 5-6 years. Then it does not increase, but even 

begins to slightly decrease. The spectral density of the CNRM-CM5 (figure 3d) and GFDL-CM3 

(figure 3e) models, in general, decreases with the increasing period.  

There are considerable differences between the real and model spectra also in the locations and 

powers of the spectral density peaks. It has long been accepted by most researchers that the major 

peaks in the ENSO spectra are statistically significant [30, 31]. This conclusion is very important, 

since some theoretical studies [32, 33, 34] of the periodically variable heat flux to the climate system 

from the Sun have shown that the appearance of peaks in the ENSO spectra in combinational 

harmonics of the annual period cannot be avoided.  

 

 

Figure 4. Energy spectra of normalized EONI of CESM1-CAM5 model in experiments Historical (red 

curve) and piControl (blue curve). 

 

In the real spectrum (figure 3a) the major peaks are at periods of 5.6, 3.7 and 2.8 years. These are 

not combinational harmonics of the annual period. However, they can be considered as 

superharmonics 1:2, 1:3 and 1:4 of the 11-year solar activity cycle. This means that the climate system 
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responds to solar activity, although the energy of this action is very small. The response of the system 

to this small action is nonlinear. Therefore, it is evident not in the 11-year period itself, but on its 

superharmonics. This hypothesis has already been made [35].  

The spectra of CMIP5 models shown in figure 3b-f were calculated using the results of the 

Historical experiment, which has 11-year solar cycle forcing. Therefore, some of the models, for 

instance, CESM1-CAM5 (figure 3b) and GFDL-CM3 (figure 3e), also have peaks in periods close to 

the above superharmonics. However, in the spectra calculated with the results of piControl experiment 

(without external forcing) these peaks are almost invisible in comparison to the other more powerful 

peaks (figure 4). Note also that the groups of powerful peaks in the real spectrum at periods of 2.4, 3.6 

and 4.8 years can be considered as subharmonics 1:2, 1:3 and 1:4 of the Chandler wobble of Earth’s 

poles with a period of about 1.2 years [36]. It was shown in [37] that this wobble can excite a warm 

surface current near the Pacific coast of Central America, that is, positive SST anomalies typical for El 

Niño. In the CMIP5 models the Chandler wobble is not taken into account. Therefore, such peaks are 

absent in most of the model spectra. 

4.  Conclusions 

The comparison of the data of re-analyses and integrations of some modern climate models has shown 

that, on the whole, some of the coupled ocean-atmosphere general circulation models used in the 

international project CMIP5 reproduce well the planetary structures of anomalies in the sea-level 

atmospheric pressure (SLP) and surface air temperature (SAT) fields observed during El Niño and La 

Niña events. These planetary structures have been recently detected in the real atmosphere and called 

the Global atmospheric oscillation (GAO). There certainly exist numerous quantitative differences 

between the elements of the real and simulated GAO spatial structures. 

An index, which is a combination of the mean SLP anomalies in 10 areas of the GAO global field, 

has been developed to characterize the GAO temporal dynamics. The temporal energy spectra of the 

GAO and ENSO indices on scales from 2 to 10 years have been estimated using observations and 

results of integrations of the CMIP5 models. These calculations have shown that there exist 

differences in the real and simulated spectra.  

All the spectra, both the real and simulated ones, have many statistically significant peaks of 

spectral density. However, their location in the axis of the periods of the model spectra differs 

considerably from that of the real spectra. There are three major peaks in the real spectra for periods of 

5.6, 3.7 and 2.8 years, that is, superharmonics of the 11-year solar activity cycle. From the model 

spectra presented, only two models have peaks for periods close to those for the above-mentioned 

periods if these spectra are calculated using the results of a Historical experiment in which the changes 

in solar activity is taken into account. If the spectra are calculated with the results of these models in 

the piControl experiment (without external 11-year solar activity cycle forcing), no peaks are observed 

on the above superharmonics. This is indirect evidence that the major peaks in the real spectra can be 

considered as nonlinear responses of the real climate system to the 11-year solar activity cycle.  

The real spectra also have a sequence of peaks for periods of 2.4, 3.6 and 4.8 years which can be 

interpreted as subharmonics of the Chandler wobble of the Earth’s poles, whose period is about 1.2 

years. In none of the CMIP5 experiments the Chandler wobble was taken into account. Therefore, it is 

not surprising that the most of model spectra do not reproduce such peaks. 

Taking into account the differences in reproducing the GAO spatial structure by the modern 

climate models and, especially, the temporal spectra of the GAO and ENSO indices, it is clear why the 

El Niño and La Niña events cannot be presently predicted for more than half a year. It seems that to 

overcome this so-called “spring predictability barrier” some periodic external forces on the climate 

system, such as the changes in solar activity and the Chandler wobble of the Earth’s poles, should be 

taken into account. 
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