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Abstract

The Victoria mode (VM), as a basin-scale sea surface temperature (SST) pattern over the North Pacific, is suggested to
facilitate subsequent development of El Nifio—Southern Oscillation (ENSO) through both the seasonal footprinting mecha-
nism (SFM) and the trade wind charging (TWC) mechanism. The present study aims at investigating the distinct roles and
relative contributions to ENSO of the SFM and the TWC mechanism associated with the VM using atmospheric and oceanic
reanalysis data as well as modeling simulations. Our results reveal that the positive SST anomalies (SSTAs) over the sub-
tropical northeast Pacific (SNP) related to the VM effectively trigger the initiation of ENSO via the SFM, which emphasizes
an air—sea surface thermodynamic-coupling process. In contrast, the negative SSTAs over the western North Pacific (WNP)
associated with the VM primarily induce ENSO via a thermocline—SST feedback process, known as the TWC mechanism.
Further analysis indicates that the SFM related to the VM may play a relatively independent role in affecting ENSO and is
more closely linked to ENSO than is the TWC mechanism related to the VM, which is shown to be reasonably reproduced
by the Community Earth System Model. Additionally, the SEM associated with the positive (negative) SNP SSTAs may
induce fewer El Nifio events (more La Nifia events) than the TWC mechanism related to the positive (negative) WNP SSTAs.
Our findings suggest that the SFM and the TWC mechanism associated with the VM both contribute to enhanced predictive
skill for ENSO.
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1 Introduction

El Nifio-Southern Oscillation (ENSO), characterized by sea
surface temperature anomalies (SSTAs) in the eastern-to-
central equatorial Pacific, is the strongest signal of interan-
nual climate variability in the tropical Pacific. ENSO plays
a vital role in global weather and climate anomalies (Wang
et al. 2000; Alexander et al. 2002; Ashok et al. 2007; Wu
and Zhang 2015; Dou et al. 2017; Zhang et al. 2017, 2018,
2019; Yu et al. 2018). The occurrence of extreme weather
and climate events, such as droughts and surplus rainfall, is
often affected by changes in the ENSO phase (Wang et al.
2000; Schubert et al. 2008; Grimm and Tedeschi 2009).
Therefore, the dynamics, diversity, prediction, and impacts
of the ENSO phenomenon have been extensively studied
(Ashok et al. 2007; Kao and Yu 2009; Kug et al. 2009; Paek
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et al. 2017; Santoso et al. 2017, 2019).

Previous work has shown that a North Pacific Oscillation
(NPO)-like extratropical atmospheric variability can trigger
the occurrence of ENSO events (Linkin and Nigam 2008).
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Several mechanisms have been presented to explain the con-
nection between the NPO and ENSO (e.g., Vimont et al.
2001, 2003a; Vimont et al. 2003b; Anderson 2003, 2004,
Chang et al. 2007; Yu and Kim 2010; Wang et al.2012; Ding
et al. 2015b). Recent studies have reported an NPO-induced
sea surface temperature (SST) footprint in the North Pacific,
referred to as the Victoria mode (VM), which exists over
the whole extratropical North Pacific basin, including local-
scale positive SSTAs over the subtropical northeast Pacific
(SNP) and negative SSTAs over the western North Pacific
(WNP).

The VM forced by the NPO effectively influences ENSO
through both the seasonal footprinting mechanism (SFM)
and the trade wind charging (TWC) mechanism (Ding et al.
2015a, b, 2018). In particular, the SFM shown in Vimont
et al. (2003b) suggests that the NPO can reduce surface
evaporation and increase SST in the SNP by reducing the
speed of the subtropical northeasterly trade winds, leading to
the formation of the Pacific Meridional Mode (PMM) in the
SNP during the boreal spring. The PMM extends positive
SSTAs southwestwards to the central equatorial Pacific via a
wind—evaporation—SST (WES) feedback (Xie and Philander
1994; Chang et al. 2007), which favors the development of
positive SSTAs in the central eastern equatorial Pacific. The
SFM suggests that the NPO can ultimately lead to ENSO
in the following winter through the above thermodynamic
air—sea surface coupling processes. In contrast, the TWC
hypothesis states that variations in North Pacific trade winds
induced by the NPO can directly force subsurface heat con-
tent anomalies over the central equatorial Pacific, which are
conducive to the occurrence of El Nifio events (Anderson
2004; Anderson and Maloney 2006; Anderson et al. 2013b).
Therefore, the TWC hypothesis primarily involves an ocean-
dynamics process. In addition, the SSTAs in the western
North Pacific (WNP) are proposed to act as a crucial precur-
sor for ENSO (Wang et al 2012). The WNP-associated SST
and wind anomalies contribute directly to oceanic Kelvin
wave activity in the western tropical Pacific, causing the
change in thermocline depth in the basin equatorial Pacific,
which may effectively alter the subsurface temperature
anomalies. Thus, the WNP is a key region that determines
the ocean-dynamics process prior to ENSO events. There-
fore, these mechanisms are considered to be the crucial
initiator of ENSO events (Chakravorty et al. 2021). Nev-
ertheless, the relative contributions of these mechanisms in
triggering ENSO remain unclear.

In this study, we attempt to elucidate the relative contri-
butions of the SFM and TWC mechanism associated with
the VM in triggering ENSO by comprehensively analyzing
reanalysis data and large-ensemble coupled model outputs.
Given that the SSTAs over the SNP and the WNP effec-
tively trigger the initiation of ENSO via the SFM and the
TWC mechanism, respectively, we use the SNP and WNP
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SSTAs to represent the respective role of SFM and TWC
associated with the VM. The aim is to further improve our
understanding of the influence of the North Pacific SST vari-
ability on ENSO and thus aid the predictability of ENSO.
The remainder of the paper is organized as follows: The
observational data, numerical models, and methods used in
this study are briefly introduced in Sect. 2. Section 3 reveals
the different roles and relative contributions of the SFM and
TWC mechanism associated with the VM in triggering the
initiation of ENSO. Finally, Sect. 4 provides a discussion
and conclusions.

2 Data and methods
2.1 Data

The monthly SST data used in this study are from the Hadley
Centre Global Sea Ice and Sea Surface Temperature dataset,
version 1.1 (Rayner et al. 2003), on a global 1° X 1° longi-
tude-latitude grid, and were obtained from the website of the
Met Office Hadley Centre (https://www.metoffice.gov.uk/
hadobs/hadisst/data/download.html). The subsurface ocean
temperature data originate from the Institute of Atmospheric
Physics’ ocean gridded products, which have a horizontal
resolution of 1°x 1° (Cheng et al. 2017). This dataset has 41
vertical levels distributed from 1 to 2000 m for the period
1950-2017. For atmospheric variables, we use the monthly
fields of sea level pressure (SLP) and surface wind from
the National Centers for Environmental Prediction—National
Center for Atmospheric Research Reanalysis 1 dataset on a
2.5°%2.5° latitude—longitude grid (Kalnay et al. 1996) for
the period 1950-2017. Monthly anomalies were calculated
by removing climatological means for each month. All data
used in this study are linearly detrended prior to calcula-
tion. To better isolate the interannual linkage, we extract
high-frequency variability of all datasets by using a 13-year
high-pass Fourier filter.

To examine the difference between the relative independ-
ent contributions to ENSO of the SNP-SSTA and WNP-
SSTA patterns associated with the VM, we employ the out-
put of the first 30 members of the Community Earth System
Model Large Ensemble Community Project (CESM-LENS)
forced with historical radiative fluxes from 1950 to 2005,
which is available at https://www.cesm.ucar.edu/projects/
community-projects/LENS/data-sets.html (Kay et al. 2015).

2.2 Index definitions

Following Ding et al. (2015b), the empirical orthogonal
function (EOF) analysis of the monthly SSTA field for the
period 1950-2017 was performed in this study over the
North Pacific (20°-66° N, 124°E-99° W; Fig. 1). The first
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Fig. 1 Spatial patterns (a, b) and corresponding PCs (c, d) of the first
two leading EOF modes of the North Pacific (20°-66° N, 124° E-99°
W) monthly SSTA field (after removing the monthly mean global

EOF mode (EOF1) shows a structure typical of the Pacific
Decadal Oscillation (Fig. 1a), and its time series (first prin-
cipal component, PC1) has obvious interdecadal variations
(Fig. 1c). The second EOF mode (EOF2, referred to as the
VM) accounts for 12.2% of the total variance and exhibits
a distinct dipole pattern over the extratropical North Pacific
oriented in the northeast—southwest direction (Fig. 1b), in
agreement with previous work (Bond et al. 2003; Ding et al.
2018, 2015b). The VM index is defined as the second prin-
cipal component (PC2) associated with EOF2 (Fig. 1d). To
describe the variation of the SNP SSTAs and WNP SSTAs
related to the VM, the SNP_SST and WNP_SST indices
are obtained by calculating the normalized SSTAs over the
SNP (5°-25° N, 170°-110° W) and the WNP (10°-30° N,
110°-140°E) regressed on the VM index.

Several climate indices are also computed and ana-
lyzed in this work. The difference between the standard-
ized SLP anomalies averaged over the northern (50°-69°
N, 175°E-138° W) and southern (22°—40° N, 177°E-142°
W) poles is known as the NPO index (Ding et al. 2015b).
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average SSTAs). Positive (red) and negative (blue) monthly values of
the PC1 and PC2 time series are indicated by colored bars

The Nifio3.4 index, which is used to identify ENSO events,
is defined by the SSTAs averaged over the region (5° S-5°
N, 170°-120° W). These indices from 1950 to 2017 have all
been linearly detrended and standardized using population
standard deviations. In addition, to isolate the internal vari-
ability of the VM independent of ENSO, the effect of the
previous winter’s ENSO has been removed from the VM
index using linear regression with respect to the Nifio3.4
index. Since the SNP_SST and WNP_SST indices are
defined based on the VM index, the effect of the previous
winter’s ENSO also has been removed from the SNP_SST
and WNP_SST indices.

2.3 Methods

Correlation, linear regression, and composite analyses are
also employed in this study. The statistical significance of
these analyses was calculated using the two-tailed Student’s
t-test, in which the number of effective degrees of freedom
N* was calculated as described by Bretherton et al. (1999):
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where N is the number of available time steps and Ry (i) and
Ry (i) denote the autocorrelations of the two time series X
and Y at lag time i, respectively.

3 Results

3.1 Relationship of the VM-related SNP-SSTA
and WNP-SSTA with ENSO

To investigate the spatial structure of the VM and its link-
age with atmospheric circulation variability, we present in
Fig. 2 the SST, SLP and 10-m wind anomalies associated
with the VM by regressing the North Pacific monthly SST,
SLP and 10-m wind anomalies onto the VM index. The
VM exhibits a tripole SSTA pattern over the entire North
Pacific, including a tilted SSTA dipole structure oriented
in the northeast—southwest direction over the North Pacific
polewards of 20° N, along with a subtropical band of posi-
tive SSTAs extending from off the California coast to the
central equatorial Pacific (Fig. 2a). The SSTA feature of
the VM in the North Pacific bears some resemblance to the
PMM-like (Chiang and Vimont 2004; Chang et al. 2007;
Lin et al. 2015; Thomas and Vimont 2016; You and Fur-
tado 2018) SSTA pattern, with a band of positive SSTAs
over the SNP (Fig. 2a). Despite these similarities between
the VM and PMM, there are notable differences between
their SSTA patterns. One important difference in the SSTA
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Fig.2 a Regression maps of monthly SST (shaded; unit: °C), SLP
(contours; unit: hPa) and 10-m wind anomalies (vectors; units: m
s~!) onto the monthly VM index. The contour interval is 0.2 hPa for
SLPAs and the reference wind vector is 1 m s~!. Only SST, SLP and
10-m wind anomalies significant at the 95% confidence level accord-
ing to a two-tailed Student’s t-test are shown. The two black boxes
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Correlation

pattern between the VM and PMM is the SSTA features
over the WNP off the eastern coast of Asia. Therefore, while
the two SST patterns are similar, the VM, as an SST mode
covering the whole extratropical North Pacific basin, has its
own characteristic SSTA pattern.

The SLPA pattern associated with the VM index exhibits
a meridional dipole structure, characterized by a lobe of pos-
itive anomalies over the Aleutian Islands and broad negative
SLPAs extending from 40° N to as far south as the equator
(Fig. 2a). This result is generally consistent with previous
findings that the VM is forced by an NPO-like atmospheric
variability (Walker and Bliss 1932; Rogers 1981; Ding et al.
2015b). To illustrate the relationship between the NPO and
VM, we calculated the lead-lag correlation between the
monthly VM and NPO indices. The results showed that the
correlation is highest when the NPO leads the VM by one
month (R=0.45, significant at the 99.9% confidence level),
indicating an impact of the NPO on the VM (Fig. 2b). Addi-
tionally, the lead-lag correlations between the SNP_SST and
WNP_SST and NPO indices closely resemble those between
the VM and NPO indices, even though the peak correlation
is relatively weaker than that between the VM and NPO
indices (Fig. 2b).

The above results demonstrate that the spatial pattern
of the VM covers the whole extratropical North Pacific
basin, including the local-scale SSTAs over the SNP and
WNP, which both arise from the NPO-like forcing. One
may argue whether these local-scale SSTA patterns associ-
ated with the VM play different roles in the development
of ENSO. To clarify this, we first examine the evolution of
ENSO with respect to the SNP-SSTA and WNP-SSTA pat-
terns, as represented by the lead—lag correlations between
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denote the locations of the subtropical northeast Pacific (5°-25° N,
170°-110° W) and the western North Pacific (10°-30° N, 110°-140°
E), respectively. b Lead—lag correlation coefficients of the monthly
VM, SNP_SST and WNP_SST with NPO indices. The horizontal
dashed line indicates the 95% confidence level
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the three-month running average Nifio3.4 index and the
February—April [FMA(0)]-averaged SNP_SST and WNP_
SST indices (Fig. 3a). Hereafter, the year in which the VM
peaks in FMA is expressed as year 0, and the preceding and
subsequent years as year — 1 and + 1, respectively. The cor-
relation between the SNP_SST and Nifio3.4 indices peaks
during December—February [DJF(+ 1)], lagging behind
the peak of the VM during FMA(0) by about 10 months.
Even though the peak correlation between the SNP_SST
and Nifo3.4 indices is weaker than that between the VM
and Nifio3.4 indices, the correlation is strong and significant
(significant at the 99.9% confidence level) for lead times
of several months from summer. In contrast, the correla-
tion between the WNP_SST and Nifio3.4 indices is much
weaker than that between the VM and Nifio3.4 indices and
is no longer significant at the 99.9% confidence level from
August to October [ASO(0)] to the following summer. These
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Fig.3 a Lead-lag correlations of the FMA(0)-averaged VM, SNP_
SST and WNP_SST indices with overlapping three-month aver-
age values of Nifio3.4 index. b Lead-lag partial correlations of the
FMA(0)-averaged SNP_SST and WNP_SST indices with overlapping
three-month average values of Nifio3.4 index calculated by linearly
removing the FMA(0)-averaged WNP_SST and SNP_SST indices,
respectively. In (a, b), the horizontal dashed lines show the 95% and
99.9% confidence level, respectively. The year in which ENSO devel-
ops is denoted as year (0), and the following year as year (+ 1)

results indicate that the VM-related SNP-SSTA may be more
closely linked to ENSO than is the VM-related WNP-SSTA.

3.2 Role of the VM-related SNP-SSTA and WNP-SSTA
patterns in developing ENSO

To further focus in detail on the role of the SNP-SSTA
and WNP-SSTA related to the VM in inducing the onset
of ENSO, we examine the characteristics of the seasonal
evolution of the SST and surface wind anomalies correlated
with the FMA-averaged SNP_SST and WNP_SST indices
(Fig. 4). During March-May (MAM), about one month after
the peak of the VM, the SSTA pattern associated with the
SNP_SST index in the SNP resembles the PMM-like pat-
tern, with positive SSTAs extending from off the California
coast to the central equatorial Pacific (Fig. 4a). Surface wind
anomalies associated with the SNP_SST index result in con-
vergence over the central equatorial Pacific, which in turn
promotes the development of positive SSTAS in this region.
These significant positive SSTAs in the central equatorial
Pacific increase the zonal SSTA gradient along the western-
central tropical Pacific via anomalous westerly winds in the
western-central equatorial Pacific, which can effectively trig-
ger a Bjerknes feedback that drives the development of an
El Nifio event during subsequent seasons. During DJF, an El
Nifio-like warming pattern is well developed in the central-
eastern equatorial Pacific (Fig. 4g).

In contrast, for the WNP-SST, there is a significant VM-
like SSTA pattern that is characterized by large loading over
the WNP, along with a band of positive SSTAs in the mid-
latitudes of the North Pacific and the SNP during MAM
(Fig. 4b). The positive SSTAs in the SNP, combined with
negative SSTAs in the WNP, lead to an increase in the zonal
SSTA gradient across the western central tropical Pacific,
which then induce the anomalous westerlies over the western
central equatorial Pacific and thus a distinct conventional El
Nifio-like pattern during summer (Fig. 4d). However, due
to the VM-related SSTAs in the WNP weakening in the fol-
lowing seasons, the zonal SSTA gradient associated with the
WNP_SST index along the western—central tropical Pacific
is smaller than that associated with the SNP_SST index from
boreal fall to the following spring (Fig. 5a), which leads
to weaker westerly wind anomalies in the western—central
equatorial Pacific (Fig. 5b). This is insufficiently conducive
to warming in the eastern equatorial Pacific owing to weaker
westerly wind anomalies in the western—central equatorial
Pacific associated with the WNP_SST index. As a result,
during winter, the warming amplitude in the central-east-
ern equatorial Pacific associated with the WNP_SST index
is smaller than that associated with the SNP_SST index
(Fig. 4h). These results are consistent with the lead-lag cor-
relations between the three-month running average Nifio3.4
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Fig.5 a Lead-lag correlation coefficients of the SSTA gradient
[defined as the difference between the 3-month running mean SSTAs
over the western equatorial Pacific (5° S-5° N, 120°-150° E) and the
three-month running mean SSTAs over the central equatorial Pacific
(5° S-5° N, 180°-120° W)] with the FMA(0)-averaged SNP_SST and
WNP_SST indices. b Lead—lag correlation coefficients of the three-
month running mean surface zonal wind anomalies area-averaged
over the western—central equatorial Pacific (5° S—5° N, 150° E-150°
W) with the FMA-averaged SNP_SST and WNP_SST indices. In (a,
b), the horizontal dashed lines show the 95% confidence level. The
year in which ENSO develops is denoted as year (0), and the follow-
ing year as year (+1)

index and the FMA(0)-averaged SNP_SST and WNP_SST
indices (Fig. 3a).

To further elucidate the cause of the different roles of
these local-scale VM-related SSTAs in the tropical Pacific
mentioned above, we investigate the temporal persistence of
the VM-related SNP-SSTA and WNP-SSTA pattern by com-
puting the 3-month lag autocorrelation of the SNP_SST and
WNP_SST indices based on a starting season of FMA(0).
Figure 6 shows that the autocorrelation of the VM-related
SNP-SSTA pattern slightly reduces from spring to winter.
By contrast, the autocorrelation of the VM-related WNP-
SSTA pattern decays rapidly from MAM(0) and is much
lower than that of the VM-related WNP-SSTA pattern from
summer to winter. To quantify the difference in the temporal
persistence between the VM-related SNP-SSTA and WNP-
SSTA patterns, we examine the persistence time, which is

—e—SNP_SST
1.0 —e—WN P_SST

Correlation

0.0

I | [ I T | T T [ I I
FMA(0) MAM  AMJ MJJ JJA  JAS ASO SON OND NDJ(+1) DJF

Fig.6 The three-month lag autocorrelation curve of the SNP_SST
(red line) and WNP_SST (blue line) indices based on a starting sea-
son of FMA(0). The horizontal dashed lines show the 95% and 99.9%
confidence level

defined as the time (i.e., lag) for the maximum correlation
coefficient to decay to its 1/e value. As expected, the persis-
tence times of the VM-related SNP-SSTA and WNP-SSTA
patterns are 12 and 6 months, respectively. Physically, the
VM-related SNP-SSTA evolves via a thermodynamic cou-
pling, referred to as the wind—evaporation—-SST (WES)
feedback (Xie and Philander 1994). This positive feedback
enhances the persistence of SSTAs in the SNP via the impact
of anomalous wind speed on evaporation (Liu and Xie 1994;
Martinez-Villalobos and Vimont 2017; Vimont 2010). As
a result, the high persistence of the SNP-SSTA induces
anomalous westerly winds in the western—central equato-
rial Pacific from summer to winter, which can effectively
trigger the development of an El Nifio event during winter.
Different from the SNP-SSTA pattern, the evolution of the
VM-related WNP-SSTA experiences an eastward shift and
fading (Fig. 4). Therefore, the persistence of SSTAs in the
WNP is much lower than that of SSTAs in the SNP. These
results further suggest that these two local-scale SSTA pat-
terns associated with the VM may play different roles in
developing ENSO.

The results presented thus far indicate that positive
SSTAs in the SNP associated with the VM became more
capable of inducing westerly wind anomalies in the west-
ern—central equatorial Pacific and thus enhanced air—sea
surface coupling over the subtropical/tropical Pacific, which
eventually contribute to the development of ENSO events.
The process by which the VM-related SNP-SSTA influences
ENSO may correspond to the SFM, which emphasizes a pro-
cess of atmosphere—ocean interaction (Vimont et al. 2001,
2003a, b). In contrast, due to the lower persistence of the
negative SSTAs in the WNP associated with the VM from
summer to winter, the WNP-SSTA is not conducive to an
intensification of surface wind anomalies and thus air-sea
surface coupling. This raises the question as to whether the
VM-related WNP-SSTA pattern is tied to anomalous sub-
surface ocean temperatures in the tropical Pacific.
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«Fig.7 The composite difference in three-month average subsurface
ocean temperature anomalies at various depths (unit: m) averaged
over 5° S—5° N for several lead times: a, b MAM(0), ¢, d JJA(0), e,
f SON(0), and g, h DJF(+ 1) between the positive and negative (left-
hand panels) SNP_SST events and (right-hand panels) WNP_SST
events, respectively. The oblique lines denote values that exceed the
95% confidence level

Accordingly, we next compare the seasonal evolution of
subsurface temperature anomalies associated with the SNP_
SST and WNP_SST indices averaged between 5° S and 5° N
in the tropical Pacific (Fig. 7). We classify all of the SNP_
SSTA and WNP_SSTA events into positive and negative
SNP_SST (WNP_SST) events, which are defined as a year
when the SNP_SST (WNP_SST) index is greater than one
standard deviation and less than one negative standard devia-
tion, respectively (Table 1). For the WNP-SST (right-hand
panels in Fig. 7), significant positive subsurface ocean tem-
perature anomalies occur in the western—central equatorial
Pacific (between 150° E and 150° W) at depths of around
100-300 m during MAM, which appear to be stimulated by
anomalous westerly winds in the western equatorial Pacific,
which may drive downwelling equatorial Kelvin waves and
induce a deepening of the thermocline in the western—cen-
tral equatorial Pacific (Fig. 7b). After MAM, the positive
subsurface temperature anomalies associated with the VM
propagate upwards and eastwards along the thermocline
and reach the eastern Pacific where they tend to strengthen
the surface warming during SON (Fig. 7f). In contrast, for
the SNP_SST events (left-hand panels in Fig. 7), signifi-
cant positive subsurface temperature anomalies can be seen
mainly in the central equatorial Pacific (between 180° and
120° W) at depths of around 50-200 m during MAM. At this
time, negative subsurface temperature anomalies associated
with the SNP_SST events occur in the eastern equatorial
Pacific, which suppresses upward propagation of the positive
subsurface temperature anomalies related to the SNP-SST
(Fig. 7a). As a result, positive subsurface temperature anom-
alies associated with the SNP_SST events remain almost
stationary, with only a slight eastward propagation during
subsequent seasons, thereby limiting sea-surface warming in
the central-eastern equatorial Pacific. These results are con-
sistent with the seasonal evolution of the SSTAs associated
with the FMA-averaged SNP_SST and WNP_SST indices
mentioned above (Fig. 4).

To further examine the differences in the processes
through which the VM-related SNP-SSTA and WNP-SSTA
pattern affect ENSO, Fig. 8 shows the composite differ-
ences in the three-month running average thermocline
depth (TCD; represented by the depth of the 20 °C isotherm)
anomalies averaged over 5° S—5° N between the positive
and negative SNP_SST (WNP_SST) events. For WNP_SST
events (Fig. 8b), the significant positive TCD anomalies
in the tropical Pacific are limited to between 120° E and

180° before spring [MAM(0)]. After spring, these positive
TCD anomalies associated with the WNP-SST propagate
eastwards along the equator and reach the eastern tropical
Pacific in winter. Physically, the anomalous westerly winds
could stimulate Kelvin waves on the oceanic TCD to even-
tually trigger the ENSO event (Wyrtki 1975; Kessler et al.
1995; Hendon et al. 1998; Clement et al. 2010). Therefore,
these results indicate that the VM-related WNP-SSTA pat-
tern is significantly linked to the variation in anomalous sub-
surface ocean temperatures in the tropical Pacific, which
lends support to the finding that the SSTAs over the WNP
contribute directly to oceanic Kelvin wave activity in the
western tropical Pacific that precedes ENSO events (Wang
et al. 2012). By contrast, tropical Pacific TCD anomalies
related to the SNP_SST events show a dipole structure for
lead times of up to a year, with positive TCD anomalies in
the eastern tropical Pacific and negative TCD anomalies in
the western tropical Pacific (Fig. 8a). It is noteworthy that
the eastward propagation of the positive TCD anomalies in
the equatorial Pacific is much weaker in this case, which
indicates relatively weak subsurface ocean activity associ-
ated with the SNP-SSTA.

The above results verify that the negative SSTAs over the
WNP associated with the VM tend to drive downwelling
equatorial Kelvin waves in the western tropical Pacific
induced by the variations in the North Pacific trade winds
and cause the subsurface ocean temperature anomalies along
the equator to propagate eastwards and upwards, thereby
intensifying the warming in the central-eastern equato-
rial Pacific, which triggers the onset of ENSO via a ther-
mocline-SST feedback process along the equator. Conse-
quently, the influence on ENSO of the negative SSTAs in
the WNP related to the VM may be consistent with the TWC
mechanism, which underlines the variation in subsurface
ocean temperature anomalies along the equator (Anderson
2003, 2004; Anderson and Maloney 2006; Anderson et al.
2013b).

Therefore, the VM-related SNP-SSTA and WNP-SSTA
patterns do indeed have quite distinct dynamic processes,
which play different roles in the development of ENSO. Taken
together we may conclude that, as the VM combines the effect
of SSTAs in the SNP and the WNP, the VM may influence the
onset of ENSO through two dominant processes: a surface
thermodynamic process associated with the SNP-SSTA, and
a thermocline—SST feedback process along the equator related
to the WNP-SSTA. Furthermore, these results are reminiscent
of the previous finding that zonal advective feedback plays
a key role in the development of central-Pacific (CP) ENSO
events, while thermocline feedback is a crucial process with
respect to eastern-Pacific (EP) ENSO events (Kug et al. 2009,
2010). Our results imply that the VM-related SNP-SSTA and
WNP-SSTA may be conducive to affecting CP and EP ENSO
events, respectively. Figure 9 shows the composite difference
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Table 1 Classification of years in which positive or negative SNP_SST and WNP_SST events occurred during the period 1950-2017

Positive SNP_SST events Negative SNP_SST events

Positive WNP_SST events Negative WNP_SST events

1958, 1959, 1960, 1968, 1974,
1978, 1980, 1982, 1986, 1994,

1964, 1965, 1971, 1983, 1987,
1992, 1998, 1999, 2000, 2008,

1951, 1962, 1963, 1968, 1971,
1977, 1992, 1995, 2011

1959, 1960, 1966, 1979, 1988,
1999, 2001, 2017

2015, 2017 2011, 2012,
MJJ (@) 7 MJJ - () 7
7
MAM — ¢ MAM —
JFM % JFM
NDJ(+1) NDJ(+1)
SON — y SON —
JAS — / JAS
2
MJJ MJJ
MAM —// MAM —
JFM JFM
NDJ(0) — NDJ(0) —
SON(-1) — SON(-1) |
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Fig.8 Time-longitude cross-section of the composite difference in
thermocline depth (approximated by the depth of the 20 °C isotherm)
anomalies averaged over 5° S—5° N between the positive and negative

in the SSTA averaged over 5° S—5° N between the positive and
negative SNP_SST (WNP_SST) events. As expected, positive
SSTAs related to the SNP_SST appear in the central tropical
Pacific during the ENSO developing phase and peak in the
Nifio4 region (5° N=5° S, 160° E-150° W) during the mature
phase of ENSO (Fig. 9a). As for WNP_SST, negative SSTAs
over the eastern tropical Pacific experience an apparent phase
transition to positive SSTAs in MAM(0) that intensify and
propagate westwards along the equator during the following
seasons. These positive SSTAs associated with the WNP_SST
peak in the Nifio3 region (5° N-5° S, 150°-90° W) in the
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5 10 15 20 25 30

a SNP_SST events and b WNP_SST events, respectively. The oblique
lines denote values that exceed the 95% confidence level

following winter (Fig. 9b). Therefore, as the VM combines
effects of the SNP-SSTA and WNP-SSTA patterns, it tends
to be followed by a mixed pattern of CP and EP ENSO events
(Ding et al. 2015b).

3.3 Relative independent contributions
of the VM-related SFM and TWC mechanism
in developing ENSO

The analyses presented above confirm the distinct roles
of VM-related SFM and the TWC mechanism in the



Relative contributions to ENSO of the seasonal footprinting and trade wind charging mechanisms... 57

/
MAM — // // ] E;
:/ | Y
JFM —ﬁ/ %
NDJ(+1) —2% 7
SON 4777
JAS - 2;
MJJ / Z
MAM /
JFM -
NDJ(0) |
SON(-1) T T

150E 180 150W 120W

[ | [ [

MJJ - (b)
MAM -
JFM - °
NDJ(+1) -~ : /
% j .
SON | 7 ; /.
| =
JAS - / / Ve ; (Z
707
_ A
MJJ /
MAM —
JFM -
NDJ(0) —~ ,7
a 7/
SON(-1) —T T T
150E 180 150W 120W
N W o |

-18 15 -12 -09 -06 -0.3 0

Fig.9 Asin Fig. 8 but for SSTAs

development of ENSO. Specifically, the SSTAs over the
SNP and the WNP effectively trigger the initiation of ENSO
via the SFM and the TWC mechanism, respectively. Further,
to understand the relative contributions of the SNP-SSTA-
related SFM and the WNP-SSTA-related TWC mechanism
in the onset of ENSO, we first examine the relative inde-
pendent relationships of the SFM and the TWC mechanism
with the development of ENSO, as represented by the partial
correlation between the FMA(0)-averaged SNP_SST (WNP_
SST) index and the three-month running average Nifio3.4
index by linearly removing the WNP_SST (SNP_SST) index
shown in Fig. 3b. With the removal of the WNP_SST effect,
the correlations between the SNP_SST and Nifio3.4 indices
are slightly reduced but still significant at or above the 95%
confidence level for lead times of up to a year. In contrast,
with the removal of the SNP_SST effect, the WNP_SST-
related Nifio3.4 index decays rapidly after reaching its peak
during JJA(0) and does not persist through the following
winter, suggesting that the WNP-SST tends to induce a faster
phase transition of El Nifio, thereby destroying favorable

03 06 09 12 15 138

conditions for the development of El Nifio events. These
results indicate that the VM-related SNP-SSTA may play an
independent role in affecting ENSO and the linkage between
the VM-related WNP-SSTA and ENSO depends upon the
presence of the SNP-SSTA.

As mentioned above, the VM-related SNP-SSTA is more
closely linked to ENSO than is the VM-related WNP-SSTA,
indicating that the SFM may be more conducive to inducing
ENSO than the TWC mechanism. However, an important
question is the relative independent contributions of these
two mechanisms in ENSO. To address this, we examine the
probabilities of ENSO events that are preceded by the VM-
related SNP_SST and WNP_SST events, respectively. Fig-
ure 10 shows that the probability of an ENSO event being
preceded by a VM-related SNP_SST or WNP_SST event is
comparable (51.2% and 50.0%, respectively). However, the
probability of an El Nifio (La Nifia) event being preceded
by a positive (negative) VM-related SNP_SST or WNP_SST
event is noticeably different. Specifically, it was found that
positive (negative) SNP_SST events [36.7% (68.2%)] may
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Fig. 10 The ratios of ENSO, El Nifio and La Nifia events when total,
positive and negative SNP_SST (pink bar) and WNP_SST (blue bar)
events occur during the FMA(0)

induce fewer El Nifio events (more La Nifa events) than pos-
itive (negative) WNP_SST events [57.4% (41.8%)]. Given
that the evolution of the warm and cold phases of ENSO
display prominent asymmetric features of the meridional
position of SST (Yu 2011; Anderson et al. 2013a), this result
is therefore consistent with the finding mentioned above that
the VM-related SNP-SSTA and WNP-SSTA may be con-
ducive to affecting CP and EP ENSO events, respectively.

To further verify the relative contributions of the SFM
and the TWC mechanism associated with the VM in ENSO,
we use the output of the first 30 members of the CESM-
LENS from 1950 to 2005. First, we examine if the 30 mem-
bers used in the present study can reproduce the spatial pat-
terns of the VM. Figure 11 shows that most of the members
of the CESM-LENS can reproduce the spatial patterns of the
VM reasonably well. The pattern correlations between the
observation and most of the members are higher than 0.75
(26 of 30 members). Thus, the SNP_SST and WNP_SST
indices in the CESM-LENS models follow the same defini-
tions as used for the observations.

The relative contributions of the SFM and the TWC
mechanism associated with the VM in inducing ENSO
events is also examined in the first 30 members of the
CESM-LENS (1950-2005) simulations (Fig. 12). Among
the 30 members, 18 show partial correlations between the
FMA(0) SNP_SST and the DJF(+ 1) Nifio3.4 indices that
are higher than those between the FMA(0) WNP_SST and
the DJF(+ 1) Nifio3.4 indices, which indicates that nearly
half of the members of the CESM-LENS underestimate the
link between the VM-related SNP-SSTA and ENSO. How-
ever, further analysis of these 18 members of the CESM-
LENS shows that 12 of them (> 60%) generate a lower
(higher) occurrence ratio of El Nifio (La Nifia) being pre-
ceded by positive (negative) SNP_SST events than positive
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(negative) WNP_SST events (Fig. 12b, ¢). The multi-model
ensemble result is consistent with the above analysis and fur-
ther highlights the different roles played by the VM-related
SNP-SSTA and WNP-SSTA in the development of ENSO.
Therefore, even though the VM-related SFM may be more
conducive to inducing ENSO than the TWC mechanism,
these two mechanisms both play a crucial role in ENSO.

4 Summary and discussion

This paper has focused on a detailed investigation of
the different roles and relative contributions of the
SFM and TWC mechanism associated with the VM in
ENSO. As mentioned above, the VM exhibits a basin-
scale SST mode over the North Pacific, including posi-
tive SSTAs over the SNP and negative SSTAs over the
WNP. Our results emphasize that local-scale SSTAs in
both the SNP and the WNP are important components
of the VM-related SSTA pattern in the North Pacific
and play different roles in the development of ENSO.
The VM-related SNP-SSTA evolves via WES feedback,
which enhances the temporal persistence of SSTAs in
the SNP. As a result, the high persistence of the SNP-
SSTA induces anomalous westerly wind anomalies in
the western—central equatorial Pacific from summer to
winter, which can effectively trigger the development
of an El Nifio event during winter. In contrast to SSTAs
in the SNP that may exert effects on ENSO primarily
through thermodynamic coupling, SSTAs in the WNP
tend to drive downwelling equatorial Kelvin waves in
the western tropical Pacific induced by the variations in
the North Pacific trade winds and cause the variation in
the subsurface ocean temperature anomalies along the
equator, which induce the development of ENSO via a
thermocline—SST feedback process along the equator.
Consequently, as the VM combines effects of SNP-SSTA
and WNP-SSTA patterns, it may influence the onset of
ENSO through two dominant processes: the SFM associ-
ated with the SNP-SSTA and the TWC mechanism asso-
ciated with the WNP-SSTA, which is clearly illustrated
schematically in Fig. 13.

Our results further reveal that the SNP-SSTA-related
SFM may play an independent role in affecting ENSO and is
more closely linked to ENSO than is the WNP-SSTA-related
TWC mechanism. Given that the distinct role of SNP-SSTA
and WNP-SSTA related to the VM playing in ENSO, fur-
thermore, the relative contribution of the SFM and the TWC
mechanism associated the VM in ENSO was examined. It
was found that the SFM may induce fewer El Nifio events
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Fig. 11 Spatial patterns of the second EOF mode of the SSTAs over
the North Pacific (20°-66° N, 124° E-99° W) calculated from obser-
vation (OBS) and 30 members of the CESM-LENS (001-030). The

(more La Nifia events) than the TWC mechanism, which is
consistent with the finding that the VM-related SNP-SSTA
and WNP-SSTA patterns may be conducive to affecting CP
and EP ENSO events, respectively. These differences were
supported in this study by using CESM-LENS outputs.

I
0

I
0.1 0.2 0.3 0.4

numbers in brackets in the upper-left corner of each panel indicate the
pattern correlation between the observation and each member of the
CESM-LENS

The present work has implications for understanding
the distinct roles and the relative contributions of the SFM
and TWC mechanism associated with the VM in triggering
ENSO, and thus for improving the predictability of different
types of ENSO. It should be pointed out that, although our
results highlight the importance of these two mechanisms
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related to the VM in the initiation of ENSO, the results
mainly focus on the linear linkage between the VM-related
SSTA pattern and ENSO. However, the nonlinear effect of
the VM-related SSTA pattern in tropical Pacific climate
variability cannot be neglected. Further work is needed to
quantify the relative contributions of the SFM and the TWC
mechanism related to the VM in the development of different
types of ENSO by conducting sensitivity experiments using
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a coupled general circulation model. In addition, further
attention also needs to be paid to the mechanisms of inter-
actions between low-frequency anomalies in the tropics and
extratropics of the North Pacific (McCreary and Lu 1994;
Gu and Philander 1997; Zhang and Levitus 1997; Zhang
et al. 1998; Barnett et al. 1999; Kleeman et al. 1999; Liu
et al. 2002).
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mechanism). In contrast, the VM-related WNP-SST pattern tends to
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