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Abstract The Central Pacific (CP) and Eastern Pacific (EP) types of El Nifio-Southern Oscillation events
are distinctly different in terms of their forming locations and mechanisms. Using an updated physical-base
statistical forecast model, the forecast of CP indices has overall higher skills than that of EP indices due to the
higher persistent forecast skill. At lead time beyond 6-month, the predictability of CP indices can be greatly
enhanced by including the extratropical precursor from the North Pacific, confirming the ocean-atmosphere
interaction associated with North Pacific Oscillation (NPO)/Victoria Mode (VM) evolution. The predictability
of EP indices can be moderately enhanced by including the extratropical precursor from the south, resulting
from the charging of the equatorial Pacific. We also find that the predictability of CP indices does not
significantly decrease after 2000 while the predictability of EP indices drops dramatically, suggesting the
strengthening impacts of NPO/VM on the CP-ENSO in the recent two decades.

Plain Language Summary The predictability of different types of El Nifio-Southern Oscillation
(ENSO) events can be significantly enhanced by including extratropical signals using a physical-base statistical
forecast model. At a lead time longer than 6-month, the predictability of Central Pacific ENSO can be greatly
enhanced by including the extratropical signal from the North Pacific, confirming a well-known ocean-
atmosphere interaction process proposed earlier. The predictability of Eastern Pacific ENSO can be moderately
enhanced by including the extratropical precursor from the south, resulting from the charging of the equatorial
Pacific. We also find that the predictability of CP indices does not significantly decrease after 2000 while the
predictability of EP indices drops dramatically, suggesting the enhanced north hemispheric impacts in the
recent two decades.

1. Introduction

El Nifio-Southern Oscillation (ENSO) prediction has the most severe forecast bottleneck. A recent study has sug-
gested that the ENSO prediction can be greatly enhanced using extratropical precursors in the Pacific (H.-C. Chen
et al., 2020). By combining tropical preconditions/ocean-atmosphere interaction with extratropical precursors,
the ENSO prediction skill can be significantly enhanced beyond the spring predictability barrier (SPB), resulting
mainly from the long lead-time of the extratropical-tropical, ocean-atmosphere interaction processes.

Nevertheless, the predictability of the two types of ENSO, the eastern Pacific (EP) and central Pacific (CP)
types, classified in terms of the zonal displacement of warm Sea Surface Temperature (SST) anomalies, remains
very challenging due to the uncertainties associated with different ENSO dynamics (Ren et al., 2019). The caus-
es of CP-ENSO have been shown distinctly different from those of the EP types (e.g., Kao & Yu, 2009; Kim
et al., 2009), thus leading to different prediction skills. Recent studies have assessed the model performances in
predicting the two ENSO types (e.g., Ren et al., 2016, 2019; Yang & Jiang, 2014; Zhu et al., 2015). These studies
show that the EP-ENSO has a relatively higher prediction skill than the CP-ENSO, even though the latter tends to
persist longer than the former in terms of the Nifio indices (Kim et al., 2009; Ren et al., 2019).

However, Ren et al. (2019) argued that the extratropical precursors might have limited contributions to improve
the prediction skills of these two ENSO types at specific initial months and leads. They found that most signals
within these precursors have already transferred into the variation of the two indices in their benchmark model
based on the equatorial Pacific heat content and zonal wind stress. Only the northern tropical Atlantic SST pre-
cursor can provide additional prediction skill score for both types of ENSO beyond the SPB. This raises some
doubts about the role of extratropical impacts on the ENSO prediction.
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Since many prediction models lose skills in predicting the El Nifio type after one season (e.g., Hendon et al., 2009;
Tao et al., 2020), especially for the CP-El Nifio. The characteristics of these two types of ENSO also make
their forecast more challenging due to their distinct dynamics, such as the eastward propagation property or
onset mechanisms (C. Chen et al., 2017; Timmermann et al., 2018; Yu & Fang, 2018). This study revises the
physical-base statistical forecast model based on H.-C. Chen et al. (2020) and Ren et al. (2019) to improve the
predictability of CP and EP-ENSO. Particularly, this is the first study to clarify the key roles of extratropical
precursors from the northern and southern Pacific affecting the CP-ENSO and EP-ENSO, respectively, from the
predictability viewpoint. The predictability of CP-ENSO can be significantly enhanced, even superior to that of
EP-ENSO. Physical processes leading to the improved prediction of these two ENSO types can be well explained
based on their evolution pathways.

2. Data and Methods
2.1. Observation Data and ENSO Definition

The observed SST used here is the monthly 2° X 2° NOAA Extended Reconstructed Sea Surface Tempera-
ture version 5 (ERSSTvS; Huang et al., 2017). The 20°C isotherm depth (D20) is calculated from the pentad
global ocean data assimilation system (GODAS) on a 1/3° latitude X 1.0° longitude global grid (Behringer &
Xue, 2004). The near-surface wind data (0.995-sigma level) and sea level pressure data come from the National
Centers for Environmental Prediction and the National Center for Atmospheric Research (NCEP-NCAR) reanal-
ysis project on a 2.5° X 2.5° horizontal grid resolution (Kalnay et al., 1996). All data range from 1980 to 2020,
and the anomalies are based on the 30-year climatology of 1991-2020.

A simple way to represent the two types of ENSO is to use the typical Nifio3, and Nifio4 indices, calculated as
SST anomalies (SSTA) averaged over the Nifio3 (5°S-5°N, 150°-90°W) and Nifio4 (5°S-5°N, 160°E—150°W)
regions, respectively. However, the characteristics of these two ENSO types are not easily distinguishable (cor-
relation reaches 0.74). Based on Ren and Jin (2011), we use the nearly orthogonal EP Nifio index (Ngp) and the
CP Nifio index (Ncp) to represent the two types of ENSO in this study, respectively. Ngp and Ncp indices are
defined as:

NEP = Nifio3 — « - Nifio4
(H
Ncp = Nifio4 — « - Nifio3,

where a = 0.4 when Nifio3 multiplied by Nifio4 is positive and a« = 0 otherwise. The correlation between Ngp
and Ncp is reduced to 0.12. In this study, both typical and orthogonal ENSO indices are included for comparison.
Other different indices of ENSO diversity, such as the EP-CP index method (Kao & Yu, 2009), the E and C indi-
ces (Takahashi et al., 2011), and the El Nifio Modoki index (EMI; Ashok et al., 2007), are also examined (Figure
S1 in Supporting Information S1). The results are unchanged and robust from the conclusions using the Ngp and
Ncp indices regardless of the chosen indices (although the correlations are slightly different). A 3-month running
mean is applied throughout our analysis to be consistent with the typical ENSO definition. All final comparisons
between observations and forecast are made on a monthly timescale although daily NCEP-NCAR or pentad GO-
DAS reanalysis data is used.

2.2. ENSO Prediction Model
The updated physical-base statistical forecast model, ENSO prediction model (EPM), is built as follows:

Go(m

) [B1(@)EPsst(t) + f2(@)EPwwv () + f3(@)EPoa(?) + fa(@)EPex (1)) 2)

EPM( + @) = e

Four ENSO predictors are used, including the ENSO's SSTA index itself (EPsst), the predictors according to the
warm water volume (WW V) propagation in the central tropical pacific (EPwwv), the ocean-atmosphere feedback
(EPoa), and the extratropical forcing term (EPgx). EPsst represents the SSTAs persistence measured by the pre-
dictand at the current time, which can improve the prediction skill in 1-3 months leading time (Ren et al., 2019).
The eastward propagating WWYV contribution (EPwwy) is determined by the D20 anomalies at three different
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longitudes (180°, 170°W, and 155°W) averaged between 2°S and 2°N at different time before and at the current
time. The time-evolved propagating signals of WWYV can be quantitatively represented by the combination of
deepening or shallowing at these three locations. These longitudes and timings (days) are chosen based on the
existing TAO array stations which can provide a more accurate forecast than the GODAS data if used (Tseng, Hu,
et al., 2017). The ocean-atmosphere feedback (EPo,) is estimated by the zonal surface wind anomalies over the
equatorial central Pacific (180°~170°W, 2°S—2°N). The extratropical forcing term (EPgx) is defined as follows:

EPex = (SLPAN; — SLPAN2) + (SLPAs; — SLPAg;), 3)

where SLPA indicates the sea level pressure anomaly and the subscript N1 (165°-115°W, 50°-65°N), N2 (175°-
120°W, 5°-30°N), S1 (180°-130°W, 20°—45°S), and S2 (180°-105°W, 50°-~70°S) denote the four key regions
associated with the ENSO evolution (green boxed from top to bottom in Figure 2). The EPwwv, EPoa, and EPgx
are calculated by the original daily/pentad data and then averaged to monthly data. Detailed definitions of these
three terms can be found in Tseng, Hu, et al. (2017) and H.-C. Chen et al. (2020).

All predictors are standardized on their own before building the model. The regression coefficients (f1, fa, B3,
and f,) are derived from the multivariate linear regression, which are the functions of forecast lead-time (¢).

The monthly scaling function, 222, is to adjust the seasonal variance of prediction to observations, where o
opim

and op are the standard deViatioPns of SSTA for the observations and prediction, respectively, in different cal-
endar months (m). This rescaling is used to calibrate the common biases of statistical model which cannot well
predict ENSO magnitude. Eventually, the statistical EPM time series in different lead-month is built to predict
the ENSO index and evaluate their hindcast skill. This revised EPM (updated from H.-C. Chen et al., 2020) has
been well verified and it is one of the only three forecast models within the IRI/CPC ENSO plume which predict
the occurrence of 2021-2022 La Nifia in April 2021 (https://iri.columbia.edu/our-expertise/climate/forecasts/
enso/2021-April-quick-look/).

3. Results
3.1. Characteristics of CP and EP Types of ENSO Evolution

The characteristics of the two types of ENSO can be distinguished by their spatial-temporal evolution. Fig-
ures la—1f show the lead-lag correlation between Nifio3 (shading)/Nifio4 (contours, positive is solid and negative
is dashed) and the equatorial SST, D20 and zonal surface wind anomalies, respectively. The SSTA center of
Nifio3 (correlation >0.8) locates more eastward than that of Nifio4, and is accompanied by similar zonal differ-
ences in D20 and zonal wind evolutions. However, the high correlation zones for the D20 (correlation >0.6) shift
to an earlier time before the matured phase, confirming its potential role in the ENSO prediction regardless of
ENSO types (Meinen & McPhaden, 2000). Particularly, both types of ENSO emerge from the central Pacific,
where the interior transport of Subtropical Cell is strongest (H.-C. Chen et al., 2015) and the evident Kelvin wave
propagation is initiated (Tseng, Hu, et al., 2017). These two processes control the main equatorial ocean predic-
tor WWYV and lead to the high correlations of D20 that can extend up to 6 months ahead in the central Pacific.
Also, the correlations for all fields are higher for Nifio3 than Nifio4 in general, suggesting a closer connection of
WWYV with Nifio3. This is consistent with previous studies reporting that EP ENSO is associated with stronger
discharge/recharge processes than CP ENSO (e.g., Ren & Jin, 2013; Geng et al., 2020). However, we note that the
characteristics of the two ENSO types are not easily distinguishable due to the high correlation between Nifio3
and Nifio4 (overlapping between the shading and contours). The above zonal differences are more distinct based
on Ngp and Ncp indices as expected (Figures 1d—1f). For example, the maximum correlation between zonal
wind and Ngp locates around 180°-150°W, while the maximum correlation between zonal wind and Ncp locates
around 150°-160°E.

3.2. Extratropical Predictors in Pacific

Extratropical sea level pressure (SLP) anomalies in the Pacific are also useful precursors (e.g., Ding, Li, &
Tseng, 2015; Ding, Li, Tseng, Sun, & Guo, 2015; You & Furtado, 2017). These remote precursors are the addi-
tional triggering forcing, on the top of the dominant internal tropical dynamic, that could further suppress or en-
hance the final ENSO development through the equatorial ocean-atmosphere coupling (H.-C. Chen et al., 2020;
Timmermann et al., 2018). Figure 2 shows the correlation maps of SST (shading) and SLP (contours) anomalies
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Figure 1. (a) Lead-lag correlations between Nifio3 (shading)/Nifio4 (contours, positive is solid and negative is dashed) and the 3-month averaged equatorial (5°S-5°N)
mean sea surface temperature anomaly (SSTA) during 1980-2020. Shading and contours are all significant at 90% confidence level. Lead times with negative
values indicate that the SSTA is leading. (b and c) are the same as (a) but for D20 and zonal wind, respectively. (d—f) are the same as (a—c) but for Ngp (shading)/Ncp

(contours).

at different lead months with boreal winter (December-February) ENSO indices. At the 12-month lead, Nifio4
index has more clear extratropical precursors signals than Nifio3 index (Figures 2a and 2d), and these signals are
strongest at the 9-month lead for both Nifio3 and Nifio4 indices (Figures 2b and 2e), consistent with those used
in H.-C. Chen et al. (2020). However, it appears these precursors are difficult to distinguish for Nifio3 and Nifio4
indices, while for Ngp and Ncp, they are very different (Figures 2h and 2k).

For the SLP precursors at 9-month lead, very strong signals can be found in the southern hemisphere for the Ngp
(Figure 2h) but in the northern hemisphere for the Ncp (Figure 2k). Both Ngp and Ncp show very strong warm
VM-like precursors in the northern hemisphere and can directly link to the North Pacific Oscillation (NPO)/
Victoria Mode (VM) coupled processes discussed earlier (Ding, Li, Tseng, Sun, & Guo, 2015; Tseng, Ding, &
Huang, 2017). The spring VM is caused by the winter NPO which is represented as the second dominant mode
of SLP anomalies (Linkin & Nigam, 2008; Rogers, 1981). The following impacts of VM on triggering of ENSO
involve the physical process of “seasonal footprinting mechanism” (Vimont et al., 2003) which can further weak-
en subtropical trade winds, decrease upward latent heat flux and subsequently generate positive tropical SSTAs
in the tropical Pacific to weaken zonal SST gradient and also cause strong anomalous westerlies near the equator.

Although the positive SSTAs are not evident in the southern hemisphere for the Ngp compared to the Ncp at
9-month lead, the southern Pacific quadrapole SST pattern is clear, where the negative anomalies emerge at west-
ern tropical Pacific and extend eastward into extratropical regions as two bands. These extratropical quadrapole
SST and accompanying SLP patterns can affect ENSO development through ocean-atmosphere interaction (Ding,
Li, & Tseng, 2015; You & Furtado, 2017). Through modulation of the climatological southeasterly trade winds,
the corresponding South Pacific extratropical signals promote anomalous equatorward ocean mass transport in
the eastern equatorial Pacific, facilitating the growth of warm SSTA there and thus promoting EP ENSO events.
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Figure 2. (a) Correlation map of sea surface temperature (SST) (shading) and sea level pressure (SLP) (contours) anomalies at different lead time (12, 9, and 6 month
lead from top to bottom, respectively) with boreal winter (December-February) Nifio3 index. White dots indicate the correlation of SSTAs exceeding a 90% confidence
level using a #-test. The SLP anomalies with correlations significant above the 90% confidence level are also shown. The four green boxes (from top to bottom:
165°-115°W, 50°-65°N and 175°-120°W, 5°-30°N and 180°-130°W, 20°-45°S and 180°-105°W, 50°-70°S) are used to define the extratropical precursor index.

For Ngp at 6-month lead (Figure 2i), the tropical zonal SSTA dipole gets stronger with typical Southern Oscilla-
tion SLP anomalies pattern (positive/negative above the warm pool/eastern Pacific). At this time, no clear posi-
tive SLP anomalies can be found in Ncp because the SSTA center locates at the central Pacific (Figure 21). The
distinct differences between the two types of ENSO can also be found in the same correlation maps of subsurface
D20 and zonal wind anomalies with different ENSO indices (Figure S2 in Supporting Information S1), particu-
larly the locations of large D20 and zonal wind anomalies. Figure 2 clearly shows the key role of extratropical
forcing beyond 6-month lead before Bjerknes feedback starts to dominate the development of a matured ENSO in
the tropic Pacific. Since these precursors resemble the meridional dipole oscillation from both hemispheres, we
select the Northern/Southern Hemisphere SLP dipole precursors (NH/SH, green boxes in Figure 2) to represent
the impacts from different hemispheres.

3.3. Predictability

To obtain a deeper understanding of the roles of hemispheric extratropical precursors to clarify their influences
on the ENSO predictability, the all-month correlation skill of the ENSO indices predicted by EPMs using differ-
ent precursors during the period of 1980-2020 are shown in Figure 3. Here, four EPMs based on different pre-
dictors are investigated: (a) tropical predictors only, including EPsst, EPwwv(?), and EPos (EPM1p); (b) tropical
and North Pacific extratropical predictors (EPMrpsnn); () tropical and South Pacific extratropical predictors
(EPMr1p4sn); (d) tropical and extratropical predictors, both NH and SH (EPM1p4ex). Compared with the per-
sistence forecast (dashed line on Figure 3), including only the tropical predictors (EPM1p) can greatly enhance
the correlation skill for both types of ENSO forecast (Tseng, Hu, et al., 2017). However, the EPMrp prediction
features a gradual decline with increasing lead months, particularly for EP type of ENSO (Figures 3a and 3c).

TSENG ET AL.

5 of 10



A7t |

NI Geophysical Research Letters 10.1029/2021GL097190
ADVANCING EARTH
AND SPACE SCIENCE
(a) Nifno3 (b) Nino4
i : : - - 12 . ; , :
—o—TD
—+— TD+NH
09} TD+SH
——TD+EX
- - - - persistence
L. 08] )
b5 5
8 o7l S
S 5
© -
° 0.6 f g
8 05} S
0.4} 0.4} s
03— : L : : 03— : ' L
2 4 6 8 10 12 2 4 6 8§ 10 12
lead month lead month
(c) Ner (d) Ncp
1— . . - : 1— . ;
5 0
S S
S 5
© ®
o I
S S
lead month lead month

Figure 3. (a) Correlation skill scores (solid lines with markers) of the Nifio3 index predicted by different forecast models
during the period of 1980-2020. The blue, red, yellow, and black lines indicate EPMs based on tropical predictors only
(EPM1p), tropical and North Pacific extratropical predictors (EPMrp+nn), tropical and South Pacific extratropical predictors
(EPM1p.4sn), and tropical and both Northern Hemisphere (NH) and Southern Hemisphere (SH) extratropical predictors
(EPMrp4£x). The persistence forecast is also shown for comparison (dashed line). (b—d) are the same as (a) but for the Nifio4,
Ngp, and Ncp indices, respectively.

Consistent with Ren et al. (2019), both Ngp and Ncp show relatively lower skills compared to Nifio3 and Nifio4
indices, respectively, due to the spatial complexity of ENSO for Ngp and N¢p (Timmermann et al., 2018), re-
spectively. According to the typical Recharge Oscillator framework (Jin, 1997), the system has only two degrees
of freedom (SST and thermocline anomalies) for Nifio3 and Nifio4 indices (considering only SST anomalies),
however, the system may include more than three degrees of freedom (further considering the spatial structure)
for Ngp and Ncp (Geng et al., 2020). The reduction of ENSO prediction skill is not surprising due to the additional
degrees of freedom. We also note that the improvement of Ngp compared to the persistent forecast is superior to
the improvement of N¢p, similar to many previous studies (e.g., Ren et al., 2016, 2019; Zhu et al., 2015). Further
including the extratropical SH (NH) precursor can significantly enhance the predictability of Ngp (Ncp) beyond
6 months as shown in Figure 3c (Figure 3d). These results show that the SH/NH extratropical precursor, respec-
tively, links to the evolution of Ngp/Ncp. Particularly, there is no further improvement when both SH and NH
extratropical precursors (EPMmp4ex) are considered (black crossed lines overlay the yellow triangle and the red
plus lines in Figures 3c and 3d, respectively), suggesting the individual (independent) role from the south and
North Pacific.
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Figure 4. Correlation skill scores (shading) as a function of start calendar month and lead month for the Ngp predicted by the (a) TD-only predictor, (b) TD+NH
predictor, (c) TD+SH predictor, and (d) TD+EX predictor. In (b—d), the differences relative to the TD-only predictor are denoted by the plus (improved) and cross
(deteriorated) symbols (scaled by the symbol size), respectively. (e-h) are the same as (a—d) but for Ncp.

We further examine the correlation skill scores as a function of the start calendar month and lead month for the
ENSO indices predicted by different predictors (Figure 4). Since Ngp and N¢p are the better indices for separating
the characteristics of EP and CP-ENSO compared to Nifio3 and Nifio4, only predictions based on Ngp and Ncp
are examined here (similar results are still hold for Nifio3 and Nifio4 indices, Figure S3 in Supporting Informa-
tion S1). The baseline model is the EPM1p, which can already provide reasonable forecast while the additional
SH and NH precursors and their combination are further included. The SPB, a sudden reduction of the prediction
skill in the boreal spring (Webster & Yang, 1992), still exists regardless of the types of ENSO (Figures 4a and 4e).

However, by including the NH extratropical information, the forecast skill for the CP-ENSO (Ncp) is greatly
enhanced when the start month is before boreal spring (plus symbols during FMA start month with 6-12 months
lead in Figure 4f), consistent with the potential impacts of boreal winter NPO on ENSO development dis-
cussed extensively (e.g., Ding, Li, Tseng, Sun, & Guo, 2015; Tseng, Ding, & Huang, 2017; Tseng et al., 2020).
This also supports the fact that CP-ENSO is directly linked with the NH pathway described in Tseng, Ding, &
Huang (2017). For EP-ENSO (Ngp), the additional SH precursor can also increase the ENSO prediction skill be-
yond the SPB (plus symbols during FMA start month with 6-10 month lead in Figure 4c), indicating the impacts
of South Pacific extratropical forcing on EP-ENSO. The quadrapole SSTA pattern in the extratropical South Pa-
cific (Figure 2h) triggered by the Pacific—South American (PSA) pattern has an additional influence on EP-EN-
SO via ocean-atmosphere coupled process (Ding, Li, & Tseng, 2015). But the improvement is not as great as that
of the CP-ENSO (measured by the size of plus symbols), suggesting the associated processes may be weaker.

From the above, it is clear that the individual extratropical NH (or SH) precursor can significantly enhance the
predictability of CP (or EP)-ENSO for the lead time longer than 6-month, especially beyond the time scale of
SPB. The coefficients of the multivariate linear regression model further confirm the relative contributions of
each predictor (Figure S4 in Supporting Information S1). Both extratropical predictors (EXsy and EXny) have
increased contributions for the long lead month, indicating the increasing impacts of extratropical influence on
the ENSO forecast skill at long lead-month. For the shorter lead-month than 6-month, the SST persistence mainly
contributes to the high forecast skill.

We note that adding the NH extratropical forcing has limited contribution to improving the forecast skill of
EP-ENSO (slightly improves for the boreal spring-started prediction, Figure 4b) while almost no improvement is
achieved for the forecast of CP-ENSO by the inclusion of the SH extratropical forcing (Figure 4g). When extrat-
ropical predictors are all included to predict the two types of ENSO, the prediction of Ncp has a higher correlation

TSENG ET AL.

7 of 10



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Geophysical Research Letters 10.1029/2021GL097190

skill for most of the target and lead months (Figure 4h), except the start months of September—November beyond
10-month lead. Although the correlation skill has been significantly improved by adding the NH precursor, it is
still lower than 0.5. The predictions of Ngp are less skillful for some of the target and lead months (Figure 4d). In
general, these results lend a strong support to clarify the distinct role of SH (NH) extratropical precursor on the
EP (CP)-ENSO development from the almost independent predictability viewpoint.

Since 2000, CP-ENSO events have become more frequent than EP-ENSO events, resulting in poor skills in pre-
dicting the ENSO after one season (Barnston et al., 2011). The shortening of lead time between WWYV and ENSO
variability after 2000, suggests the changes of ENSO dynamics based on the Recharge Oscillator framework (Hu
et al., 2017). This directly links to the westward shift of the Bjerknes feedback region in the tropical Pacific. The
westward shift of the air-sea coupling region corresponds to the reduced zonal advection feedback which increas-
es the ENSO frequency and reduces the growth of coupled instability. Our results also confirmed that the pre-
diction skill of the Ngp is much lower for the period 2000-2020 than 1980-1999 (Ngp; Figure S5¢ in Supporting
Information S1) due to the change of ENSO dynamics. When the extratropical precursors are further considered,
the prediction skill can be significantly improved after 2000 but not before 2000, suggesting the increased impact
of extratropical forcing in the first decade of the 21st century (Hu et al., 2017). In contrast, the prediction skills
in Ncp do not change much before and after 2000 (Ncp; Figure S5d in Supporting Information S1). When the
information of extratropical precursors is included in the EPM, there is a significant increase in predictive skills
for both 1980-1999 and 2000-2020. These differences also indicate that the development of CP-ENSO is highly
correlated with extratropical atmospheric forcing associated with the VM evolution in agreement with the litera-
ture (reviewed in Yu et al., 2017) and suggest the increasing role of VM on the CP-ENSO dynamics in the recent
two decades and future climate change scenario (e.g., Jia et al., 2021).

4. Summary and Discussion

An updated statistical prediction model is used to clarify the distinct impacts of extratropical precursors on the
ENSO prediction. This study suggests that adding NH/SH extratropical precursors on a “tropical predictors only”
model can enhance the predictability of CP/EP-ENSO, respectively. Particularly, the significant improvement is
beyond 6—8 month lead-time (time scale of SPB), consistent with that found in H.-C. Chen et al. (2020). Including
NH extratropical precursors effectively increases the predictability of Ncp (but no big change on Ngp) through the
ocean-atmosphere interaction associated with VM, which behaves superior to the limited contribution of NPO
on ENSO prediction suggested in Ren et al. (2019). This is possibly due to the difference of baseline model and
a shift of definition region in associated with different seasonal impacts of NPO. The forecast skills for the two
types of ENSO in our baseline model (EPMrp) perform similar to those shown in Ren et al. (2019), showing a
large prediction improvement of Ngp compared with the persistence forecast. However, the persistence forecast
skill is still much higher for N¢p and the extratropical predictors can enhance both types of ENSO resulting from
the different hemispheres, leading to an overall high prediction skill for both types of ENSO. Furthermore, Tseng
et al. (2020) confirmed that the southern lobe of NPO, particularly its southern tip, was more connected to the
ENSO development through the spring VM pattern (or called Pacific Meridional Mode, PMM) than the northern
lobe of NPO. Therefore, the late winter to spring NH SLP anomalies associated the NPO/VM evolution plays a
more important role in triggering the CP-ENSO (comparing Figure 2j with Figure 2k) rather than the winter NPO
pattern used in Ren et al. (2019). Our results confirm CP-ENSO can be enhanced by the North Pacific extratrop-
ical forcing suggested in Hu et al. (2017).

Including SH extratropical precursors also enhances the predictability of Ngp moderately (but no big change on
Ncp). You and Furtado (2017) suggested that the southern Pacific SLP changes may weaken the southeasterly
trade winds and promote the charging of the eastern equatorial Pacific WWYV through the Subtropical Cell trans-
port due to the wind stress curl change (Figure S2i in Supporting Information S1), consistent with H.-C. Chen
et al. (2015). They further suggested that the SH precursors can be a reliable predictor for the type of ENSO
events at 3—6 month lead. Their results supported the dynamical processes discussed above for the enhanced
predictability found here (their Figure 2). We further clarify that the SH extratropical signals can also lead to the
improvement of Ngp prediction beyond 6-month lead. It is very clear that the signatures of WWV differ greatly
between the two types of ENSO events (comparing Figures S2i and S21 in Supporting Information S1) more than
6-month earlier, suggesting the charging role of equatorial Pacific.
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Finally, the predictability of CP indices does not significantly decrease after 2000, while the predictability of EP
indices drops dramatically, suggesting the strengthening impact of Victoria Mode on the CP-ENSO in the recent
two decades. These decadal changes also support the physical interpretation of the distinct hemispheric contribu-
tions addressed here. Our results suggest that CP-ENSO can be more predictable than the EP-ENSO as long as the
extratropical predictors are appropriately included. These results also support the possible triggering of EP- and
CP-ENSO through their hemispheric evolutions from the viewpoint of predictability.
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