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Global wave number‑4 pattern 
in the southern subtropical sea 
surface temperature
Balaji Senapati1, Mihir K. Dash1* & Swadhin K. Behera2

Exploratory analysis using empirical orthogonal function revealed the presence of a stationary zonal 
wavenumber-4 (W4) pattern in the sea surface temperature (SST) anomaly in the southern subtropics 
(20°S–55°S). The signal over the Southern subtropics is seasonally phase-locked to the austral summer 
and persists up to mid-autumn. Thermodynamic coupling of atmosphere and the upper ocean helps 
in generating the W4 pattern, which later terminates due to the breaking of that coupled feedback. It 
is found that the presence of anomalous SST due to W4 mode in the surrounding of Australia affects 
the rainfall over the continent by modulating the local atmospheric circulation. During positive phase 
of W4 event, the presence of cold SST anomaly over the south-eastern and -western side of Australia 
creates an anomalous divergence circulation. This favours the moisture transport towards south-
eastern Australia, resulting in more rainfall in February. The scenario reverses in case of a negative 
W4 event. There is also a difference of one month between the occurrence of positive and negative 
W4 peaks. This asymmetry seems to be responsible for the weak SST signal to the South of Australia. 
Correlation analysis suggests that the W4 pattern in SST is independent of other natural variabilities 
such as Southern Annular Mode, and Indian Ocean Dipole as well as a rather weak relationship with El 
Niño/Southern Oscillation.

Southern subtropics is a bridge between tropics and Antarctic, and always of interest to the climate scientists, 
meteorologists, and oceanographers for its dynamics and role of an inter-mediator. Variation in sea surface 
temperature (SST) over the subtropics has the potential to affect the circumpolar winds and currents, mid-
latitude storm tracks, tropical-extratropical teleconnection, meridional atmospheric cells, inter-hemispheric 
thermohaline circulation and, oceanic shallow sub-tropical cells1. In recent decades, the inter-annual variation 
of SST in the southern subtropics draws attention because of its vital role in the variation of precipitation over 
the subtropical continents by modulating the regional atmospheric circulation2–10. Additionally, weather and 
climate of the Southern Hemisphere are affected by different modes of climate variations such as El Niño/South-
ern Oscillation11 (ENSO), Indian Ocean Dipole12 (IOD), Atlantic Niño13, Southern Annular Mode14 (SAM), 
Antarctic Circumpolar Wave15, Indian Ocean subtropical dipole3 (IOSD), south Atlantic subtropical dipole10,16 
(SASD) and the South Pacific subtropical dipole17 (SPSD).

While these studies focused on ocean–atmosphere coupled modes in the tropics, subtropics, and higher 
latitudes some other studies revealed presence of stationary waves of wave number-1 and -3 in southern sub-
tropical atmosphere18. It is suggested that the wave number-1, is related to the variability of cold lows over the 
Australia-New Zealand with ridge formation in the sub-tropical eastern Atlantic and sub-polar central Pacific. 
On the other hand, the wave number-3 is linked to the weather over land areas through the presence of ridges 
nearer to the subtropical continents. These waves have the potential to affect climate in the global as well as 
regional scale by modifying the movement of pressure systems in the west-wind belt19–23.

Though less known, some studies have reported the presence of global wave number-4 (W4) pattern in the 
Southern subtropical atmosphere16,24,25. Additionally, a W4 pattern had already been observed in the average 
brightness chart of 1969 over the subtropical latitude24. The behaviour of atmospheric variables seems to follow a 
W4 pattern during the co-variability of the Indian and Atlantic Ocean subtropical dipoles16 and was responsible 
for South Africa floods in January, 201325. At the same time, SST response to the atmosphere is found to be of a 
wavenumber-3 type in a global view16,25,26. Recently, it is reported that tropical Rossby waves have the potential to 
generate a zonal W4 pattern in the southern Indo-Atlantic Ocean basin that affects precipitation over Australia27.
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From the past studies, the question arises whether W4 pattern is evident only in the atmospheric circulations 
as waves 1–318, or it is extended to the ocean like that of zonal wave number-326. To explore such a relationship 
and to extend the work of Yasunari24, for the first time this study included the Pacific Ocean along with the 
Indo-Atlantic sector to analyze the inter-annual variation of SST over the southern subtropics on a global scale. 
Together with the generation mechanism, presence of an interesting global W4 mode in the subtropical SST and 
its impact on south-eastern Australian rainfall are discussed.

Results
Wave number‑4 pattern in the Southern subtropical SST.  The monthly SST anomalies from Hadley 
Centre (HadISST) are detrended and decomposed using the empirical orthogonal function (EOF) analysis. In 
addition, gridded satellite observed SST (henceforth satellite SST) anomalies reported in Merchant et al.28 are 
also used in the analyses to verify the robustness of the results. The first EOF mode of the detrended monthly 
SST anomalies shows an ENSO like pattern in the Southern subtropics (20°S–55°S) and explains 14.63% (9.41%) 
of the total variance in HadISST (satellite SST) (Fig. not shown). The time series associated with the first mode 
(i.e. PC-1) shows a good correlation (correlation coefficient = 0.72) with the Oceanic Niño Index (ONI) at one 
month lag. The W4 pattern emerges as the second EOF mode of these SST anomalies (Fig. 1a,b) and explains 
8.11% and 5.87% of the total variance of HadISST and satellite SST anomalies respectively. This mode is well 
separated from the first mode and others, North Criteria29, which confirms the statistically independent nature 
of the second EOF mode (Table 1). 

The time series of EOF mode-2 of HadISST is considered as the index for W4 (IW4). During positive phase of 
W4, four positive (negative) SST loading centers are located in the Southern-central Pacific, South-western Atlan-
tic, South-western Indian Ocean, South of Australia (South-eastern Pacific, South-eastern Atlantic, South-eastern 
Indian Ocean, South-western Pacific Ocean). And, during negative phase polarity of these centers reverses. 
Compared to other sectors, the signal over the south of Australia seems to be weak. The patterns are similar in 
satellite SST anomalies and the correlation between both principal components is 0.65. Hereafter analysis in 
this paper uses the HadISST only.

In order to examine the synchronization of the W4 pattern among all the basins, point correlation analysis 
has been performed. For this purpose, eight points [i(37.5°S, 173.5°W), ii(37.5°S, 133.5°W), iii(44.5°S, 90.5°W), 

Figure 1.   (a) Spatial pattern of second leading EOF mode of SST anomaly over the region (20°S-55°S) from 
HadISST. Green dots mark the points used for correlation maps in Fig. 2. (b) Same as (a), but for the satellite 
SST. (c) Temporal pattern of second leading EOF mode of SST anomaly, solid red line (for HadISST) and solid 
black line (for satellite SST). The time series are smoothed with 5 month running mean.
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iv(39.5°S, 40.5°W), v(29.5°S, 2.5°W), vi(41.5°S, 41.5°E), vii(30.5°S, 86.5°E), viii(35.5°S, 130.5°E)] corresponding 
to the loading centres are selected (marked by green dots, i-viii, in Fig. 1a). The time series of SST anomaly is 
computed at each grid point after removing the contributions of the first EOF mode (henceforth, reconstructed 
SST anomaly). Further, point correlation is performed for the time series at the loading centers (Fig. 1a) with the 
reconstructed SST anomaly (Fig. 2a–h corresponding respectively to points (i) to (viii) of Fig. 1a). Only correla-
tion values above 99% significance are shown in the figure. The results suggest a clear existence of wave number-4 
pattern across the globe and sign of correlation changes with polarity except for the pole south of Australia (viii 
in Fig. 1), which apparently is not very much synchronized with the anomalies on both sides of South America 
(Fig. 2h). But, the south of Australia pole is well correlated with polarities in the Indian Ocean and the Pacific.

After confirming the physical presence of W4 mode in the SST anomalies, we checked its possible relationship 
with other climatic modes. The W4 lagged cross-correlations with other climate indices are listed in Table 2. SAM 
and IOD correlations are insignificant with IW4 at 90% confidence interval, whereas ONI, IOSD, SASD show 

Table 1.   Significance of EOF methods using North Criteria.

HadlSST Satellite data

EOF modes Variance Error Significance EOF modes Variance Error Significance

1st 14.6326 0.94453 Significant 1st 9.41529 0.62908 Significant

2nd 8.11284 0.52368 Significant 2nd 5.87144 0.39230 Significant

Figure 2.   Correlation maps for the time series of points marked in green in Fig. 1 with reconstructed SST 
anomaly (after removal of first EOF mode related SST anomaly). (a)–(h) panels refer to points (i)–(viii) 
respectively presented in Fig. 1. Panel (b), (d), (f), and (h) are inverted to keep the same signs of correlation in 
the same location for all the plots. Values satisfying 99% confidence interval are shaded.
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a significant but rather weak correlation (99% confidence) with IW4 at 8, 1 and 0 month lag respectively. Since 
the subtropical dipoles appear as a wavenumber-3 SST pattern globally26, the basin wise unfavorable overlap-
ping of the W4 pattern in Southern Indo-Atlantic sector might prompt lower correlation with SASD and IOSD. 
Even, the spatial maps of SST anomaly associated with IOSD and SASD do not show the W4 pattern (figure not 
shown) matching with the results of Fauchereau16. Hence, the resulted lower cross-correlations (Table 2) sug-
gest that W4 mode could be to a large extent independent (or not directly related) to other ocean–atmosphere 
climate phenomena. The correlation with ENSO is also very weak and hence not discussed here. Also, like other 
climate phenomena, W4 mode is found to be seasonally phase-locked. The IW4 variability is above one standard 
deviation from December through April (Table 3) suggesting the major appearance of W4 from austral summer 
to mid-autumn season. 

Seasonal evolution of W4.  The seasonal evolution of the W4 pattern is studied by analyzing extreme posi-
tive and negative event years. Those are identified by a threshold of one standard deviation in the normalized 
IW4 during austral summer. We found eight positive years (1989–1990, 1991–1992, 1996–1997, 1999–2000, 
2004–2005, 2006–2007, 2010–2011 and, 2011–2012) and six negative years (1979–1980, 1984–1985, 1986–1987, 
1987–1988, 1997–1998 and, 2017–2018). Composite of the normalized IW4 for extreme positive and negative 
years for 24 calendar months are shown in Fig. 3. The normalization is carried out by dividing the standard 
deviation of IW4 with the anomaly of the time series. Care has been taken in selecting the calendar months, such 
that peak season of occurrence remains at the center of the series. It can be clearly observed that both positive 
and negative extremes (greater than one standard deviation) occur in the austral summer and/or early autumn. 
It is interesting that one-month difference is observed in the peaks of positive and negative extremes. The peak 
for positive extremes occurs in January whereas the peak for negative extremes occurs in February.

To verify further and to examine the evolution of the SST anomaly, a composite for positive and negative 
years, as identified above, are made from October of the preceding year to May of the event year (Fig. 4). It can be 
clearly seen that positive (negative) W4 signal is prominent during December, January, and February (December, 
January, February, and March), and gradually decays in subsequent months (Fig. 4). This further suggests that 

Table 2.   Cross-correlation between IW4 and climate indices. Monthly lag values are shown in the bracket 
(positive (negative) lag corresponds to the leading (lagging) of IW4 with the climate indices).

ONI SAM PDO IOD IOSD SASD

IW4 0.2 (+ 8)  − 0.07 (0)  − 0.19 (− 11) 0.08 (12) 0.24 (+ 1) 0.28 (0)

Table 3.   Monthly Standard deviation values of IW4 (normalized by one Standard deviation).

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

1.22 1.4 1.16 1.07 0.93 0.85 0.67 0.68 0.63 0.72 0.91 1.31

Figure 3.   Evolution of the W4 pattern from January of the developing year to the December of the event year. 
Blue (red) line corresponds to positive (negative) extreme years.
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W4 signal appears in the austral summer, which later persists up to mid-autumn in case of negative years. How-
ever, in negative W4 years, the signal seems to be prominent in the region to the south of Australia in February 
as compared to other seven boxes (Fig. 1a); those boxes that show prominent loading in SST during December 
(right panel; Fig. 4). This lag in the development of the W4 signal in the region to the south of Australia might 
be the reason for the weak signal found in the linear EOF analysis (Fig. 1a,b) there.

To cross-validate and examine the seasonally evolving pattern, EOF analysis is conducted on the detrended 
SST anomaly for different seasons over the same region (20°S–55°S). Previous analysis shows that the W4 pattern 
appears in December through April. So, for our EOF analysis we have divided the whole year into three periods; 
(1) austral summer through mid-autumn (December–April, DJFMA), (2) late autumn and winter (May–August, 
MJJA) and (3) spring (September–November, SON). Figure 5 shows the spatial patterns of standardized EOF 
coefficients for the above three different periods. The standardization for each period is performed by dividing 
the EOF coefficients by corresponding standard deviation in PCA’s at each grid point. This normalization brings 
the coefficients to a common range of values for easy comparison. It is interesting to note that, the W4 pattern 
appears in the second mode for the austral summer and mid-autumn season (DJFMA period). The seasonal EOF 
suggests the decay of the SST pattern in austral winter over the Indo-Atlantic region despite the presence of a 
weak signal over the Pacific Ocean. The decay of the pattern is especially observed in the Atlantic region where 
southwest-northeast orientation pattern turns to northwest-southeast. In other words, the northward (southward) 
movement of the anomalous SST over the western (eastern) sector of the Southern Atlantic Ocean occurs during 
austral winter. Similarly, the southern Indian Ocean also witnesses the decay with the development of a tri-polar 
structure in austral winter. Nevertheless, these results of seasonal EOF agree well with that of monthly composite 
analysis and confirm the seasonal phase-locking behaviour of the W4 pattern to the austral summer season.

Possible mechanism.  The correlation between meridional wind (V) at 850  hPa and IW4 indicates the 
co-existence of the signal in the ocean–atmosphere system (Fig. 6a). However, there is a phase difference of 
approximately 10° between corresponding loading centers (Fig. 6b). Hence, to explore the interaction between 

Figure 4.   Left (right) panels show the monthly composite maps of positive (negative) W4 years from October 
(− 1) to May (0) in SST anomaly (in °C). (− 1) suggests the preceding year of the event year (0). Hatched areas 
represent the values satisfying 95% confidence with a two-tailed t-test. In this analysis HadISST data are used.
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them, maximum covariance analysis (MCA) is performed among several oceanic and atmospheric parameters. 
Similar to previous results that appeared in the EOF analysis, W4 mode is captured in the second MCA mode 
between SST, meridional wind (V), mixed layer depth (MLD), and latent heat flux (Fig. 7a–c). A correlation of 
0.82 is found between the W4 mode-2 SST time series computed using EOF and MCA methods. It confirms the 
robustness of W4 signal as it appears in both the methods. Also, unlike the slight phase shift in SST and V dis-
cussed earlier, MLD and latent heat flux patterns match well with the SST W4 pattern. The difference in centre of 
actions in SST (Figs. 1, 2, 4) and meridional wind (Fig. 6) may be explained through their interactions with latent 
heat flux and MLD (Fig. 7b,c). The favourable region for release of latent heat flux is based upon air-sea humidity 
gradient and divergent wind (figure not shown). Such regions are different from that of high meridional wind 
variability. Heat loss/gain in the ocean due to anomalous latent heat flux (about 10–11 W m−2; Fig. 7c) is almost 
five times that of anomalous sensible heat flux (about 2–3 W m−2; Fig. S1b), revealing the dominancy of latent 
heat flux in coupling of air-sea interaction. As a result, the net heat flux anomaly (Fig. S1a) displays very similar 
pattern and magnitude to that of latent heat flux. However, it is to be noted that the sensible heat flux also shows 
a similar W4 pattern (Fig. S1b) contributing to the total heat flux (Fig. S1a). The loading centre of the sensible 
heat flux matches with that of the maximum meridional wind variation. The link could be explained through the 
anomalous equator(pole)ward wind that may bring cold (warm) air to the subtropical region. This contributes 
to the air-sea temperature gradient and results in variation in the sensible heat flux. 

The auto- and cross-correlations of the variables as shown in Fig. 7d,e show the evolution of W4 mode over 
its development cycle. In agreement with previous discussions, SST autocorrelation shows its five-month evolu-
tion period through the persistence. However, the MLD persists for three months and latent heat flux persists 

Figure 5.   Second spatial mode of the seasonal EOFs (standardized by their respective standard deviations in 
PCA’s) using SST anomaly over the region (20°S–55°S) from HadISST.

Figure 6.   (a) Correlation field of above 99% significant between IW4 and meridional wind anomaly at 850 hPa. 
(b) Meridional average of SST (black line; − 1 is multiplied to avoid opposite relation) and meridional wind (red 
line) from 20 to 55°S.
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for only 1 month. From the cross-correlation of SST-MLD, MLD-V, and SST-V, we can conclude that the SST 
and MLD signals are generated in response to the wind over two months of preconditioning period. Also, latent 
heat flux is generated along with the meridional wind (correlation = 0.71). Conversely, it is interesting to see that, 
when SST leads, all the atmospheric variables disappear (Fig. 7e). However, MLD persists significantly up to 
3 months after the SST W4 pattern peak and helps the W4 to persist over the region for a while. Another fasci-
nating result is the reversal of the latent heat flux at that time, after leading SST pattern for two months (Fig. 7e). 
All these indicate that the SST W4 mode starts to force the atmosphere after its establishment, which results 
in the reversal of the flux pattern and their cross-correlations. The air-sea interaction can be explained in the 
composite of latent heat flux (Fig. S2). During positive years, gain/loss in latent heat flux (left panel; Fig. S2) of 
about 12 Wm−2 in November and December is capable of generating SST anomaly up to 0.6ºC (left panel; Fig. 4) 
with a constant MLD of 50 m in absence of other processes3. SST reaches its peak in January (Fig. 3), and starts 
forcing the atmosphere upon which a transition phase is observed during January and February. In agreement 
with the MCA analysis the latent heat flux flips its sign in March and April, which is 2 month of post-maturity 
in SST anomaly. The scenario is opposite in accordance with different peak time in SST anomaly (Fig. 3) dur-
ing negative years (right panel; Fig. S2). A similar process is described elsewhere30. Accumulating all the above 
results, the generation mechanism can be summarized as follows.

To the west (east) of an anomalous anticyclone, divergent wind, associated latent heat flux, and detrainment 
(entrainment) warming (cooling) are enhanced. The wind-induced SST warming (cooling) would favour in 
decreasing (increasing) the mixed layer depth behind (ahead of) the anticyclone30. Variation in MLD (Fig. 7b) 
and its longer tenacity (Fig. 7d) indicate that the shallower (deeper) MLD support the surface warming (cool-
ing) as incoming solar radiation is distributed in a thinner (thicker) layer31. Oppositely, SST warming (cooling) 
on the western (eastern) side favours strengthening of the anticyclone by helping the source, not known yet, of 
the anomalous wind. This positive feedback mechanism helps to build up the pattern to its peak, after which the 
pattern starts to force the atmosphere. As a response to this decoupling, the atmospheric signal dies very quickly 

Figure 7.   Second SVD mode of anomalous (a) SST (shaded) and wind at 850 hPa (vector), (b) MLD and (c) 
latent heat flux. (d) Auto-correlation and (e) cross-correlation of SST, meridional wind (V), MLD and, latent 
heat flux (FLUX, positive downward) in pairs as indicted by the levels. The x-axis in (d) and (e) represents the 
lead/lag in months and y-axis represents the correlation coefficients. Positive lag means first variable is leading 
the second. Solid red line shows the 99% significance level.
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(Fig. 7e). Also, due to the breakdown of positive thermodynamic feedback loop of anomalous wind and upper 
ocean dynamics, W4 pattern starts decaying slowly following the MLD. Since the Southern subtropics has sea-
sonally distinct weaker wind and strong insolation during austral summer26, MLD anomalies continue to persist 
sustaining the SST pattern over the region for a while. Nevertheless, SST pattern persists up to March–April of 
the event year due to the long memory of the ocean. The opposite scenario happens in case of anomalous cyclonic 
circulation, which leads to a negative W4 pattern.

Australian rainfall variability linked to W4 pattern.  Inter-annual variability of Australian rainfall is 
strongly related to the anomalous SST over the surrounding Oceans and large-scale atmospheric circulations in 
relation to different tropical and extra-tropical climate modes32–37. Especially, south-eastern Australian (SEA) 
rainfall is dominantly influenced by IOD34. Besides, the rainfall over the SEA has experienced challenging cli-
mate variability in the last two decades35. Further, correlation analysis shows that about 40–50% variability in 
precipitation over SEA is linked to W4 during austral summer (Fig.  8a). To further peruse and understand 
their connection, a composite of difference in precipitation during extreme positive and negative W4 years is 
presented (Fig. 8b). The choice of composite is based on the relationship between positive and negative years 
that are generally opposite in phase through the seasonal evolution cycle (Fig. 4). It can be clearly seen that the 
SEA gets heavy rainfall (1.5–2.0 mm/day) during positive W4 events in February (Fig. 8b) as compared to other 
regions. Additionally, SST and several atmospheric variables (divergent of wind at 850 hPa; vertically integrated 
moisture divergence and moisture transport for total atmosphere) are consistent with the rainfall composite dur-
ing February (Fig. 8c–e) at a 95% confidence interval. Cold SST anomalies develop over the southwestern Pacific 
and the southeastern Indian Ocean, crammed with the warm SST anomaly to the South of Australia (Fig. 8c), 
during positive W4 events. In response, anomalous winds diverge from the colder region to the warmer oceanic 
region. This situation favors anomalous easterlies (westerlies) on the eastern (western) side of the continent 
(Fig. 8c). Along with the wind, moistures are transported to the Australian landmass (Fig. 8d,e). Moreover, the 
increase in specific humidity over the same region (Fig. 8e) supports the enhanced rainfall over SEA (Fig. 8b). 

Figure 8.   (a) Correlation field between IW4 and rainfall anomaly during austral summer. Composite of 
positive minus negative W4 extreme years in February (b) rainfall (in mm/day), (c) SST(shaded; in °C) and 
divergent wind at 850 hPa (vector; in m/s), (d) vertically integrated moisture divergence (shaded; in kg/
m2/s) and moisture transport (vector; in kg/m/s) for whole atmosphere (i.e. surface to 1 Pa), and (e) vertically 
integrated specific humidity (in gm/kg) for whole atmosphere (i.e. surface to 1 Pa). Values less than 95% 
significance level are suppressed.
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Conversely, during negative W4 years, the presence of warm SST anomaly over the western and eastern side of 
Australia packed with cold SST anomaly in the region to the south of Australia reverses the atmospheric circu-
lation. Consequently, the wind and moisture diverge reducing the tropospheric specific humidity that lead to 
decreased rainfall over SEA.

Discussion and summary
Two high latitude modes, the Antarctic circumpolar wave15, and the Antarctic Oscillation38 have been noted in 
the Southern Hemisphere. Further, Wang26 showed the presence of a global zonal wave number-3 in southern 
subtropical SST during austral summer-autumn. Besides, the presence of subtropical dipoles in the southern 
subtropical ocean basins have been reported in regional scale3,10,39. Examining the co-variability in SST dipoles 
between the southern- Indian and Atlantic Oceans, Fauchereau16, reported the presence of a W4 pattern in the 
atmospheric anomalies during austral summer. This pattern in fact was already observed in brightness tem-
perature over the Southern subtropics24. However, its global consistency, spatial phase change over time (called 
mode) and temporal phase-locking behaviour have not been studied and discussed yet. In this study, we found 
that there exists a W4 mode in the SST anomalies over the southern subtropics during austral summer through 
to mid-autumn season. A higher variance is noted in the W4 mode (especially in the Indian Ocean) derived from 
the HadlSST data, as compared to satellite data, perhaps related to its EOF based reconstruction. Sub-tropical 
central Pacific Ocean was observed to serve as a major SST anomaly region among all the loading centers in the 
W4 pattern. Because of thermodynamic coupling between the atmosphere and upper ocean, the W4 pattern 
emerges and grows until it forces the atmosphere. Atmospheric response to the W4 SST breaks the feedback loop 
of anomalous wind and upper ocean dynamics resulting in the decay of the pattern. Nevertheless, it persists up to 
March–April of the event year due to the memory in the ocean. However, the source of anomalous atmospheric 
circulation at the beginning of W4 pattern  is out of the scope of this study and kept open for future works. On 
the other side, the SST anomaly due to the W4 event forces the atmosphere to cause a substantial rainfall variation 
over southeastern Australia. This notable connection between W4 SST mode and Australian rainfall develops 
a better understanding of the dynamics of the continental rainfall especially to the SEA region of Australia.

In summary, a global wave number-4 pattern in SST anomaly has been reported through EOF analysis in the 
southern mid-latitude. Using North Criteria29 and point correlation analysis, the significance of the EOF mode, 
and global consistency of the pattern have been verified. Correlation analysis suggests, this SST pattern is not 
dependent on other known climate phenomena that develop in tropical and southern extra-tropical regions. This 
W4 SST mode shows a seasonal phase-locking behaviour to the austral summer with an extension of persistence 
up to early/mid-autumn. Atmosphere–ocean coupling helps in generating the W4 pattern, which later dies 
down due to the break-down in that positive feedback loop of the upper ocean and atmosphere. During positive 
phase of the W4 event, the cold SST anomaly over the south-eastern and -western side of Australia creates an 
anomalous divergence circulation. This favours the moisture transport towards the SE region of the continent. 
As a consequence, the specific humidity increases and causes an above normal rainfall in a SE-NW axis over 
Australia. This scenario reverses in case of a negative W4 event.

We hope that this distinct W4 pattern in SST over the southern subtropics will help in understanding the 
ocean dynamics over the region. The exploitation of its (W4) relationship with SEA summer rainfall may lead 
to improve the predictability of rainfall over that region. However, a coupled model study extended in scope is 
needed to comprehend the full repercussion of the SST mode.

Material and methods
In the present study, we use monthly mean SST and MLD data from Hadley Centre Global Sea Ice and Sea Surface 
Temperature (HadISST40) and ORAS-5 reanalysis41 having a spatial resolution of 1° × 1° for the period 1979 to 
2018 respectively. For validation of EOF analysis, available gridded satellite data28,42 of same spatial resolution 
spanning from September, 1981 to December, 2018 is used. Atmospheric variables (horizontal wind at 850 hPa, 
sensible and latent heat fluxs, vertically integrated moisture divergence, and specific humidity) of similar spatio-
temporal resolution to that of HadlSST are adopted from ERA-5 reanalysis products43. Here, the authors also used 
the monthly mean rainfall data from the CPC Merged Analysis of Precipitation44 of 2.5° × 2.5° spatial resolution 
over the same interval and period. Monthly anomaly is obtained by subtracting the monthly climatology from 
its corresponding monthly value after removing the linear trend using a least-squares fit at each grid point. The 
study includes the region between 20 and 55°S in the Pacific, the Atlantic and the Indian Oceans of the South-
ern Hemisphere. To identify the dominant linear modes, a detrended monthly SST anomaly was decomposed 
using an EOF over the region. Further, North criteria29 was used to test the significance and independency 
of EOF modes. Pearson’s linear correlation coefficient of ‘n − 1’ degrees of freedom has been used to calculate 
the point correlation map. The correlation coefficient is tested against the null hypothesis using t-test statistic, 
t = r ×

√[

(n− 2)÷
(

1− r
2
)]

 ; where r-correlation coefficient, n-sample size; which has student-t distribution 
with ‘n-2’ degrees of freedom. Student two-tailed t-test is used to test the significance in the composite analysis 
at 95% significance level. For seasonal EOF analysis, first, the detrended monthly SST anomaly data was split 
up into three segments, (1) austral summer through mid-autumn (DJFMA), (2) late autumn and winter (MJJA) 
and (3) spring (SON) for our study. Then, EOF analysis is carried out for each of the segment separately over the 
same region (20°S–55°S). Now, to check the seasonal evolution, the EOF coefficients are divided by correspond-
ing standard deviation in PCA’s at each grid point, which helps to bring the EOF coefficients to a common range.

Maximum covariance analysis (MCA).  To explore the air-sea interaction mechanism, MCA is used in 
this study. It is a singular value decomposition (SVD) analysis applied to a cross-covariance matrix of two dif-
ferent variables. In this study, the SST anomaly is kept as a fixed variable while the other variable is chosen from 
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wind/ MLD/ latent heat flux to construct the corresponding cross-covariance matrices. These cross-covariance 
matrices are further used to perform the SVD analysis. Since the W4 pattern matures during the austral summer 
season, variables are chosen for DJF months (austral summer) to feed to the MCA analysis. To understand the 
evolution of the mode-2 patterns, the spatial patterns obtained from MCA analysis (left and right singular vec-
tors correspond to the pattern of first and second variables respectively) are projected on the original anomalous 
data (which contains all calendar months). Thus, the generated time series contains the variability of mode-2 
signals only. To bring the SVD coefficients to a common range, each time series is divided by its standard devia-
tion and, simultaneously multiplied with respective spatial patterns. Then auto-correlation and cross-correlation 
analysis are performed among the parameters.

Indices.  Climate indices used in the analyses are obtained from different sources; Oceanic Niño Index (ONI; 
https​://origi​n.cpc.ncep.noaa.gov) from CPC, NOAA using ERSSTv545; Pacific Decadal Oscillation (PDO; https​
://www.ncdc.noaa.gov) index from NCDC, NOAA using ERSSTv545; Indian Ocean Dipole (IOD) index (https​://
www.esrl.noaa.gov) from ESRL,NOAA using HadlSST40; Southern Annular Mode (SAM) index46 (https​://clima​
tedat​aguid​e.ucar.edu) from NCAR/UCAR. Besides, calculated Indian Ocean Sub-tropical Dipole (IOSD)3, and 
South Atlantic Sub-tropical Dipole (SASD)31 index were used to examine their impact on W4.

Received: 25 August 2020; Accepted: 16 December 2020

References
	 1.	 Liu, Z. & Alexander, M. Atmospheric bridge, oceanic tunnel, and global climatic teleconnections. Rev. Geophys. 15, 2205–2231. 

https​://doi.org/10.1029/2005R​G0001​72 (2007).
	 2.	 Barros, V. R. & Silvestri, G. E. The relation between sea surface temperature at the subtropical South-Central Pacific and precipita-

tion in Southeastern South America. J. Clim. 15, 251–267. https​://doi.org/10.1175/1520-0442(2002)015%3c025​1:trbss​t%3e2.0.co;2 
(2002).

	 3.	 Behera, S. K. & Yamagata, T. Subtropical SST dipole events in the southern Indian Ocean. Geophys. Res. Lett. 28, 327–330 (2001).
	 4.	 Diaz, A. F., Studzinski, C. D. & Mechoso, C. R. Relationships between precipitation anomalies in Uruguay and southern Brazil and 

sea surface temperature in the Pacific and Atlantic oceans. J. Clim. 11, 251–271. https​://doi.org/10.1175/1520-0442(1998)011%3c025​
1:RBPAI​U%3e2.0.CO;2 (1998).

	 5.	 England, M. H., Ummenhofer, C. C. & Santoso, A. Interannual rainfall extremes over southwest Western Australia linked to Indian 
Ocean climate variability. J. Clim. 19(10), 1948–1969. https​://doi.org/10.1175/JCLI3​700.1 (2006).

	 6.	 Reason, C. J. C. Interannual warm and cool events in the subtropical/mid-latitude South Indian Ocean region. Geophys. Res. Lett. 
26, 215–218 (1999).

	 7.	 Reason, C. J. C. & Mulenga, H. Relationships between South African rainfall and SST anomalies in the southwest Indian Ocean. 
Int. J. Climatol. 19, 1651–1673 (1999).

	 8.	 Taschetto, A. S. & Wainer, I. The impact of the subtropical South Atlantic SST on South American precipitation. Ann. Geophys. 
26(11), 3457. https​://doi.org/10.5194/angeo​-26-3457-2008 (2008).

	 9.	 Tozuka, T., Kataoka, T. & Yamagata, T. Locally and remotely forced atmospheric circulation anomalies of Ningaloo Niño/Niña. 
Clim. Dyn. 43(7–8), 2197. https​://doi.org/10.1007/s0038​2-013-2044-x (2014).

	10.	 Venegas, S. A., Mysak, L. A. & Straub, D. N. Atmosphere-ocean coupled variability in the South Atlantic. J. Clim. 10(11), 2904–2920. 
https​://doi.org/10.1175/1520-0442(1997)010%3c290​4:AOCVI​T%3e2.0.CO;2 (1997).

	11.	 Dash, M. K., Pandey, P. C., Vyas, N. K. & Turner, J. Variability in the ENSO-induced southern hemispheric circulation and Antarctic 
sea ice extent. Int. J. Climatol. 33, 778–783. https​://doi.org/10.1002/joc.3456 (2013).

	12.	 Saji, N. H., Goswami, B. N., Vinayachandran, P. N. & Yamagata, T. A dipole mode in the tropical Indian ocean. Nature 401, 360–363. 
https​://doi.org/10.1038/43854​ (1999).

	13.	 Zebiak, S. E. Air-sea interaction in the equatorial Atlantic region. J. Clim. 6, 1567–1586. https​://doi.org/10.1175/1520-
0442(1993)006%3c156​7:AIITE​A%3e2.0.CO;2 (1993).

	14.	 Gong, D. & Wang, S. Definition of Antarctic oscillation index. Geophys. Res. Lett. 26, 459–462. https​://doi.org/10.1029/1999G​
L9000​03 (1999).

	15.	 White, W. B. & Peterson, R. G. An Antarctic circumpolar wave in surface pressure, wind, temperature and sea-ice extent. Nature 
380, 699–702. https​://doi.org/10.1038/38069​9a0 (1996).

	16.	 Fauchereau, N., Trzaska, S., Richard, Y., Roucou, P. & Camberlin, P. Sea-surface temperature co-variability in the southern Atlantic 
and Indian Oceans and its connections with the atmospheric circulation in the Southern Hemisphere. Int. J. Climatol. 23, 663–677 
(2003).

	17.	 Morioka, Y. et al. Role of tropical SST variability on the formation of subtropical dipoles. J. Clim. 27, 4486–4507 (2014).
	18.	 van Loon, H. & Jenne, R. L. The zonal harmonic standing waves in the southern hemisphere. J. Geophys. Res. 77, 992–1003. https​

://doi.org/10.1029/jc077​i006p​00992​ (1972).
	19.	 Trenberth, K. E. Planetary waves at 500 mb in the Southern Hemisphere. Mon. Weather Rev. 108, 1378–1389. https​://doi.

org/10.1175/1520-0493(1980)108%3c137​8:PWAMI​T%3e2.0.CO;2 (1980).
	20.	 Trenberth, K. E. & Mo, K. C. Blocking in the Southern Hemisphere. Mon. Weather Rev. 133, 38–53. https​://doi.org/10.1175/1520-

0493(1985)113%3c000​3:BITSH​%3e2.0.CO;2 (1985).
	21.	 Reason, C. J. C. Multidecadal climate variability in the subtropics/mid-latitudes of the Southern Hemisphere oceans. Tellus Ser. A 

Dyn. Meteorol. Oceanogr. 52, 203–223 (2000).
	22.	 Tyson, P. D. Atmospheric circulation variations and the occurrence of extended wet and dry spells over Southern Africa. J. Climatol. 

1, 115–130. https​://doi.org/10.1002/joc.33700​10203​ (1981).
	23.	 Raphael, M. N. The influence of atmospheric zonal wave three on Antarctic sea ice variability. J. Geophys. Res. Atmos. 112, D12112. 

https​://doi.org/10.1029/2006J​D0078​52 (2007).
	24.	 Yasunari, T. Stationary waves in the southern hemisphere mid-latitude zone revealed from average brightness charts. J. Meteorol. 

Soc. Jpn. Ser. II 55, 274–285. https​://doi.org/10.2151/jmsj1​965.55.3_274 (1977).
	25.	 Manhique, A. J. et al. Extreme rainfall and floods in southern Africa in January 2013 and associated circulation patterns. Nat. 

Hazards 77, 679–691. https​://doi.org/10.1007/s1106​9-015-1616-y (2015).
	26.	 Wang, F. Subtropical dipole mode in the Southern Hemisphere: A global view. Geophys. Res. Lett. 37, 1–4 (2010).

https://origin.cpc.ncep.noaa.gov
https://www.ncdc.noaa.gov
https://www.ncdc.noaa.gov
https://www.esrl.noaa.gov
https://www.esrl.noaa.gov
https://climatedataguide.ucar.edu
https://climatedataguide.ucar.edu
https://doi.org/10.1029/2005RG000172
https://doi.org/10.1175/1520-0442(2002)015%3c0251:trbsst%3e2.0.co;2
https://doi.org/10.1175/1520-0442(1998)011%3c0251:RBPAIU%3e2.0.CO;2
https://doi.org/10.1175/1520-0442(1998)011%3c0251:RBPAIU%3e2.0.CO;2
https://doi.org/10.1175/JCLI3700.1
https://doi.org/10.5194/angeo-26-3457-2008
https://doi.org/10.1007/s00382-013-2044-x
https://doi.org/10.1175/1520-0442(1997)010%3c2904:AOCVIT%3e2.0.CO;2
https://doi.org/10.1002/joc.3456
https://doi.org/10.1038/43854
https://doi.org/10.1175/1520-0442(1993)006%3c1567:AIITEA%3e2.0.CO;2
https://doi.org/10.1175/1520-0442(1993)006%3c1567:AIITEA%3e2.0.CO;2
https://doi.org/10.1029/1999GL900003
https://doi.org/10.1029/1999GL900003
https://doi.org/10.1038/380699a0
https://doi.org/10.1029/jc077i006p00992
https://doi.org/10.1029/jc077i006p00992
https://doi.org/10.1175/1520-0493(1980)108%3c1378:PWAMIT%3e2.0.CO;2
https://doi.org/10.1175/1520-0493(1980)108%3c1378:PWAMIT%3e2.0.CO;2
https://doi.org/10.1175/1520-0493(1985)113%3c0003:BITSH%3e2.0.CO;2
https://doi.org/10.1175/1520-0493(1985)113%3c0003:BITSH%3e2.0.CO;2
https://doi.org/10.1002/joc.3370010203
https://doi.org/10.1029/2006JD007852
https://doi.org/10.2151/jmsj1965.55.3_274
https://doi.org/10.1007/s11069-015-1616-y


11

Vol.:(0123456789)

Scientific Reports |          (2021) 11:142  | https://doi.org/10.1038/s41598-020-80492-x

www.nature.com/scientificreports/

	27.	 Lin, Z. The South Atlantic-South Indian ocean pattern: A zonally oriented teleconnection along the Southern Hemisphere westerly 
jet in austral summer. Atmosphere. 10, 259 (2019).

	28.	 Merchant, C. J. et al. Satellite-based time-series of sea-surface temperature since 1981 for climate applications. Sci. Data. 6, 1–18. 
https​://doi.org/10.1038/s4159​7-019-0236-x (2019).

	29.	 North, G. R., Bell, T. L., Cahalan, R. F. & Moeng, F. J. Sampling errors in the estimation of empirical orthogonal functions. Mon. 
Weather Rev. 110(699–706), 1982. https​://doi.org/10.1175/1520-0493(1982)110%3c069​9:seite​o%3e2.0.co;2 (1982).

	30.	 Wang, B., Wu, R. & Fu, X. Pacific-East Asian teleconnection: How does ENSO affect East Asian climate?. J. Clim. 13, 1517–1536. 
https​://doi.org/10.1175/1520-0442(2000)013%3c151​7:PEATH​D%3e2.0.CO;2 (2000).

	31.	 Morioka, Y., Tozuka, T. & Yamagata, T. On the growth and decay of the subtropical dipole mode in the South Atlantic. J. Clim. 24, 
5538–5554. https​://doi.org/10.1175/2011J​CLI40​10.1 (2011).

	32.	 Ashok, K., Guan, Z. & Yamagata, T. Influence of the Indian Ocean Dipole on the Australian winter rainfall. Geophys. Res. Lett. 
30(15), 1821. https​://doi.org/10.1029/2003G​L0179​26 (2003).

	33.	 Cai, W., Cowan, T. & Sullivan, A. Recent unprecedented skewness towards positive Indian Ocean Dipole occurrences and its impact 
on Australian rainfall. Geophys. Res. Lett. 36(11), L11705. https​://doi.org/10.1029/2009G​L0376​04 (2009).

	34.	 Ummenhofer, C. C. et al. What causes southeast Australia’s worst droughts?. Geophys. Res. Lett. 36(4), L04706. https​://doi.
org/10.1029/2008G​L0368​01 (2009).

	35.	 CSIRO. Climate and water availability in south- eastern Australia: A synthesis of findings from Phase 2 of the South Eastern 
Australian Climate Initiative (SEACI). CSIRO (2012).

	36.	 Taschetto, A. S., Gupta, A. S., Hendon, H. H., Ummenhofer, C. C. & England, M. H. The contribution of Indian Ocean sea surface 
temperature anomalies on Australian summer rainfall during El Niño events. J. Clim. 24, 3734–3747. https​://doi.org/10.1175/2011J​
CLI38​85.1 (2011).

	37.	 King, A. D., Donat, M. G., Alexander, L. V. & Karoly, D. J. The ENSO-Australian rainfall teleconnection in reanalysis and CMIP5. 
Clim. Dyn. https​://doi.org/10.1007/s0038​2-014-2159-8 (2015).

	38.	 Thompson, D. W. J. & Wallace, J. M. Annular modes in the extratropical circulation. Part I: Month-to-month variability. J. Clim. 
13, 1000–1016. https​://doi.org/10.1175/1520-0442(2000)013%3c100​0:AMITE​C%3e2.0.CO;2 (2000).

	39.	 Morioka, Y., Ratnam, J. V., Sasaki, W. & Masumoto, Y. Generation mechanism of the South Pacific subtropical dipole. J. Clim. 26, 
6033–6045. https​://doi.org/10.1175/JCLI-D-12-00648​.1 (2013).

	40.	 Rayner, N. A. et al. Global analyses of sea surface temperature, sea ice, and night marine air temperature since the late nineteenth 
century. J. Geophys. Res. Atmos. 108, 4407. https​://doi.org/10.1029/2002j​d0026​70 (2003).

	41.	 Zuo, H., Balmaseda, M. A., Tietsche, S., Mogensen, K. & Mayer, M. The ECMWF operational ensemble reanalysis-analysis system 
for ocean and sea ice: A description of the system and assessment. Ocean Sci. 15, 779–808. https​://doi.org/10.5194/os-15-779-2019 
(2019).

	42.	 Merchant, C. J. & Embury, O. Adjusting for desert-dust-related biases in a climate data record of sea surface temperature. Remote 
Sens. 12, 1–15 (2020).

	43.	 Copernicus Climate Change Service (C3S): ERA5: Fifth generation of ECMWF atmospheric reanalyses of the global climate. 
Copernicus Climate Change Service Climate Data Store (CDS), date of access. https​://cds.clima​te.coper​nicus​.eu/cdsap​p#!/home 
(2017).

	44.	 Xie, P. & Arkin, P. A. Global precipitation: A 17-year monthly analysis based on gauge observations, satellite estimates, and numeri-
cal model outputs. Bull. Am. Meteorol. Soc. 78(11), 2539–2558. https​://doi.org/10.1175/1520-0477(1997)078%3c253​9:GPAYM​
A%3e2.0.CO;2 (1997).

	45.	 Huang, B. et al. Extended reconstructed Sea surface temperature, Version 5 (ERSSTv5): Upgrades, validations, and intercompari-
sons. J. Clim. 30(20), 8179–8205. https​://doi.org/10.1175/JCLI-D-16-0836.1 (2017).

	46.	 Marshall, G. J. Trends in the Southern Annular Mode from observations and reanalyses. J. Clim. 16(24), 4134–4143. https​://doi.
org/10.1175/1520-0442(2003)016%3c413​4:TITSA​M%3e2.0.CO;2 (2003).

Acknowledgments
The first author is thankful to the Department of Science and Technology, New Delhi for funding his research 
through the INSPIRE PhD fellowship programme (IF170092). The authors are also grateful to the Indian Institute 
of Technology, Kharagpur for providing necessary facilities. We further acknowledge the ESA Climate Change 
Initiative and the SST CCI project for free access of the satellite derived SST data. We would like to thank the 
NOAA/OAR/ESRL PSL, Boulder, Colorado, USA for CMAP Precipitation data from their website at https​://psl.
noaa.gov/. Authors are very much thankful to two anonymous reviewers for their constructive comments and 
thoughtful insights that helped to improve the interpretation of the results and the quality of the discussions. 
NCAR Command Language, Climate Data Operator and Matlab have been used for the analysis. Figures are 
plotted using PyFerret and Matlab.

Author contributions
B.S. analyzed the data, prepared the material, interpreted the results and wrote the manuscript; M.K.D. and S.K.B. 
supervised the research and revised the manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https​://doi.
org/10.1038/s4159​8-020-80492​-x.

Correspondence and requests for materials should be addressed to M.K.D.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

https://doi.org/10.1038/s41597-019-0236-x
https://doi.org/10.1175/1520-0493(1982)110%3c0699:seiteo%3e2.0.co;2
https://doi.org/10.1175/1520-0442(2000)013%3c1517:PEATHD%3e2.0.CO;2
https://doi.org/10.1175/2011JCLI4010.1
https://doi.org/10.1029/2003GL017926
https://doi.org/10.1029/2009GL037604
https://doi.org/10.1029/2008GL036801
https://doi.org/10.1029/2008GL036801
https://doi.org/10.1175/2011JCLI3885.1
https://doi.org/10.1175/2011JCLI3885.1
https://doi.org/10.1007/s00382-014-2159-8
https://doi.org/10.1175/1520-0442(2000)013%3c1000:AMITEC%3e2.0.CO;2
https://doi.org/10.1175/JCLI-D-12-00648.1
https://doi.org/10.1029/2002jd002670
https://doi.org/10.5194/os-15-779-2019
https://cds.climate.copernicus.eu/cdsapp#!/home
https://doi.org/10.1175/1520-0477(1997)078%3c2539:GPAYMA%3e2.0.CO;2
https://doi.org/10.1175/1520-0477(1997)078%3c2539:GPAYMA%3e2.0.CO;2
https://doi.org/10.1175/JCLI-D-16-0836.1
https://doi.org/10.1175/1520-0442(2003)016%3c4134:TITSAM%3e2.0.CO;2
https://doi.org/10.1175/1520-0442(2003)016%3c4134:TITSAM%3e2.0.CO;2
https://psl.noaa.gov/
https://psl.noaa.gov/
https://doi.org/10.1038/s41598-020-80492-x
https://doi.org/10.1038/s41598-020-80492-x
www.nature.com/reprints


12

Vol:.(1234567890)

Scientific Reports |          (2021) 11:142  | https://doi.org/10.1038/s41598-020-80492-x

www.nature.com/scientificreports/

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://creat​iveco​mmons​.org/licen​ses/by/4.0/.

© The Author(s) 2021

http://creativecommons.org/licenses/by/4.0/

	Global wave number-4 pattern in the southern subtropical sea surface temperature
	Results
	Wave number-4 pattern in the Southern subtropical SST. 
	Seasonal evolution of W4. 
	Possible mechanism. 
	Australian rainfall variability linked to W4 pattern. 

	Discussion and summary
	Material and methods
	Maximum covariance analysis (MCA). 
	Indices. 

	References
	Acknowledgments


