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Published online: 08 October 2018 Due to the profound impact of El Nifio-Southern Oscillation (ENSO) on global climate and weather,
extensive research has been devoted to its prediction. However, prediction accuracy based on
observation is still insufficient and largely limited to less than one year of lead time. In this study, we
demonstrate the possibility that anomalous sea surface temperature (SST) warming (cooling) in the
Western Hemisphere Warm Pool (WHWP, a.k.a. Atlantic Warm Pool) near the Intra-Americas Sea (I1AS),
which is the second largest warm pool on the planet, contributes to the initiation of La Nifia (El Nifio)
with a 17-month lag time. SST anomalies in WHWP in late boreal summer contribute significantly to the
emergence of the Pacific meridional mode (PMM) via interaction between the ocean and atmosphere
over the subtropical North Pacific during the subsequent winter and spring. Near-equatorial surface
wind anomalies associated with the PMM can further trigger ENSO through the dynamics of the
equatorial oceanic waves. Thus, this observational analysis presents a clear step-by-step explanation
about the influence of WHWP on ENSO development with a 17-month lead time.

The El Nifio-Southern Oscillation (ENSO) exerts considerable influence on weather and climate around the
world via atmospheric teleconnection'=* even though it occurs in the equatorial Pacific. Hence, extensive studies
have been conducted based on observational data to better understand the triggering mechanisms of El Nifio**
(a positive phase of ENSO) and associated precursors”® that help in anticipating the El Nifio occurrence and its
accompanied extreme climate events. For instance, some previous studies emphasized the role of warm water
volume (WWV)? in the equatorial Pacific as an essential precondition of ENSO. Since the ocean’s memory is
dependent on the wave adjustment process according to the delayed oscillator theory!” or the recharge oscillatory
theory'"'2, a WWYV peak usually precedes the El Nifio by approximately eight months!?. In addition, precursory

- signals from extratropical Pacific regions, such as the North Pacific Oscillation during boreal winter (for con-

: venience, seasons in this study follow those in the Northern Hemisphere), can also lead to subsequent El Nifio

. development via a seasonal foot-printing mechanism'* (SEM). Similarly, the Pacific meridional mode (PMM)!516
in the subtropical North Pacific and its related trade winds can induce a charging mechanism'”#, which is known
as another precursor that will often trigger El Nifo events.

Atmospheric teleconnection from other oceans may also help to trigger El Nifio. For example, Atlantic Nino,
which peaks in summer, may independently enhance El Nifio development by modulating the Walker Circulation
in the Atlantic and eastern Pacific sector'®-2!. Ham et al.?® proposed that a negative sea surface temperature (SST)
anomaly in the tropical North Atlantic (TNA) during early spring could induce El Nifio development via Rossby

. Wwave response to an anomalous heat source in the TNA and local air-sea interactions along the intertropical con-

© vective zone (ITCZ) in the subtropical North Pacific, which could be used to predict El Nino with a three-season

* lead time. Regarding the influence of the TNA, Yu et al.! mentioned that a cold SST anomaly (SSTA) in the TNA
in summer could force a remote westerly anomaly response in the equatorial Pacific through atmospheric Kelvin
wave response and the Indian Ocean relaying effect.
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Figure 1. Relation between SST/HC and Nino3.4 index. Lead-lag correlation maps of (a) SST and (b) HC
anomalies in JAS(0) based on the Nino3.4 index in D(1)JF(2), indicating 17-month lead-lag, are shown. The
WHWP region is indicated by the black box in (a). Contour intervals are 0.2, and hatching indicates 95%
confidence level by two-tailed t-test.

Izumo et al.** argued that the Indian Ocean dipole (IOD)?, which has a peak phase in fall, may trigger El Nifio
by modulating surface wind anomalies over the western equatorial Pacific in the following spring and summer.
It was emphasized that the effect of IOD could help predict El Nifio events with a 13 to 15-month lead time.
These results imply that interbasin interaction can play a key role in El Nifio prediction beyond one year. Such
a long-lead relation is of great importance as it overcomes the spring predictability barrier of El Nifio®* which
makes El Nifo predictions beyond one year very difficult.

In addition, some forecast experiments have shown that the interbasin interactions with the Indian and
Atlantic Oceans can improve ENSO prediction®. These observational and modeling studies motivated us to con-
sider other possible precursors in the Atlantic Ocean that could extend El Nifo prediction lead time. In this light,
we suggest that an SSTA in the Western Hemisphere Warm Pool* (WHWP, a.k.a. Atlantic Warm Pool), which is
located in the Intra-Americas Sea (IAS), is a new independent precursor of El Nifio with a forecast lead time of
17 months.

Results

Precursory components of El Nifio with a 17-month lead. A lead-lag correlation analysis with
Nino3.4 index from December (1) to February (2) (i.e., D(1)JF(2), where the number denotes the sequential order
of year) revealed that there is a significant positive correlation between SST and heat content (HC) anomalies over
the tropical western Pacific ~17 months prior (July to September, JAS(0)) to an El Nifio peak in winter (Fig. 1).
Note that HC is closely related to the WWV. Herein, HC is defined as the vertical average of oceanic temperature
in the upper 300 m* (refer to Methods). Figure 1 indicates that the configuration of SSTA in the western Pacific
is an ocean surface manifestation of HC in the western equatorial Pacific. Thus, the HC in the western equatorial
Pacific should be considered as a long-lead representative precursor of ENSO, as indicated in a previous study®.

In addition to the Pacific signal, a significant SST cooling signal appears in the western Indian Ocean, a region
often used to represent the western pole of the IOD?. Together with weak SST warming near the Sumatra in the
eastern Indian Ocean, the SST pattern in the Indian Ocean can be considered as an IOD in JAS(0), which is in the
middle of developing process into a peak phase of the IOD in fall*’. According to the previous studies?-!, the
IOD evolves into a basin-wide cooling pattern during the following winter. The basin-wide cooling in the Indian
Ocean persists from winter to the following summer, and it induces anomalous westerly winds in the western
equatorial Pacific through Kelvin wave response®** and establishes a low-level cyclonic circulation anomaly.
Since the westerly wind anomalies over the western equatorial Pacific is known to provide favorable conditions
for El Nino development, an IOD may be regarded as a potential long-lead precursor of El Nifo. However, it
should be emphasized that during JAS(0) an SSTA over the western Indian Ocean, rather than the eastern Indian
Ocean, plays a more significant role in subsequent El Nifio development or phase transition®, as inferred in
Fig. 1a.

Interestingly, a significant negative SSTA signal is found in the IAS and far eastern Pacific. These regions
are known as WHWP?, which is the second largest warm pool on the planet. The statistical significance of this
long-lead (about six seasons) correlation between WHWP and El Niflo suggests that interbasin interaction exists
between the Pacific and Atlantic Oceans, as well as the Pacific and Indian Oceans. It is necessary to consider
significant SST signals over the subtropical eastern South Pacific and tropical Atlantic. However, since the sig-
nals are small and possibly related to WHWP through atmospheric circulation, we focus on WHWP. Therefore,
WHWP-EI Nifio connection provides an additional precursory signal for possible prediction of El Nifio with a
lead time greater than one year. It should be noted that the long-lead relation between WHWP and EI Nifio has
become significant during the past three decades (Supplementary Fig. 1). Such an interdecadal change could be
attributed to the recent increase in climatological SST in the tropical Atlantic****. To validate this information, we
conducted modeling experiments using GFDL-CM2.1, where recent climatological SST warming in WHWP in
JAS season is forced (see Supplementary Fig. 2 for more information). In the experiments, a higher climatological
SST in WHWP in JAS season resulted in more significant connection between WHWP and Pacific; this result is
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Lead—Lagged Correlation & Regression (vs. WHWP—-Index)

Figure 2. Lagged influence of WHWP-SST on the Pacific. Lagged correlation maps of SST (shading; above 90%
confidence level is hatched), SLP (contour; interval is 0.2), wind (vectors; shown only above 90% confidence
level) and precipitation (dots; positive-green, negative-brown; shown only above 90% confidence level)
anomalies in (a) JAS(0), (b) SON(0), (¢) ND(0)J(1), (d) JEM(1), and (e) MAM(1) based on the WHWP (JASO)
index. For (f), regression results against normalized the WHWP index in D(1)JF(2) are shown, where contour
interval of SLP anomaly is 0.5hPa.

consistent with the results presented in Fig. 2. These results support the idea that the recent climatological warm-
ing in WHWP plays an important role in the WHWP-EI Nino connection.

Influence of WHWP on the Pacific. The abovementioned observational results point out three key pre-
cursory signals for El Nifio with ~17-month lead time. The first is the HC over the western equatorial Pacific.
The second and the third are IOD and WHWP, respectively. Since the relation between precursory HC and IOD
signals and El Nifio have been previously reported??, this study focuses on the mechanism through which SSTA
in WHWP affects El Nifio development. To examine specific processes through which WHWP influences an
SSTA in the equatorial Pacific, lagged correlation/regression analysis is conducted in various seasons based on
the WHWP index (Fig. 2) (see Method in terms of index, Supplementary Fig. 3). As illustrated in Fig. 2a, a strong
surface warming in WHWP during JAS(0) induces a simultaneous negative sea level pressure (SLP) anomaly in
situ and a positive SLP anomaly (SLPA) over the subtropical northeastern Pacific*>. Note that SST amplitude and
areal expansion of WHWP are climatologically greatest during JAS season. Thus, influence of WHWP on the
atmospheric circulation is expected to be greatest during this season. If one considers JJA (June to August) or
ASO (August to October) instead of JAS, a similar result can be obtained.

A SST warming in the WHWP leads to a low-level anomalous cyclone to the west of the anomalous heat
source in the WHWP due to Rossby wave response® (Supplementary Fig. 4). The northerly wind anomalies to the
west of the low-level cyclone advect negative moist static energy (MSE) into the subtropical North Pacific, which
leads to negative precipitation anomalies over the region. The northerly wind anomalies also enhance the mean
northeasterly trade winds in the region, leading to an increase in latent heat flux and thus SST cooling (Fig. 2a).
Meanwhile, the SST cooling and the suppressed precipitation over the subtropical North Pacific induce an anom-
alous anticyclone to the west according to the off-equatorial Gill response and atmosphere-ocean interaction
in the subtropics®. The enhanced northerly wind anomalies associated with the anomalous anticyclone further
strengthen the negative MSE advection and associated precipitation anomalies. Through this positive feedback,

SCIENTIFICREPORTS| (2018) 8:14957 | DOI:10.1038/s41598-018-33191-7 3



www.nature.com/scientificreports/

the local cold SSTA and the positive SLPA are maintained throughout the subsequent winter and spring even after
the dissipation of SSTA in WHWP (Fig. 2b-e).

While the climatological trade winds persist over the central and eastern North Pacific throughout the year,
which is critical to maintaining the local cold SSTA (Fig. 2a-e), the seasonal change of the background winds
from JAS(0) to JEM(1) (January to March) near the coast of the East Asia is responsible for the formation of
a northeast-southwest tilted warm SSTA belt in the northwestern Pacific during winter. Since climatologically
northerly mean winds prevail near the coast of the East Asia in this season, an anomalous subtropical anticyclone
over the subtropical North Pacific induces anomalous SST warming over its western region with less latent heat
fluxes from the ocean’s surface due to a reduction in total wind speed. In addition, the anticyclonic flows deepen
the thermocline due to anomalous Ekman downwelling, which results in SST warming®®. The anomalous subtrop-
ical anticyclone is closely coupled with the dipole SSTA pattern, with a tilted warm (cold) SSTA belt to the west
(east). The subtropical dipole SSTA pattern becomes strongest in MAM(1) (March to May), resembling a typical
PMM pattern (Fig. 2e).

The full development of PMM is accompanied by the southwestward propagation of SSTA from the subtropics
toward the Tropics due to wind-evaporation-SST feedback'®. During the southward propagation, seasonal ITCZ
provides an environment for active air-sea interaction. Hence, a small perturbation initiated in the subtropics
can be intensified when the ITCZ is present. As the subtropical signals of the PMM reach to the equatorial region,
the easterly anomalies force oceanic upwelling of Kelvin waves and trade-wind discharging'”'$, leading to the
development of La Nifia in the subsequent seasons (Fig. 2f).

The observational analysis above reveals the significant long-lead impact of WHWP on SSTA in the equatorial
Pacific. Model simulation results are also used for the period from 1970 to 2000 to evaluate the performance of
climate models participated in the Coupled Model Inter-comparison Project phase 5 (CMIP5) (Supplementary
Table 1). Consistent with the observational analysis, we first checked whether SST in WHWP is capable of influ-
encing subsequent El Nifio in each model simulation. It is found that in terms of the correlation between SST in
WHWP and Nifio3.4 index (Supplementary Fig. 5), most of the CMIP5 models (87.8%; 29/33) reproduced the
negative WHWP-ENSO correlation, which is consistent with the observation. In particular, 15 models show sig-
nificant correlation at a 95% confidence level (Supplementary Table 1). Further analysis reveals that the models
tend to simulate the evolution of the teleconnection patterns from WHWP to ENSO reasonably for approximately
six seasons (Supplementary Fig. 6). In particular, with respect to the abovementioned 15 models, anomalous
northerly winds and SST cooling over the North Pacific during summer to winter were identified (Supplementary
Fig. 7). In turn, PMM-like and La Nifia patterns are shown in MAM(1) and OND(1) (October to December)
seasons, respectively. This result warrants a further examination of the CMIP5 models.

El Nifio Prediction with a multiple regression model. Thus far, we have discussed the possible role
of WHWP in El Nino generation with a lag time greater than one year. Given the physical linkage between
WHWP and EI Nifo, SSTA in the WHWP can be used as a precursor for long-lead El Nino prediction. To validate
this possibility further, we applied the Granger causality analysis**’. From this analysis, SSTA in the WHWP is
proved to be independent from previous El Nifio and able to trigger El Nifio with 17-month lag at a 95% confi-
dence level (Supplementary Table 2). A simple statistical model is constructed using the preceding WHWP signal
and other precursory signals, such as HC in the equatorial western Pacific and IOD, as shown in Fig. 1. The IOD
and WHWP indices change slightly based on whether the previous El Niflo signals are retained or removed; thus,
the result in this study is not sensitive to the effects of previous El Nifo, even though El Nifio signals are removed
from both indices.

We first examined the influence of equatorial HC, which considers internal dynamics in the Pacific. By
regressing the HC index (JAS(0)) onto the observed SSTA (D(1)JF(2)), SSTA fields are reconstructed. Then, the
correlation is calculated at each grid point between the observed and reconstructed SSTA, as shown in Fig. 3a
(similar results for another season can be seen in Supplementary Fig. 8). The highest correlation (~0.5) appears
over the equatorial Pacific. In a linear sense, this implies that ~25% of the total SSTA variability can be explained
by the Pacific HC. Next, in addition to the Pacific HC, the preceding IOD effect is considered via multiple regres-
sion analysis. The correlation coefficients between the reconstructed SSTA field and the observed SSTA field
are shown in Fig. 3b. As depicted in the figure, the maximum correlation coefficient increases to ~0.62, which
indicates that up to 38% of the total variance can be explained from a linear perspective. Compared to Fig. 3a,
the correlation pattern in Fig. 3b appears more symmetrical about the equator, which is indicative of the effect of
previously discussed equatorially trapped waves generated by IOD.

Lastly, the effect of WHWP is incorporated into the multiple regression model (Fig. 3c) and then a marked
increase in the correlation is obtained. The peak correlation coefficient increases to 0.75, which appears slightly
off the equator, reflecting PMM influence. Such a high correlation coefficient means that up to 56% of the ENSO
variability can be captured by the combined WHWP-HC-IOD precursory signals. This variance is much higher
than that from the combined HC-IOD effect (38%), possibly due to the independence of WHWP. A cross val-
idation (excluding one of their time series) further revealed that correlation coefficients against the observed
SSTA exceed 0.60 in the Nifl03.4 region, exceeding a 99% confidence level (Supplementary Fig. 9). Herein, mul-
tiple regression coefficients of the WHWP, IOD, and HC indexes vs. the Nifio3.4 index are 0.43, 0.39, and 0.31,
respectively, indicating that 42.7%, 35.1%, and 22.2% of the reproduced variability can be explained by those three
precursory components.

It is worth noting that the increase in the correlation coefficient appears not only in the equatorial Pacific but
also in the subtropical western North Pacific. This is understandable because the two regions are dynamically
linked via westward propagating Rossby waves*!. Because the western North Pacific is recognized as a key region
that conveys El Nino impacts, the WHWP effect appears to provide an additional benefit in the prediction of El
Nifio.
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Correlation (SST:D1JF2 .vs. JASO)
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Figure 3. Grid-to-grid correlation maps between observed SSTA and reproduced SSTA (Observation). For SST
reconstruction, (a) HC index only, (b) IOD and HC indices, and (¢) WHWP, IOD, and HC indices are used in
multiple regression method, respectively. Contour intervals are 0.05.

Based on the significant relation between WHWP and ENSO, we examined how WHWP is related to the
ENSO event, combined with the IOD and HC in the CMIP5 long-term simulations. For this, the same calcula-
tion applied to the observation is repeated. Figure 4 shows the ensemble average of correlation of 28 models that
correctly captures the lagged WHWP-ENSO relation. As expected, the combination of WHWP with the HC
and IOD precursory signals leads to a noticeable increase in the correlation coefficient. Analytical results from
individual models also show the possibility that WHWP can improve the El Nifio prediction beyond 1-year of
lead time (Supplementary Fig. 10).

Discussion

By analyzing observational and model simulation data, we showed a significant influence of WHWP on El
Nino with a 17-month lead time. Results of our evaluation indicated an increase of an SSTA in the WHWP in
mid-summer to early-fall induces a northerly wind anomaly over the North Pacific as a result of Rossby wave
propagation, which in turn generates a cold SSTA and a high SLPA in the subtropical northeastern Pacific. The
cold SSTA and high SLPA together with associated anomalous low-level anticyclone persist through the subse-
quent winter and spring due to positive air-sea feedback. The equatorward expansion of the cold SSTA and the
anomalous circulation in the subtropical North Pacific lead to the generation of a PMM-like pattern in the spring,
triggering a La Nifla through induced equatorial easterlies that force upwelling Kelvin waves and trade-wind
discharging of equatorial heat content!”!8. Thus, the occurrence of a PMM-like pattern in the northeastern sub-
tropical Pacific plays a key role in linking WHWP to ENSO.

This robust relation among WHWP, PMM, and ENSO can provide a longer lead time, compared to a lead time
reported in previous studies (such as Izumo et al.?? that emphasized the effect of the IOD). A multiple regression
model was constructed to demonstrate the significant value added to El Nifio prediction by including WHWP
influence. It has been shown that the combination of the WHWP signal with equatorial HC and IOD signals leads
to much better predictions throughout the entire tropical Pacific basin (Figs. 3 and 4). This physics-based empiri-
cal model can thus extend the limits of current dynamical models and overcome the spring predictability barrier.

The WHWP-ENSO relation experienced a marked interdecadal change (Supplementary Fig. 1); actually, the
relation was not statistically significant before 1985, which suggests a weaker Atlantic influence on the Pacific in
the previous period. The relation has become more robust in the last three decades. Regarding this, we found that
climatology of SST in the WHWP is greater than 28.5°C in recent decades, keeping paced with the SST warming
trend in the Atlantic, global warming, or both, which appears to be responsible for this inter-decadal change
through deep convection and related atmospheric teleconnection. These aspects will be covered in our future
research.
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Figure 4. Grid-to-Grid correlation maps between the observed SSTA and reproduced SSTA (CMIP5). The
same figures to Fig. 4, but ensemble result from historical simulation runs (1970-2000) in CMIP5 models.

Unfortunately, some of CMIP5 models underestimate the lagged relation between WHWP and El Nifo
(Supplementary Fig. 5), which is consistent with the fact that climate models tend to underestimate the Atlantic
influence on the tropical Pacific*>*. This is caused by either mean SST biases over the northeastern Pacific near
the western coast of Mexico where the PMM develops or the error in the mean circulation over WHWP. Hence,
the relation between the regional mean state error and the interannual variability must be examined in detail. If
a model is able to capture the WHWP-ENSO teleconnection pattern, the model predictability of EI Nifio and
associated extreme events could be extended beyond one year.

Method

Observational data. In this study, several reanalysis datasets were used to analyze the relation between
WHWP and El Nifo. The analysis covers the period from 1985 to 2016. The SST data used in this analysis were
the Extended Reconstructed Sea Surface Temperature version 3 (ERSSTv3)* from NOAA, which was con-
structed based on a statistical interpolation of the International Comprehensive Ocean-Atmosphere Data Set
(ICOADS) version 2.4. Atmospheric data, including wind and SLP fields, were obtained from the NCEP/NCAR
Reanalysis 1 (NCEP-R1)*. The precipitation data were from the Global Precipitation Climatology Project version
2.1 (GPCPv2.1)*, which has a horizontal resolution of 2.5° x 2.5°. For subsurface oceanic data, Global Ocean
Data Assimilation System is used*’ (ftp://ftp.cdc.noaa.gov/Datasets/godas). Using this data, HCs were calculated.

Index. HC is defined as a vertical average of oceanic temperature within upper 300 m?”. We defined the HC
index as an area average of the HC anomaly in the western Pacific (140°E-150°W, 6°S-6°N) during the JAS season.
For the IOD index, the areas for the IOD are 50°~70°E within 10°S-10°N for west and 90°-~110°E within 10°S-0°
for east in JAS season, and the IOD index is defined as an areal-averaged SST difference (west minus east). The
WHWP index is obtained by areal average of SSTA in 60°~105°W within 10°-35°N during the JAS season. With
respect to WHWP and IOD indices, previous El Nifio signal (Nifio3.4 in DJF season) is removed by partial regres-
sion since previous ENSO is able to affect the subsequent SSTA in the Atlantic and the Indian Oceans.

CMIP5.  The outputs of 33 CMIP5 models from historical (1970-2000) experiments (with one ensemble mem-
ber each) were used (Supplementary Table 1.) For convenience, a sea surface height (SSH) field was used as a
proxy to represent the HC variation. For the SSH, only 28 model outputs were used due to data limitations of
some models. Before the lagged regression analysis, both the linear trend and the climatological annual cycle were
removed and a three-month running average was applied to reduce the effect of high-frequency variations and to
focus on the interannual variability.

SCIENTIFICREPORTS| (2018) 8:14957 | DOI:10.1038/s41598-018-33191-7 6



www.nature.com/scientificreports/

References

1.
2.
3.

10.
. Jin, E-F. An equatorial ocean recharge paradigm for ENSO. Part I: Conceptual model. Journal of the Atmospheric Sciences 54,

12.
13.
14.
15.
16.
17.
18.
19.
20.
21.

22.

28.
29.

30.
31.

32.

33.

34.
35.
36.
37.
38.
39.
40.
41.

42.

Cai, W. et al. More extreme swings of the South Pacific convergence zone due to greenhouse warming. Nature 488, 365-369 (2012).
Philander, S. G. H. El Nino southern oscillation phenomena. Nature 302, 295-301 (1983).

Siegert, E, Ruecker, G., Hinrichs, A. & Hoffmann, A. Increased damage from fires in logged forests during droughts caused by El
Nino. Nature 414, 437-440 (2001).

. Chen, D,, Cane, M. A, Kaplan, A., Zebiak, S. E. & Huang, D. Predictability of El Nifio over the past 148 years. Nature 428, 733-736
(2004).
. Chen, D., Zebiak, S. E., Busalacchi, A. J. & Cane, M. A. An improved procedure for El Nino forecasting: Implications for

predictability. Science 269, 1699 (1995).

. Fedorov, A., Harper, S., Philander, S., Winter, B. & Wittenberg, A. How predictable is El Nino? Bulletin of the American Meteorological

Society 84,911 (2003).

. Chen, D. et al. Strong influence of westerly wind bursts on El Nino diversity. Nature Geoscience 8, 339-345, https://doi.org/10.1038/

ngeo2399 (2015).

. Chen, N. & Majda, A. J. Simple stochastic dynamical models capturing the statistical diversity of El Nifio Southern Oscillation.

Proceedings of the National Academy of Sciences, 201620766 (2017).

. Meinen, C. S. & McPhaden, M. ]. Observations of warm water volume changes in the equatorial Pacific and their relationship to El

Nifo and La Nifa. Journal of Climate 13, 3551-3559 (2000).
Suarez, M. J. & Schopf, P. S. A delayed action oscillator for ENSO. Journal of the Atmospheric Sciences 45, 3283-3287 (1988).

811-829 (1997).

Li, T. Phase transition of the El Nino-Southern Oscillation: A stationary SST mode. Journal of the Atmospheric Sciences 54,
2872-2887 (1997).

McPhaden, M. J. Tropical Pacific Ocean heat content variations and ENSO persistence barriers. Geophysical Research Letters 30
(2003).

Vimont, D. J., Wallace, J. M. & Battisti, D. S. The seasonal footprinting mechanism in the Pacific: implications for ENSO*. Journal of
Climate 16, 2668-2675 (2003).

Chang, P. et al. Pacific meridional mode and El Nifio—Southern Oscillation. Geophys. Res. Lett. 34, L16608, https://doi.
org/10.1029/2007GL030302 (2007).

Chiang, J. C. & Vimont, D. J. Analogous Pacific and Atlantic meridional modes of tropical atmosphere-ocean variability*. Journal of
Climate 17, 4143-4158 (2004).

Anderson, B. T. & Perez, R. C. ENSO and non-ENSO induced charging and discharging of the equatorial Pacific. Climate Dynamics
45,2309-2327 (2015).

Anderson, B. T,, Perez, R. C. & Karspeck, A. Triggering of El Nifio onset through trade wind-induced charging of the equatorial
Pacific. Geophysical Research Letters 40, 1212-1216 (2013).

Belén, R.-F. et al. Are Atlantic Nifios enhancing Pacific ENSO events in recent decades? Geophysical Research Letters 36, https://doi.
0rg/10.1029/2009GL040048 (2009).

Ham, Y.-G., Kug, J.-S., Park, J.-Y. & Jin, E-FE. Sea surface temperature in the north tropical Atlantic as a trigger for El Nifio/Southern
Oscillation events. Nature Geoscience 6, 112-116 (2013).

Yu, J., Li, T, Tan, Z. & Zhu, Z. Effects of tropical North Atlantic SST on tropical cyclone genesis in the western North Pacific. Climate
Dynamics 46, 865-877 (2016).

Izumo, T. et al. Influence of the state of the Indian Ocean Dipole on the following year’s El Nifio. Nature Geoscience 3, 168-172
(2010).

. Saji, N., Goswami, B., Vinayachandran, P. & Yamagata, T. A dipole mode in the tropical Indian Ocean. Nature 401, 360-363 (1999).
. Webster, P. J. & Yang, S. Monsoon and ENSO: Selectively interactive systems. Quarterly Journal of the Royal Meteorological Society

118, 877-926 (1992).

. Luo, J.-J,, Liu, G., Hendon, H., Alves, O. & Yamagata, T. Inter-basin sources for two-year predictability of the multi-year La Nifia

event in 2010-2012. Scientific Reports 7, 2276 (2017).

. Wang, C. & Enfield, D. B. The tropical Western Hemisphere warm pool. Geophysical Research Letters 28, 1635-1638 (2001).
. Hsiung, J., Newell, R. E. & Houghtby, T. The annual cycle of oceanic heat storage and oceanic meridional heat transport. Quarterly

Journal of the Royal Meteorological Society 115, 1-28 (1989).

Anderson, B. T. On the joint role of subtropical atmospheric variability and equatorial subsurface heat content anomalies in
initiating the onset of ENSO events. Journal of climate 20, 1593-1599 (2007).

Li, T., Wang, B., Chang, C. & Zhang, Y. A theory for the Indian Ocean dipole-zonal mode. Journal of the Atmospheric Sciences 60,
2119-2135 (2003).

Kug, J.-S. & Kang, I.-S. Interactive feedback between ENSO and the Indian Ocean. Journal of climate 19, 1784-1801 (2006).

Xie, S.-P. et al. Indian Ocean capacitor effect on Indo-western Pacific climate during the summer following El Nifo. Journal of
Climate 22, 730-747 (2009).

Wu, B., Li, T. & Zhou, T. Relative contributions of the Indian Ocean and local SST anomalies to the maintenance of the western
North Pacific anomalous anticyclone during the El Nifo decaying summer. Journal of Climate 23, 2974-2986 (2010).

Li, X, Xie, S. -P, Gille, S. T. & Yoo, C. Atlantic-induced pan-tropicalclimate change over the past three decades. Nature Climate
Change 6, 275-279, https://doi.org/10.1038/nclimate2840, http://www.nature.com/nclimate/journal/v6/n3/abs/nclimate2840.
html#supplementary-information (2016).

McGregor, S. et al. Recent Walker circulation strengthening and Pacific cooling amplified by Atlantic warming. Nature Climate
Change 4, 888-892 (2014).

Kucharski, E, Kang, I. -S., Farneti, R. & Feudale, L. Tropical Pacific response to 20th century Atlantic warming. Geophysical Research
Letters 38, L03702, https://doi.org/10.1029/2010GL046248 (2011).

Gill, A. E. Some simple solutions for heat-induced tropical circulation. Quarterly Journal of the Royal Meteorological Society 106,
447-462 (1980).

Farneti, R. Coupled interannual rossby waves in a quasigeostrophic ocean-atmosphere model. Journal of Physical Oceanography 37,
1192-1214 (2007).

Lysne, J. A. & Deser, C. Wind-driven thermocline variability in the Pacific: A model-data comparison. Journal of Climate 15,
829-845 (2002).

Granger, C. W. Investigating causal relations by econometric models and cross-spectral methods. Econometrica: Journal of the
Econometric Society, 424-438 (1969).

Wang, W., Anderson, B. T., Kaufmann, R. K. & Myneni, R. B. The Relation between the North Atlantic Oscillation and SSTs in the
North Atlantic Basin. Journal of Climate 17, 4752-4759, https://doi.org/10.1175/jcli-3186.1 (2004).

Wang, B., Wu, R. & Fu, X. Pacific-East Asian teleconnection: how does ENSO affect East Asian climate? Journal of Climate 13,
1517-1536 (2000).

Ham, Y.-G. & Kug, J.-S. Role of north tropical atlantic SST on the ENSO simulated using CMIP3 and CMIP5 models. Climate
Dynamics 45, 3103-3117 (2015).

SCIENTIFICREPORTS| (2018) 8:14957 | DOI:10.1038/s41598-018-33191-7 7


http://dx.doi.org/10.1038/ngeo2399
http://dx.doi.org/10.1038/ngeo2399
http://dx.doi.org/10.1029/2007GL030302
http://dx.doi.org/10.1029/2007GL030302
http://dx.doi.org/10.1029/2009GL040048
http://dx.doi.org/10.1029/2009GL040048
http://dx.doi.org/10.1038/nclimate2840
http://www.nature.com/nclimate/journal/v6/n3/abs/nclimate2840.html#supplementary-information
http://www.nature.com/nclimate/journal/v6/n3/abs/nclimate2840.html#supplementary-information
http://dx.doi.org/10.1029/2010GL046248
http://dx.doi.org/10.1175/jcli-3186.1

www.nature.com/scientificreports/

43. Luo, J.-]., Wang, G. & Dommenget, D. May common model biases reduce CMIP5’s ability to simulate the recent Pacific La Nifia-like
cooling? Climate Dynamics 50, 1335-1351 (2018).

44. Reynolds, R. W,, Rayner, N. A,, Smith, T. M., Stokes, D. C. & Wang, W. An improved in situ and satellite SST analysis for climate.
Journal of Climate 15, 1609-1625 (2002).

45. Kistler, R. et al. The NCEP-NCAR 50-year reanalysis: Monthly means CD-ROM and documentation. Bulletin of the American
Meteorological Society 82, 247-267 (2001).

46. Huffman, G.J., Adler, R. E, Bolvin, D. T. & Gu, G. Improving the global precipitation record: GPCP version 2.1. Geophysical Research
Letters 36, L17808, https://doi.org/10.1029/2009GL040000 (2009).

47. Behringer, D. W. & Xue, Y. Evaluation of the global ocean data assimilation system at NCEP: The Pacific Ocean. Eighth Symposium
on Integrated Observing and Assimilation Systems for Atmosphere, Oceans, and Land Surface, AMS 84th Annual Meeting,
Washington State Convention and Trade Center, Seattle, Washington, 11-15 (2004).

Acknowledgements

We thank Dr. Heyrim Kim for her contribution in the GFDL.CM2.1 model simulation. This work was jointly
supported by NSFC grant 41630423, NSF grant AGS-1565653, and JAMSTEC JIJI Theme 1 project. This is
SOEST contribution number 10458, and IPRC contribution number 1346. J.S.K. is supported by the Korea
Meteorological Administration Research and Development Program under Grant KMIPA 2018-03212 and the
National Research Foundation of Korea (NRF-2018R1A5A1024958).

Author Contributions

J.-H. Park and J.-S. Kug designed the research, conducted analyses, and wrote the majority of the manuscript
content. T. Li. and S.K. Behera conducted report-writing tasks. All the authors discussed the study results and
reviewed the manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-33191-7.

Competing Interests: The authors declare no competing interests.

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

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 Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted 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 license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2018

SCIENTIFICREPORTS| (2018) 8:14957 | DOI:10.1038/s41598-018-33191-7 8


http://dx.doi.org/10.1029/2009GL040000
http://dx.doi.org/10.1038/s41598-018-33191-7
http://creativecommons.org/licenses/by/4.0/

	Predicting El Niño Beyond 1-year Lead: Effect of the Western Hemisphere Warm Pool

	Results

	Precursory components of El Niño with a 17-month lead. 
	Influence of WHWP on the Pacific. 
	El Niño Prediction with a multiple regression model. 

	Discussion

	Method

	Observational data. 
	Index. 
	CMIP5. 

	Acknowledgements

	Figure 1 Relation between SST/HC and Nino3.
	Figure 2 Lagged influence of WHWP–SST on the Pacific.
	Figure 3 Grid-to-grid correlation maps between observed SSTA and reproduced SSTA (Observation).
	Figure 4 Grid-to-Grid correlation maps between the observed SSTA and reproduced SSTA (CMIP5).




