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Abstract This study demonstrates the close connection
between the north—south dipole pattern of sea level pres-
sure anomalies over northeastern North America to the
western tropical North Atlantic, referred to as the North
American dipole (NAD), and the central Pacific (CP)-
type El Nifio a year later. In contrast to other ENSO pre-
cursors, such as the North Pacific Oscillation (NPO) and
Pacific—North America (PNA) pattern, the NAD appears
more closely related to the CP-type El Nifio than to the
eastern Pacific (EP)-type El Nifio, indicating that the NAD
may serve as a unique precursor for the CP El Nifio. The
wintertime NAD induces sea surface temperature anoma-
lies in the northern tropical Atlantic (NTA), which sub-
sequently play an important role in developing the CP El
Nifio-like pattern in the tropical Pacific over the course of
the following year. It appears that the NAD influence on
CP El Niiio involves air—sea interaction over several major
basins, including the subtropical/tropical Pacific and the
NTA. Additional analysis indicates that the correlation of
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either the NAD index or the NPO index with the CP El
Nifio state a year later depends on the status of the other
index. When the wintertime NAD index is of the opposite
sign to the simultaneous NPO index, the correlation of the
NAD or NPO index with the Nifio4 index becomes much
weaker.

Keywords Central Pacific El Nifio - North American
dipole (NAD) - North Pacific Oscillation (NPO)

1 Introduction

The El Nifio-Southern Oscillation (ENSO) phenomenon,
which originates in the tropical Pacific, is the strongest
natural interannual climate signal and has received much
attention because of both its worldwide climatic and eco-
nomic effects. It has been increasingly recognized that
there are two different flavors or types of El Nifio events
in the tropical Pacific. The new type of El Nifio is known
as the Central Pacific El Nifio (CP El Nifio; Yu and Kao
2007; Kao and Yu 2009), which exhibits maximum posi-
tive sea surface temperature (SST) anomalies in the central
equatorial Pacific, rather than the eastern equatorial Pacific
as seen during conventional El Nifio episodes (referred to
as the Eastern Pacific (EP) El Nifio). Different terms have
also been used to describe the CP El Nifio, including the
Date Line El Nifio (Larkin and Harrison 2005), El Nifio
Modoki (Ashok et al. 2007), and warm-pool El Nifio (Kug
et al. 2009). There is increasing observational and mode-
ling evidence that the two types of El Nifio events result
from different dynamical processes (Ashok and Yamagata
2009; Kao and Yu 2009; Kug et al. 2009) and that they have
markedly different impacts on the weather and climate
around the world (e.g., Taschetto and England 2009; Feng

@ Springer


http://orcid.org/0000-0003-4139-3843
http://crossmark.crossref.org/dialog/?doi=10.1007/s00382-016-3389-8&domain=pdf

1322

R. Ding et al.

and Li 2011; Weng et al. 2011; Gushchina and Dewitte
2012; Wilson et al. 2014; Zhang et al. 2015).

Previous studies have suggested that the North Pacific
Oscillation (NPO; Walker and Bliss 1932; Rogers 1981),
the second leading mode of sea level pressure (SLP) anom-
alies over the North Pacific, can influence the occurrence
of ENSO events (Vimont et al. 2001, 2003a, b; Anderson
2003; Alexander et al. 2010; Yu and Kim 2011). The sea-
sonal footprinting mechanism (SFM) has been proposed
by Vimont et al. (2001, 2003a, b) to explain how NPO-like
atmospheric variability could lead to tropical SST variabil-
ity. The SFM suggests that fluctuations in the wintertime
NPO impart an SST footprint onto the ocean via changes
in the net surface heat flux. This SST footprint, which is
termed the Victoria mode (VM; Bond et al. 2003; Ding
et al. 2015a, b) or Pacific Meridional Mode (PMM; Chiang
and Vimont 2004; Chang et al. 2007), peaks in late win-
ter and early spring, and persists until summer via atmos-
phere—ocean coupling in the subtropics. In this region, the
SST anomalies can subsequently force the overlying atmos-
phere, resulting in anomalous zonal wind stress across the
equatorial Pacific that is conducive to initiating an ENSO
event during the following winter. In addition to the SFM,
the NPO influence on ENSO may occur through the “trade
wind charging mechanism (TWC)” whereby subsurface
temperature anomalies across the central equatorial Pacific
resulting from the NPO-induced variations in the trade
winds can subsequently favor the development of an ENSO

event (Anderson et al. 2013). The connection between the
NPO and ENSO a year later indicates that the NPO may
be a reliable precursor signal for ENSO events, which has
important implications for prediction of ENSO variability
(Vimont et al. 2003a).

Given that there are two distinct types of El Nifio, the
question naturally arises as to whether the NPO-like extra-
tropical atmospheric forcing is more likely to induce a par-
ticular type of El Nifio (i.e., the CP or EP El Nifio). Some
studies have indicated that the NPO and its associated SST
footprint (i.e., the VM or PMM pattern) play a particularly
important role in exciting the CP El Nifio (Yu et al. 2010,
2012; Yu and Kim 2011; Kim et al. 2012; Lin et al. 2015).
However, other analyses also have found no strong evi-
dence that the NPO and its associated SST footprint tend
to be more conducive to the initialization of the CP El Nifio
than the EP El Nifio (Pegion and Alexander 2013; Ding
et al. 2015a). An early study by Vimont et al. (2003a) indi-
cated that the NPO is followed by a typical EP El Nifio pat-
tern (see their Figs. 1 and 3). Larson and Kirtman (2014)
reported that the strong 1997-1998 El Nifio (a typical EP El
Nifio event) is preceded by a positive PMM anomaly. Alex-
ander et al. (2010) reported that equatorial ocean dynam-
ics, such as the zonal advection in the tropical Pacific, can
extend the NPO-induced warming in the central Pacific
eastwards, leading to EP EI Nifio events. A recent study by
Ding et al. (2015a) reported that although the NPO and its
associated SST footprint may trigger the initial warming
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in the central equatorial Pacific, the latter could finally
develop respectively to the CP El Nifio and EP El Nifio pat-
terns, possibly depending on equatorial ocean dynamics as
suggested by Alexander et al. (2010). They further showed
that two CP El Nifio events (1986/1987 and 1991/1992) and
also two EP El Nifio events (1982/1983 and 1997/1998)
were preceded by the NPO signature. Capotondi and Sard-
eshmukh (2015) and Capotondi et al. (2015) suggested that
different SST precursors (including the PMM) alone do not
favor the generation of different ENSO types, and instead
the initial thermocline state of the equatorial Pacific may
play an important distinguishing role in the development of
the CP or EP El Nifo events. These findings indicate that if
we rely on the wintertime NPO precursor signal alone, we
cannot judge in advance whether the NPO is more likely
to be followed by an EP El Nifio or a CP El Nifio event.
Therefore, it is necessary to further examine the differences
between the atmospheric precursor signals of the two types
of El Nifio events, and to identify an additional precursor
signal that is more conducive to initiating the CP El Nifio
than the EP El Nifio, or vice versa. We believe that identify-
ing such a precursor for the CP El Nifio alone (or for the
EP El Nifio alone) would greatly improve ENSO prediction
and also enhance seasonal climate prediction, as the CP El
Nifo is thought to produce different climate impacts than
the EP El Nifio (e.g., Taschetto and England 2009; Feng
and Li 2011; Weng et al. 2011; Gushchina and Dewitte
2012; Wilson et al. 2014; Zhang et al. 2015).

The focus of this paper is the search for a precursor sig-
nal associated with the atmospheric variability that pre-
cedes ENSO events, which is not only distinct from the
NPO, but may also act as a potential predictor of the type
of El Nifio event that will be generated. The remainder of
this paper is organized as follows. Section 2 describes the
various datasets used in this study. Section 3 investigates
the differences between the SLP patterns preceding CP and
EP El Nifo events, and identifies a precursor SLP signal
that is more closely linked to the CP El Nifio than to the EP
El Nifio. This section also discusses the possible mecha-
nisms linking the precursor SLP signal to the CP El Nifio,
and the joint relationship of this precursor SLP signal and
NPO to the CP El Nifio. Our findings are summarized and
discussed in Sect. 4.

2 Data

We used the monthly mean SST field from the National
Oceanic and Atmospheric Administration (NOAA)
Extended Reconstructed SST version 3b dataset
(ERSSTv3b; Smith et al. 2008). The ERSSTv3b dataset
has a horizontal resolution of 2° x 2° and runs from 1854
to the present. We used the monthly mean subsurface ocean

temperature from the Simple Ocean Data Assimilation
(SODA) reanalysis for the period 1871-2010 (Giese and
Ray 2011). The SODA dataset has 23 vertical levels une-
venly distributed from 5 to 1139 m, and covers the global
oceans from 30.75°S to 30.75°N with a horizontal resolu-
tion of 0.5° x 0.5°. We used atmospheric fields from the
National Centers for Environmental Prediction—National
Center for Atmospheric Research (NCEP-NCAR) reanaly-
sis data on a 2.5° x 2.5° grid (Kalnay et al. 1996). We used
the precipitation field from the Climate Prediction Center
(CPC) Merged Analysis of Precipitation (CMAP) dataset
(Xie and Arkin 1997). The CMAP dataset contain monthly
precipitation data (mm day~!) at a spatial resolution of
2.5° x 2.5° In all calculations based on monthly mean
data, the monthly anomalies were calculated by removing
the climatological monthly means.

The Pacific-North America (PNA) teleconnection pat-
tern is one of the most prominent modes of low-frequency
atmospheric variability in the Northern Hemisphere extra-
tropics (Horel and Wallace 1981; Wallace and Gutzler
1981). The PNA index is determined using the modified
pointwise method (described online at http://www.cpc.
ncep.noaa.gov/products/precip/CWlink/pna/month_pna_
index2.shtml; the index values are available online at this
website), which is based on the pointwise method of Wal-
lace and Gutzler (1981). The North Atlantic Oscillation
(NAO) is the dominant mode of atmospheric variability
over the North Atlantic region (Barnston and Livezey 1987,
Hurrell 1995). The NAO index is defined as the difference
in the normalized SLP regionally zonal-averaged over the
North Atlantic sector from 80°W to 30°E between 35°N
and 65°N (Li and Wang 2003). Note that our analysis was
focused mainly on the period 1979-2013, because the pre-
cipitation, NCEP-NCAR reanalysis, SST, and subsurface
ocean temperature data were all available for this timespan.
However, in Sect. 4 we also use longer datasets (back to
1950) to investigate the decadal variations in the relation-
ship between the CP EI Nifio and its precursor SLP signal.

3 Results

3.1 Difference between the SLP patterns preceding CP
and EP El Niio

Four regional indices are currently used to monitor ENSO:
Nifiol4+2 (90-80°W, 10°S-0°), Nifio3 (150-90°W,
5°S-5°N), Nifio3.4 (170-120°W, 5°S-5°N), and Nifio4
(160°E-150°W, 5°S—5°N). Among them, the Nifio3 index
is commonly used to measure the intensity of EP El Nifio
events, whereas the Nifio4 index is commonly used to
measure the intensity of CP El Niflo events (Kug et al.
2009).
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Table 1 Correlations of the winter (NDJFM) averaged NPO and
NAD indices with the four NINO indices a year later for the period
1979-2013

Nifiol+2 Nifio3 Nino3.4 Nifo4
NPO 0.42% 0.51%* 0.58%* 0.59%:
NAD 0.15 0.27 0.38%* 0.44%*

* Statistically significant correlation significant at the 95 % confi-
dence level

** Statistically significant correlation significant at the 99 % confi-
dence level

Figure 1a—d show the spatial patterns of winter [Novem-
ber—-March (NDJFM)] averaged Nifiol+2, Nifio3, Nifio3.4,
and Nifo4 indices correlated with SLP anomalies a year
earlier for the period 1979-2013. All four indices are
preceded, by one year, by an NPO-like pattern over the
North Pacific, and this is consistent with previous findings
(Vimont et al. 2001, 2003a, b; Anderson 2003; Alexander
et al. 2010; Yu and Kim 2011). In comparison, the NPO-
like patterns preceding the Nifio3.4 index, and preceding
the Nifio4 index, are very similar, both of which appear to
be slightly more pronounced than the pattern preceding the
Nifio3 index, with a larger domain of significant correla-
tions over both the northern and southern poles of the NPO.
The NPO-like pattern preceding the Nifiol+2 index is still
visible, but is weaker than those preceding other ENSO
indices (including the Nifio3, Nifio3.4, and Nifio4 indices).

We then calculated the correlation coefficients between
the NDJFM-averaged NPO index and the four NINO indi-
ces a year later (Table 1). The NPO index is defined here
as the difference between the normalized SLP anomalies
averaged over the northern (175-120°W, 50-71°N) and
southern (179°E-139°W, 8-26°N) poles (indicated by the
magenta boxes in Fig. 1d). All of the correlations are sig-
nificant at or above the 95 % confidence level. The correla-
tion coefficient between the Nifiol42 index and the NPO
index from the previous winter is 0.42. Moving west from
the eastern to the central Pacific, the correlation coeffi-
cients associated with the relationships between the Nifio3,
Nifio3.4, and Nifio4 indices and the NPO index from the
previous winter are 0.51, 0.58, and 0.59, respectively. The
differences between these correlations are generally small
and are not significant at the 95 % confidence level, based
on the Monte Carlo significance test procedure described
by Anderson (2007), indicating that there is little differ-
ence in the relationship between the CP/EP El Nifio and the
NPO. Note that the NPO is generally defined as the sec-
ond leading empirical orthogonal function (EOF2) of the
NDJFM North Pacific SLP anomalies poleward of 15°N
(e.g., Linkin and Nigam 2008). The correlation between
the NDJFM NPO index defined above using the difference
between the two poles and that derived from EOF analysis
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(i.e., the second principal component (PC2) associated
with the EOF2) reaches 0.73 (significant at the 99.9 %
confidence level). Using the PC2 of the North Pacific SLP
anomalies to compute its correlations with the four NINO
indices a year later (not shown) is similar to (but less than)
using the difference between the two poles.

In addition to the preceding signal over the North
Pacific, there is a north—south dipole pattern of negative
SLP anomalies over northeastern North America and posi-
tive SLP anomalies over the western tropical North Atlan-
tic that also precede the Nifio3, Nifo3.4, and Nifio4 indices
by one year. This dipole pattern is most pronounced for the
SST indices located closer to the central Pacific (Nifio3.4
and Nifio4), but becomes weaker for the SST indices
located towards the eastern Pacific (Nifio3 and Nifiol+2),
suggesting that the dipole pattern may be more closely
linked to the CP EI Nifio than to the EP El Nifio. As will be
shown later, the northern and southern poles of this dipole
pattern almost correspond with the two action centers of
the PNA over North America. For brevity, we hereafter
refer to this dipole pattern over northeastern North America
to the western tropical North Atlantic as the North Ameri-
can dipole (NAD). To quantitatively depict the NAD sig-
nal that precedes ENSO, a simple NAD index was defined
as the difference between the normalized (subtracting the
mean and then dividing by the standard deviation) SLP
anomalies averaged over the southern (93-58°W, 9-29°N)
and northern (77-43°W, 53—-68°N) poles (indicated by the
green boxes in Fig. 1d) of the NAD. Note that the definition
of the NAD index (southern pole minus northern pole) is
opposite to that of the NPO (northern pole minus southern
pole) so that the positive NAD index is associated with the
CP El Nifo. Given the linear nature of the statistics, it is
reasonable to assume that the NAD index of opposite sign
would be associated with the CP La Nifa.

We note that both the southern poles of the NPO and
NAD are located at latitudes between 8°N and 26°N
(Fig. 1d). To further test the difference between the SST
patterns in the tropical Pacific related to the preceding
NPO and NAD, we show in Fig. 2 the cross-correlations
between the NDJFM-averaged SLP anomalies meridion-
ally averaged over 8-26°N from the North Pacific across
North America to the western North Atlantic, and SST
anomalies along the equatorial Pacific (meridionally aver-
aged over 5°S-5°N) a year later. The SST patterns related
to the southern poles of the preceding NPO and NAD are
nearly reversed in sign in the equatorial Pacific. The signifi-
cant positive SST anomalies related to the southern pole of
the preceding NAD (corresponding to the 100-50°W zone)
is located in the central equatorial Pacific (between 160°E
and 140°W), with maximum warming near the dateline.
In contrast, the significant negative SST anomalies related
to the southern pole of the preceding NPO (corresponding
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Fig. 2 Cross-correlations between the NDJFM-averaged SLP anom-
alies meridionally averaged over 8-26°N from the North Pacific
across North America to the western North Atlantic (y-axis), and SST
anomalies along the equatorial Pacific (meridionally averaged over
5°S-5°N) a year later (x-axis). Areas with a correlation significant at
or above the 90 % confidence level are shaded

to the 180-135°W zone) extend much father towards the
eastern equatorial Pacific than the positive SST anomalies
related to the southern pole of the preceding NAD, with
maximum cooling mostly to the east of the dateline. This
finding further demonstrates that the NAD, unlike the NPO,
appears to be more closely related to the CP El Nifio than
to the EP El Nifo.

In addition, by inspecting the spatial patterns of the win-
ter (NDJFM) averaged SLP anomalies regressed onto the
simultaneous NAD and PNA indices (Fig. 3a, b, respec-
tively), we note that the SLP pattern associated with the
NAD closely resembles that associated with the PNA,
with the below-average SLPs located southwest of Hawaii
and over northeastern North America, and above-average
SLPs located southeast of the Aleutian Islands and over
the southeastern United States and Gulf of Mexico. In the
North Atlantic, both the NAD and PNA are associated with
a positive phase of the NAO (Barnston and Livezey 1987,
Hurrell 1995). The northern and southern poles of the NAD
are almost matched to the two action centers of the PNA
over North America. The correlation coefficient between
the NDJFM-averaged NAD and PNA indices is 0.53 (sig-
nificant at the 99 % confidence level), which is indicative
of a close linkage between the NAD and PNA. This link-
age can also be observed in the patterns of SST anomalies
regressed onto their respective indices (Fig. 3c, d). The
simultaneous SST pattern associated with the NAD is simi-
lar to that associated with the PNA, both of which are char-
acterized by a typical EP La Nifa pattern in the tropical
Pacific, indicating that both the NAD and PNA are closely

linked to ENSO. As noted previously (Zhang et al. 1996;
Trenberth et al. 1998), ENSO can play an important role
in developing the PNA (and hence NAD) via the poleward
propagation of Rossby wave trains. Therefore, the NAD
develops almost simultaneously with, and is closely related
to, tropical ENSO events.

However, we also argue that although the NAD is closely
connected to the EP-type ENSO variability, the NAD has its
own internal variability independent of ENSO. The partial
regression of the NDJFM-averaged SLP anomalies onto the
NAD index (with the ENSO signal linearly removed) indi-
cates that the SLP anomalies associated with the NAD are
remarkably reduced in most regions of the North Pacific,
while they are only slightly reduced in some regions of the
North America compared with those obtained without the
removal of the ENSO effect (see Fig. 3e, f). Therefore, a
distinct NAD-related SLP pattern remains after the ENSO
signal is removed. This suggests that in addition to ENSO,
the NAD also appears to have its origin in internal dynam-
ics, consistent with the findings of Simmons et al. (1983)
who found that the internal atmospheric dynamical pro-
cesses in the midlatitude could generate a PNA-like pattern
through the barotropic and baroclinic instability.

3.2 Establishing the NAD-CP El Niiio relationship

The time series of the winter (NDJFM) averaged NAD
index and four NINO indices during the following winter
are plotted in Fig. 4a and their correlation coefficients are
listed in Table 1. The correlations strengthen for the NINO
indices located towards the central Pacific. In particular,
the Nifio4 index has a correlation coefficient of 0.44 (sig-
nificant at the 95 % confidence level) with the preceding
NAD index, which is higher than that between the Nifio3
index with the preceding NAD index (R = 0.27, not signifi-
cant at the 95 % confidence level). The difference between
these two correlations is significant at the 95 % confidence
level, based on the Monte Carlo significance test procedure
(Anderson 2007). The Nifiol4-2 index exhibits a very weak
correlation (R = 0.15) with the preceding NAD index.

Ren and Jin (2011) developed two new indices that sepa-
rately identify the two types of El Nifio events through a
simple transformation of the Nifio3 and Nifio4 indices.
They argued that unlike the Nifio3 and Nifio4 indices, the
two new indices have a little simultaneous correlation. We
also computed the correlations of the winter NAD index
with the following winter CP and EP El Nifio indices devel-
oped by Ren and Jin (2011). The correlations are 0.41
for CP El Nifio and 0.24 for EP El Nifo. The difference
between these two correlations is also significant at the
95 % confidence level. These results support the idea that
the NAD appears to be more closely linked to the CP El
Nifio than to the EP EI Nifio.
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Figure 4b shows the regression of winter (NDJFM) aver-
aged SST anomalies in the tropical Pacific onto the previ-
ous winter NAD index. Significant positive SST anomalies
associated with the preceding NAD are concentrated in the
central tropical Pacific between 160°E and 120°W, cover-
ing the Nifio3.4 and Nifio4 regions. In addition, there are
significant negative SST anomalies in the western tropical
Pacific and weak positive, or even negative, SST anoma-
lies in the eastern tropical Pacific that are also related to the
preceding NAD. This preceding NAD-related SST anom-
aly pattern closely resembles a typical CP El Nifio pattern
(Larkin and Harrison 2005; Ashok et al. 2007; Kao and Yu
2009; Kug et al. 2009).

Previous work has shown that the events of 1990/1991,
1994/1995, 2002/2003, 2004/2005, and 2009/2010 were
typical CP El Nifo events (Kug et al. 2009; Yu and Kim
2010). We constructed composites of the previous winter
(NDJFM) averaged SLP anomalies for these CP El Nifio
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events (Fig. 5a), and for comparison constructed compos-
ites of the previous winter averaged SLP anomalies for
two typical EP El Nifio events (1982/1983 and 1997/1998;
Fig. 5b). Composite SLP anomalies preceding CP El Nifio
events exhibit significant positive SLP anomalies over the
North Pacific poleward of 20°N as well as an NAD-like
pattern over eastern North America to the western tropical
North Atlantic. In contrast, composite SLP anomalies pre-
ceding EP El Nifio events only exhibit a marked NPO-like
pattern over the North Pacific; the NAD-like pattern over
eastern North America to the western tropical North Atlan-
tic becomes indistinct.

The above results indicate a close connection between
the winter NAD and CP El Nifio events during the fol-
lowing winter. To further elucidate the lagged relation-
ship between the NAD and CP El Nifio, we performed a
maximum covariance analysis (MCA; also known as sin-
gular value decomposition (SVD); Bretherton et al. 1992)



Linking a sea level pressure anomaly dipole over North America to the central Pacific El Nifio 1327

NAD NINO4 -~ NINO34
NINO3 NINO12
3.0 4.0
2.0 3.0
F2.0
o 1.0
g F1.0 I
€ N
< 0.0 0.0
' 7
o
F-1.0 0
@ —1.01 10
r—2.0
-2.0 L _30
-4.0

=-3.0-— v v v v v r
1980 1985 1990 1995 2000 2005 2010
Year (with respect to the NINO indices)

)\

i

1500 120W  90W

120E  150E 180

Fig. 4 a Time series of the winter (NDJFM) averaged NAD index
(black bars), Ninol+2 (yellow line), Nino3 (light blue line), Nifio3.4
(dashed green line), and Nifio4 (red line) indices a year later. All
indices are standardized, and the correlation coefficients of the NAD
index with four NINO indices a year later are given in Table 1. b
Regression of the winter averaged SST anomalies (contour interval
0.1 °C) in the tropical Pacific onto the previous winter NAD index.
Positive (red) and negative (blue) SST anomalies, significant at the
95 % confidence level, are shaded

of the cross-covariance matrix between the NDJFM-aver-
aged SLP anomalies over North America and the west-
ern Atlantic (120-30°W, 0-85°N) and the tropical Pacific
(125°E-75°W, 20°S-20°N) SST anomalies a year later.
The leading MCA mode explains 72 % of the total squared
covariance. The correlation coefficient between the corre-
sponding expansion coefficient time series is 0.49 (signifi-
cant at the 99 % confidence level; Fig. 6¢). These statistical
results indicate that the two fields included in the MCA are
strongly coupled.

Figure 6a, b show the leading pair of heterogeneous pat-
terns, which were generated by correlating the respective
heterogeneous SLP and SST fields with the time series of
the leading MCA normalized expansion coefficient. The
SLP pattern in Fig. 6a shows a meridional dipole pattern
over northeastern North America to the western tropi-
cal North Atlantic, with centers of action on either side
of about 40°N, which resembles the NAD pattern shown

(a) SLP composites for CP El Nino

OE 180 150W 120W 90W 60W J30W

Fig. 5 a Composites of the previous winter (NDJFM) averaged SLP
anomalies (contour interval 0.4 mbar) for five strong CP El Nifio
events (1990-1991, 1994-1995, 2002-2003, 2004-2005, and 2009-
2010). b Composites of the previous winter averaged SLP anomalies
for two strong EP El Nifio events (1982-1983 and 1997-1998). In a
and b, positive (red) and negative (blue) SLP anomalies, significant at
the 95 % confidence level, are shaded

in Fig. 3a. The strong correspondence between the MCA
SLP expansion coefficient and the NAD index (R = 0.92)
indicates that this SLP pattern obtained from the MCA is
dominated by the NAD-related pattern. During the fol-
lowing winter, the tropical Pacific SST anomaly pattern in
Fig. 6b is dominated by a zonal tripole pattern, which is
characterized by positive SST anomalies in the central trop-
ical Pacific and negative SST anomalies in the western and
eastern tropical Pacific. We note that this MCA SST pat-
tern strongly resembles the CP El Nifio pattern (Larkin and
Harrison 2005; Ashok et al. 2007; Kao and Yu 2009; Kug
et al. 2009). The time series of the MCA SST expansion
coefficient is also closely correlated with that of the Nifio4
index (R = 0.94). These results are consistent with our con-
clusions derived from Figs. 4 and 5, and further confirm the
existence of a close connection between the NAD and CP
El Nifio a year later.

Our analysis suggests that the NAD and PNA are
related to one another. However, correlation maps of the
NDJFM-averaged PNA index with the tropical Pacific

@ Springer



1328

R. Ding et al.

Fig. 6 Spatial properties of the
leading MCA mode for a the

winter (NDJFM) averaged SLP 80N
anomalies in North America

and the western Atlantic 60N 1
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SST anomalies a year later indicate that the preceding
PNA-related warming extends farther east than the pre-
ceding NAD-related warming, and the eastern equatorial
Pacific SST related to the preceding PNA is dominated
by significant positive (not negative) anomalies (Fig. 7a).
Furthermore, the preceding PNA-related maximum warm-
ing is located in the equatorial Pacific between 170°W
and 125°W, covering almost the entire Nifio3.4 region
(170-120°W, 5°S-5°N), rather than the Nifio4 region
(160°E-150°W, 5°S-5°N) where the preceding NAD-
related warming center is located (Fig. 4b). It seems that
the PNA is followed not simply by a typical CP El Nifio
pattern, but by a mixed CP and EP EI Nifio pattern. A pos-
sible explanation for this difference may be that the PNA
has its own related SLP anomalies independent of the NAD
(Fig. 7b). As shown later, it is exactly SLP anomalies asso-
ciated with the NAD over northeastern North America to
the western tropical North Atlantic that play an important
role in developing the CP El Nifio. Note in Fig. 7b that
SLP anomalies related to the PNA but independent of the
NAD are located mainly in the tropics and North Pacific.
It is likely that these SLP anomalies related to the PNA,
but independent of the NAD, subsequently cause the posi-
tive SST anomalies to extend much farther toward the east-
ern equatorial Pacific than those associated with the NAD.
Therefore, the PNA, like the NPO, tends to be followed by
a mixed CP and EP El Nifio pattern, rather than a typical
CP El Nifio.
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3.3 Possible mechanisms linking the NAD to CP El
Niio

The above results show a statistically significant lead-lag
relationship between variability in the NAD and the CP
El Nifo. But how does the NAD affect CP El Nifio? Next,
we examine in detail the evolutions of SST, surface wind,
precipitation, and subsurface ocean temperature anomalies
associated with the NAD, with the aim of identifying how
the evolution of these anomalies is related to the develop-
ment of SST anomalies associated with CP El Nifio events.
To isolate the impact of the NAD on the tropical Pacific
climate variability, the ENSO effect (represented by the
DJF-averaged Nifio3.4 SST) is first removed from the orig-
inal DJF-averaged NAD index, yielding the residual NAD
index, and then the lagged correlation is obtained based on
the residual NAD index.

We first examine the evolutions of SST, surface wind,
and precipitation anomalies associated with the NAD.
Figure 8 shows the spatial patterns of the DJF-averaged
residual NAD index correlated with 3-month averaged
SST, surface wind, and precipitation anomalies for DJF
concurrent with the NAD index, and several lead times
(MAM, JJA, and SON). During winter (the DJF season;
Fig. 8a), there is a horseshoe-like SST anomaly pattern in
the northeastern Pacific and a tripole-like SST anomaly
pattern in the North Atlantic that are associated with the
NAD. These extratropical SST anomalies are possibly a
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(a) Corr. of the preceding PNA index with SST
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Fig. 7 a Correlation map of the winter (NDJFM) averaged SST
anomalies in the tropical Pacific with the previous winter PNA index.
b Correlation map of the winter averaged SLP anomalies with the
simultaneous residual PNA index, obtained by linearly removing the
winter averaged NAD index from the original winter averaged PNA
index. In a and b, areas with correlations significant at or above the
90 % confidence level are shaded

direct oceanic response to the forcing of extratropical SLP
anomalies associated with the NAD. The NAD is associ-
ated with anomalous SLPs located southeast of the Aleu-
tian Islands in the North Pacific and a positive phase of
the NAO in the North Atlantic (Fig. 3a), and surface wind
anomalies associated with the NAD are consistent with
these SLP anomalies. Anomalous surface winds associ-
ated with the NAD can force a tripole-like SST pattern in
the North Atlantic via changes in the latent heat flux (not
shown), giving rise to significant negative SST anomalies
in the northern tropical Atlantic (NTA) region. The NTA
SST cooling then induces southwestward wind anomalies
via modifying the cross-equatorial pressure gradient, add-
ing to the back-ground northeasterly winds and increasing
the wind speed in the NTA region. The increased winds
increase the latent heat flux release from the oceans to the
atmosphere that reinforces the initial SST cooling, forming
a positive wind—evaporation—-SST (WES) feedback (Xie

and Philander 1994). This WES feedback causes the NTA
SST anomalies to develop.

During spring (the MAM season; Fig. 8b), after three
months after the NAD peaks, the NTA SST cooling reaches
its maximum. The NTA SST warming (cooling) is known
to be capable of enhancing (reducing) local convection,
especially over the equatorial Atlantic where the Atlantic
Intertropical Convergence Zone (ITCZ) is located, and the
enhanced (reduced) local convection in turn generates a
low-level cyclonic (anticyclonic) flow over the subtropical
northeastern Pacific as a Gill-type Rossby-wave response
(Ham et al. 2013a). We note that in Fig. 8b, the suppression
in convection associated with the NAD-induced NTA cool-
ing is clear over the off-equatorial region in the vicinity of
the Atlantic ITCZ, and this suppressed convection over the
Atlantic ITCZ associated with the NAD gives rise to a low-
level anticyclonic flow over the subtropical northeastern
Pacific, consistent with the findings of Ham et al. (2013a).
The anticyclonic flow then produces a southerly flow on
its west flank, which leads to surface warming through the
weakened northeasterly trade winds and low-level conver-
gence, resulting in enhanced precipitation over the subtrop-
ical northeastern Pacific.

During summer (the JJA season; Fig. 8c), the posi-
tive precipitation anomalies associated with the NAD are
mostly concentrated over the central-eastern subtropical
Pacific ITCZ region owing to the northward migration of
the ITCZ. The associated diabatic heating can give rise to
a low-level cyclonic flow anomaly over the western North
Pacific (Ham et al. 2013a). This cyclonic flow enhances
the southerly flow at its eastern edge, which may act to
further strengthen positive SST and precipitation anoma-
lies over the subtropical Pacific. This thermodynamic cou-
pling among positive precipitation, the southerly flow, and
positive SST anomalies leads to a westward and equator-
ward extension of positive precipitation and SST anoma-
lies. As the cyclonic flow over the western North Pacific
is gradually strengthened through air-sea feedback, it
induces anomalous westerlies in the western equatorial
Pacific, combined with anomalous easterlies in the eastern
equatorial Pacific induced by the anticyclonic flow over
the subtropical northeastern Pacific, which lead to conver-
gence in the central equatorial Pacific, and in turn trigger
the warming there. Because anomalous easterlies persist
in the eastern equatorial Pacific, they can subsequently
suppress SST warming in the eastern Pacific by anoma-
lous upwelling through Ekman transport and by exces-
sive evaporation driven by enhanced trade winds (Kug
et al. 2009). Therefore, the SST warming develops mainly
in the central Pacific, and cannot extend to the eastern
Pacific. This warming is trapped and sustained in the
central equatorial Pacific by local air-sea coupling pro-
cesses (Kao and Yu 2009). Finally, a CP El Nifio pattern is
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established in the tropical Pacific during the SON season
(Fig. 84d).

The above analyses suggest that the NTA SST anoma-
lies induced by the NAD play an important role in devel-
oping subsequent CP El Nifio events. The results provide
further observational evidence of the influence of the
NTA SST on the CP El Niflo, as described by Ham et al.
(2013a). In general, the underlying physical process asso-
ciated with the effects of the NAD-induced NTA SST on
CP El Nifio is similar to the mechanism proposed by Ham
et al. (2013a) to explain the influence of the NTA SST on
subsequent CP El Nifio events. Despite the overall similar-
ity between the mechanisms described here and by Ham
et al. (2013a), however, the emphasis here is on the con-
nection between the NAD and CP El Nifio, rather than on
the NTA SST and CP El Niifio. Our analysis indicates that
the NAD may serve as an important source of atmospheric
forcing to excite the NTA SST, while the latter may play a
particularly important role in transmitting the atmospheric
forcing of the NAD into the tropical Pacific to impact the
CP El Nifio state. That is, a systematic cause-and-effect
relationship among the NAD, NTA SST, and CP El Nifio
may exist as follows: NAD (winter) — NTA SST (spring)
— CP El Nifio (winter of the next year), which was not
addressed previously. This NAD — NTA SST — CP El
Nifio dynamic link highlights the potential importance of
the NAD in contributing the development of the CP El
Nifo. Further research is necessary to investigate the physi-
cal processes associated with the NAD — NTA SST — CP
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El Nifio dynamic link, as well as its role in affecting the
prediction of the CP El Nifio.

The process described above involves surface air—sea
coupling associated with the NAD in the NTA and tropical
Pacific. Kao and Yu (2009) reported that the development
of CP El Nifio events appears to be less related to thermo-
cline variations and may involve only local ocean—atmos-
phere interaction; this differs from the EP El Nifio, which
is associated with basin-wide thermocline variations. We
then examine the evolutions of subsurface ocean tempera-
ture anomalies associated with the NAD. Figure 9 shows
correlation maps of the DJF-averaged residual NAD index
with the 3-month averaged subsurface temperature anoma-
lies at different depths averaged over 5°S—-5°N for DJF con-
current with the NAD index, and several lead times (MAM,
JJA, and SON). During winter (the DJF season; Fig. 9a),
there are significant positive subsurface temperature anom-
alies in the central equatorial Pacific at around 50-250 m
depth. These positive subsurface temperature anomalies are
likely generated by the NAD-related surface wind anoma-
lies. Note in Fig. 8a that the anticyclonic flow associated
with the NAD extends westward from the NTA into the
subtropical northeastern Pacific during winter. The anticy-
clonic flow over the subtropical northeastern Pacific gives
rise to an equatorial easterly flow on its south flank, which
induces low-level convergence in the central equatorial
Pacific. In turn, the convergence leads to positive subsur-
face temperature anomalies in the central equatorial Pacific.
After DJF, these positive subsurface temperature anomalies
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associated with the NAD do not show an apparent eastward
and upward propagation along the subsurface pycnoclines,
possibly due to the local easterlies in the eastern equatorial
Pacific as a part of the anticyclonic flow (Ham et al. 2013a).
Therefore, the subsurface temperature anomalies cannot
extend to the eastern Pacific, but instead exhibit weak and
near-local fluctuations. These subsurface temperature anom-
alies are sustained in the central equatorial Pacific (between
150°E and 150°W) by local ocean—atmosphere interaction
(Kao and Yu 2009), and do not reach the near-surface layer
in the eastern equatorial Pacific until SON. This finding is
generally consistent with the view that the development of
the CP El Nifio is characterized by local (not basin-wide)
subsurface temperature variations in the central equatorial
Pacific (Kao and Yu 2009; Kug et al. 2009).

Our results have shown that the NAD can induce both
the westerlies in the western equatorial Pacific and easter-
lies in the eastern equatorial Pacific at the same time. We
argue that because of this opposite low-level wind anoma-
lies between the western and eastern equatorial Pacific, the
surface warming mainly develops in the central Pacific,
rather than in the eastern Pacific. Thus, we conclude that,
unlike the NPO or PNA, the NAD tends to be closely
linked to the CP El Nifio, implying that the NAD may play
a unique role in developing the CP El Nifio different from
the influences of the NPO or PNA.

3.4 Important role of the NAD in forcing the NTA SST
anomalies

The results presented above indicate that the NAD can
influence the NTA SST, and the NTA SST may subse-
quently play an important role in developing subsequent CP
El Nifio events. We now turn to the relationship between
the NAD and NTA SST, with the aim of further emphasiz-
ing the importance of the NAD in forcing the NTA SST
anomalies. First of all, we compute lead-lag correlations
between the DJF-averaged NAD index and 3-month area-
averaged NTA SST over (85°W-20°E, 0-15°N) (Fig. 10).
The peak correlation (R = —0.76; significant at the 99.9 %
confidence level) occur during FMA, lagging the peak of
the NAD during DJF by about 2 months, indicating a lag
response of the NTA SST to the NAD atmospheric forcing.
This suggests that the DJF NAD may account for a large
fraction (~60 %) of the NTA SST variability during the
FMA season. Then, we calculate the partial regression of
the FMA-averaged NTA SST onto the tropical Pacific SST
anomalies in the following winter (DJF) by linearly remov-
ing the NAD index from the previous winter (Fig. 11b).
With the removal of the NAD effect, regressions in most
regions of the tropical Pacific are substantially reduced
compared with those obtained without the removal of the
NAD effect (Fig. 11a). These results support the idea that
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Fig. 10 Lead-lag correlations of the DJF-averaged NAD and NAO
indices with the overlapping 3-month averaged values of the NTA
SST over (85°W-20°E, 0—15°N) (-1: year prior to the NAD index; 0:
year concurrent with the NAD index; +1: year followed by the NAD
index). The horizontal dashed line shows the 99.9 % significance
level
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Fig. 11 a Regression of the winter (DJF) averaged SST anomalies
(contour interval 0.3 °C) in the tropical Pacific onto the NTA SST
over (85°W=20°E, 0-15°N) during the previous FMA season. b
Partial regression of the FMA-averaged NTA SST onto the tropical
Pacific SST anomalies in the following winter by linearly removing
the NAD index from the previous winter. ¢ Regression of the win-
ter averaged SST anomalies in the tropical Pacific onto the previous
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the NAD can provide a major source of atmospheric forc-
ing to excite the NTA SST, and the latter subsequently
serves an ocean bridge linking the NAD to the CP EI Nifio.

In addition to the influence of ENSO through the PNA/
NAD pattern, the NTA SST is affected in part by the NAO
variability. Atmospheric anomalies associated with the NAO
can produce a tripole-like SST pattern in the North Atlan-
tic that has previously been noted in the literature (Cayan
1992; Deser and Timlin 1997; Marshall et al. 2001; Pan
2005). This leads us to question the influence of the NAO
on the CP El Nino. However, we found that although the
wintertime NAO forcing can lead to anomalous SSTs in the
NTA, the NAO is not followed by a distinct CP El Nifio pat-
tern (Fig. 11c). Furthermore, with the removal of the NAO
effect, regressions of the FMA-averaged NTA SST onto
the tropical Pacific SST anomalies in the following win-
ter (DJF) (Fig. 11d) do not change substantially compared
with those obtained without the removal of the NAO effect
(Fig. 11a). These results suggest that the influence of the
NAO on the subsequent CP El Nifio is generally weaker
than is that of the NAD.

90E 120E 150

180 150W 120W 90W

winter NAO index. d Partial regression of the FMA-averaged NTA
SST onto the tropical Pacific SST anomalies in the following winter
by linearly removing the NAO index from the previous winter. In a,
b, and d, the sign of the NTA SST is reversed for comparison. In a—d,
positive (red) and negative (blue) SST anomalies, significant at the
95 % confidence level, are shaded
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Fig. 12 a Regression of the

(a) NAD—related SLP&surface winds

(b) NAD—related SLP&surface winds

DJF SLP (mb; contours) and
surface wind (m s~'; vectors)
anomalies on the simultane-
ous NAD index. b As in a but
for regression of the DJF SLP
anomalies on the NAO index.
¢ Regression of the FMA SST
anomalies (°C; contours) on
the NAD index of the previous
DIJF season. d As in ¢ but for
regression of the FMA SST

anomalies on the NAO index
of the previous DJF season.
In a and b, only surface wind

vectors significant at the 95 %
level are shown. In a—d, positive
(red) and negative (blue) SLP
or SST anomalies, significant at
the 95 % confidence level, are
shaded
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It is important to point out that the NAD and NAO are
interconnected because their related SLP anomalies over-
lap over some regions of the North America and western
North Atlantic. The DJF NAD and NAO indices have a cor-
relation of 0.52 (significant at 99 % confidence level) for
the period 1979-2013. Given that both the NAO and NAD
exert influence on the NTA SST, the question naturally
arises as to why the NAD can excite the CP El Nifio while
the NAO cannot. One possible reason is that the NTA SST
is more influenced by the NAD than the NAO. Figure 12a,
b show the DJF SLP and surface wind anomalies regressed
onto the simultaneous NAD and NAO indices, respectively.
We note that the centers of action of the NAD and NAO
in the North Atlantic are not coincident: NAD-related SLP
anomalies are shifted southward and westward respectively
by about 5° and 30° with respect to the centers of action of
the NAO. Consistent with SLP anomalies, significant sur-
face wind anomalies associated with the NAD extend much
farther west and south towards the NTA region than those
associated with the NAO. Accordingly, despite the fact that
both the NAD and NAO during the DJF season are closely
linked to a tripole-like SST pattern in the North Atlantic of
the following FMA season, their resulting tripole-like SST
patterns are substantially different in the North Atlantic,
especially in the NTA region where the NTA SST anom-
alies induced by the NAO have smaller amplitudes than
those induced by the NAD (Fig. 12c, d). The correlation
(R = —0.32) between the DJF NAO index and the follow-
ing FMA NTA SST is much lower than that (R = —0.76)
between the DJF NAD index and the following FMA NTA

90W 75W 60W 45W 30W 15W O

15W 0

SST (Fig. 10). These results suggest that the NAD, rather
than the NAO, is most effective at forcing the NTA SST
anomalies. Therefore, in contrast to the NAO, the NAD
may play a vital role in influencing the occurrence of the
CP El Nifo, owing to its effectiveness at forcing the NTA
SST anomalies.

3.5 Joint role of the NAD and NPO in initiating the
onset of CP El Nino events

As mentioned in the Introduction, previous studies have
identified the NPO as a precursor signal for CP/EP El
Nifio events (Vimont et al. 2001, 2003a,b; Anderson 2003;
Alexander et al. 2010; Yu and Kim 2011). Considering that
both the NAD and NPO influence subsequent CP El Nifio
events, it is of interest to explore their joint relationship
with the onset of CP El Nifio events.

Scatterplots of the winter (NDJFM) averaged NAD
index versus the Nifio4 index during the following win-
ter, plotted only for those years in which the NAD index
has the same and opposite signs as the NPO index, are
shown in Fig. 13a, b, respectively. The preceding NAD
index is much more strongly correlated with the Nifio4
index if the NAD index has the same sign as the NPO
index (R = 0.53; significant at the 95 % confidence level
for the 20 events) compared with years in which they
have the opposite sign (R = 0.08; not significant even at
the 90 % confidence level for the 13 events). The differ-
ence in these two correlations is statistically significant
at the 95 % confidence level, based on the Monte Carlo
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Fig. 13 a Scatterplot of the

(a) NAD, NPO have same sign

(b) NAD, NPO have opposite sign

winter (NDJFM) averaged NAD
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year later, plotted only for those
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the NPO index. ¢ Scatterplot of
the winter (NDJFM) averaged
NPO index versus the Nifio4
index a year later, plotted only
for those years in which the

NAD index has the same sign as
the NPO index. d As for ¢ but
for only those years in which
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winter NAD or NPO index with
the Nifio4 index a year later is
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Table 2 Classification of CP
El Nifio years in which the

NAD, NPO have same sign

NAD, NPO have opposite sign

preceding NAD and NPO

CP El Nifio years
indices have the same or

1990/1991, 1994/1995, 2002/2003, 2009/2010

2004/2005

opposite sign

significance test procedure (Anderson 2007). The correla-
tion of the NPO index with the Nifio4 index a year later is
also higher if the NAD index is accompanied by the NPO
index of the same sign (R = 0.73; significant at the 99.9 %
confidence level for the 20 events) compared with years in
which the NPO index is of the opposite sign (R = 0.36;
not significant even at the 90 % confidence level for the 13
events); the difference between both correlations is also
statistically significant at the 95 % confidence level. Fur-
thermore, we found that from 1979 to 2013, there are four
CP El Nifio events (1990/1991, 1994/1995, 2002/2003,
and 2009/2010) that are preceded by same-sign NAD and
NPO indices, while there is only one CP El Nifio event
(2004/2005) that is preceded by opposite-sign NAD and
NPO indices (Table 2). These results suggest that the CP
El Nifio events following the NAD/NPO anomalies are
more likely to happen when the NAD and NPO indices
are of the same sign.

@ Springer

To provide one possible physical interpretation for these
statistical findings presented above, we classified all of the
NAD events according to their link with the NPO into the
following two groups: (1) positive (negative) NAD events
that occur simultaneously with a positive (negative) NPO
event (hereafter positive NAD/NPO or negative NAD/
NPO), and (2) positive (negative) NAD events that occur
simultaneously with a negative (positive) NPO event (here-
after positive NAD/negative NPO or negative NAD/posi-
tive NPO; Table 3). A positive or negative NAD event is
defined as a year when the NDJFM-averaged NAD index is
greater than 0.5 positive standard deviations or less than 0.5
negative standard deviations. The definition of a NPO event
is the same as that of an NAD event.

Figure 14 shows the composite differences in the
3-month averaged SST and surface wind anomalies
between positive NAD/NPO and negative NAD/NPO (left
panel), and between positive NAD/negative NPO and
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Table 3 Classification of

. . .. Positive NPO Negative NPO
years in which positive or
n?gatllve NA]? eV‘?n}:S oceur. Positive NAD 1985, 1986, 1989, 1990, 1991, 2009 2005, 2011
stmultaneous y with a positive -\ ive NAD 1992, 2012 1983, 1984, 1987, 1998, 2010

or negative NPO event during

the period 1979-2013

Fig. 14 Composite differences

of the 3-month averaged SST 60N
(°C; shading) and surface wind

(m s™; vectors) anomalies 40N -
between positive NAD/NPO =

and negative NAD/NPO (left <C 20N y
panel), and between posi- =

tive NAD/negative NPO and EQ-
negative NAD/positive NPO

(right panel) for (top to bottom) 20s-

MAM, JJA, and SON. Only
SST anomalies and surface 120E
wind vectors significant at

180  120W

60W 0 120E 180

the 95 % confidence level are
shown
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— I I I
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negative NAD/positive NPO (right panel) for MAM, JJA,
and SON. Note that in Fig. 14, the Nifo3.4 SST from the
previous winter (DJF) is linearly removed from the 3-month
averaged SST and surface wind anomalies. For the same-
sign NAD/NPO composites, there is a marked horseshoe-
like SST pattern in the northeastern Pacific and a marked
tripole-like SST pattern in the North Atlantic during MAM.
The southern pole of the NPO tends to strengthen the anti-
cyclonic flow over the subtropical northeastern Pacific and
the cyclonic flow over the western North Pacific that are
induced by the NTA SST. As a result, westerly anomalies
over the western equatorial Pacific and easterly anomalies
over the eastern equatorial Pacific strengthen during JJA,

which can produce a subsequent increase in convergence
in the central equatorial Pacific, finally leading to signifi-
cant warming in the central equatorial Pacific. Conversely,
for the opposite-sign NAD/NPO composites, the anticy-
clonic flow over the subtropical northeastern Pacific and
the cyclonic flow over the western North Pacific become
indistinct. The convergence of surface winds in the central
equatorial Pacific does not start until JJA, thereby limiting
the initiation of CP El Nifio events.

Overall, the results presented above indicate that the
NAD influence on the tropical Pacific interfere or interact
with the NPO effect, and the ability of the NAD anoma-
lies in a particular winter to initiate CP El Nifio events in
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Fig. 15 a Correlation maps of
the winter (NDJFM) averaged
SLP anomalies with the simul-
taneous PNA (black contours),
NAD (blue contours), and NAO
(red contours) indices. The
contour interval is 0.1. Only
correlations greater than 0.6 are
shown. b Correlations of the
DJF-averaged PNA, NAD, and
NAO indices with the following
FMA NTA SST. For the NAD
and NAD, the sign of correla-
tions is reversed for comparison

(b)

the following winter is dependent upon the existence of the
simultaneous NPO signature in the North Pacific, and vice
versa. Furthermore, we note that there is a very weak corre-
lation (<0.05) between the winter (NDJFM) averaged NAD
and NPO indices for the period 1979-2013, suggesting that
the NAD is relatively independent of the NPO. Given the
independence of the NAD and NPO and their joint relation-
ship with the CP El Nifio, it is important to consider the
status of the NPO when judging whether an NAD event is
followed by a CP El Nifio event or not. If the wintertime
NAD is of the same sign as the NPO, there would be a
much higher probability (compared with the opposite-sign
NAD/NPO situation) that the NAD is followed by CP El
Nifo events.

4 Summary and discussion

This study has established a north—south dipole pattern of
SLP anomalies showing negative anomalies over northeast-
ern North America and positive anomalies over the western
tropical North Atlantic that precedes ENSO by about one
year. This dipole pattern of SLP anomalies is referred to as
the NAD. We found that the NAD tends to be more closely
related to the CP El Niiio than the EP El Nifio. In contrast,
it appears that there is little difference in the relationship
between the CP/EP El Niiio and the PNA (or the NPO).
The present analysis presents a possible explanation
of the processes by which the NAD can trigger the onset
of CP El Nifo events. Anomalous surface winds associ-
ated with the NAD can force a tripole-like SST pattern in
the North Atlantic via changes in surface heat fluxes dur-
ing spring. In particular, negative SST anomalies in the
NTA can produce an anticyclonic flow over the subtropical
northeastern Pacific by influencing the convective activity
over the Atlantic ITCZ (Ham et al. 2013a), which in turn
induces easterly anomalies in the eastern equatorial Pacific
that cause the anomalous easterlies to dominate the eastern
equatorial Pacific. Then, the anomalous convective activity

@ Springer
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along the Pacific ITCZ, due to the anomalous southerly
flow on its west flank of this anticyclonic flow, produces a
cyclonic flow over the western North Pacific during the JJA
season. This cyclonic flow generates westerly anomalies in
the western equatorial Pacific. The anomalous westerlies in
the western equatorial Pacific, and the anomalous easterlies
in the eastern equatorial Pacific, may cause convergence in
the central equatorial Pacific, and in turn trigger the warm-
ing there. This warming gradually develops in the central
equatorial Pacific through a local ocean—atmosphere cou-
pling process, finally establishing a CP El Nifio pattern in
the tropical Pacific during the following winter. We suggest
that the NTA SST may play an important role in linking the
NAD to the CP El Nifo, as has been documented by Ham
et al. (2013a, b).

The NAD, PNA and NAO are related to one another
because their related SLP anomalies overlap over some
regions of the North America and western North Atlan-
tic. However, there are in fact remarkable differences
among them. In Fig. 15a we summarize the major differ-
ences among them. The NAD-related SLP anomalies are
mainly located over northeastern North America to the
western tropical North Atlantic, while the PNA-related
SLP anomalies are mainly confined in the North Pacific
basin and do not extend sufficiently into the western tropi-
cal North Atlantic. The SLP anomaly centre of the NAD
is located further towards the NTA region than that of the
NAO. As a result, the NAD tends to be more effective in
forcing the NTA SST anomalies than does the PNA or the
NAO (Fig. 15b), while the NTA SST anomalies have been
shown to play an important role in developing subsequent
CP El Nifio events. Thus, the NAD variations contain more
unique precursor information regarding the development
of large-scale SST anomalies associated with CP El Nifio
events than do the PNA or the NAO.

The joint relationship of the NAD and NPO to the onset
of CP El Nifio events was also examined in this study. We
found that the relationship of either the NAD index or the
NPO index to the development of subsequent CP El Nifio
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events depends on the status of the other index. When the
wintertime NAD index is of the opposite sign to the simul-
taneous NPO index, the correlation of the NAD or NPO
index with the following CP El Nifio state becomes much
weaker. One possible reason for this correlation change is
that the NAD influence on the tropical Pacific interferes
with the NPO effect when the NAD and NPO indices are
of the opposite sign. The joint role of the NAD and NPO in
initiating the onset of CP El Nifio events leads us to specu-
late that the NAD and NPO variations may together serve
as a precursor to CP El Nifio events. Further research is
required to examine the real predictive use of the combined
NAD and NPO precursor signals as a supplemental tool for
prediction of the CP El Nifio within a forecast framework.
It should be noted that, even though the observational
analysis presented above highlights the potential impor-
tance of the NAD in contributing to the CP El Nifio devel-
opment through its influence on the NTA SST, it has limita-
tions due to a mixture of various climate variabilities in the
observational records. For example, because some NAD
events accompany ENSO events, it is difficult to com-
pletely isolate the individual influence of the NAD-induced
NTA SST anomalies on the CP El Nifio events. Further
work is required using a coupled general circulation model
(CGCM) to examine to what extent the NAD — NTA
SST — CP El Niiio process can influence the CP El Nifo.
In addition, it is important to note that the lagged relation-
ship between the NAD and CP El Nifio is not stationary
but has undergone a distinct decadal variation. Figure 16
shows the sliding correlation between the winter NAD
index and the following winter Nifio4 index for the period
1950-2013. The correlation is very weak in the 1960s and
1970s, but increases after the early 1980s, and reaches (and
even exceeds) the 90 % confidence level from the 1990s
onwards. Recent studies have noted that CP El Nifio events

0.8
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0.2 1
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41 . . . : . . : .
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Fig. 16 The 15-year sliding correlation between the winter NAD
index and the following winter Nifio4 index for the period 1950-
2013. The horizontal dashed line shows the 90 % confidence level

have occurred more frequently than EP El Nifio events
since the 1990s (Lee and McPhaden 2010), which has
been attributed to anthropogenically forced global warm-
ing (Yeh et al. 2009) or natural variability (McPhaden et al.
2011; Newman et al. 2011; Yu et al. 2015). It is unclear
whether the strengthened influence of the NAD on the CP
El Nifio after the 1990s favors the frequent occurrence of
CP El Nifio events over this period. In addition, the under-
lying mechanisms responsible for the strengthened link-
age between the NAD and the CP El Nifio after the 1990s
remain unexplained. The present analysis indicates that the
NAD influence on subsequent CP EI Nifio events involves
the joint role of the NPO. Yeh et al. (2015) indicated that
the NPO-like atmospheric circulation becomes more effec-
tive at playing a role in initiating CP EI Nifio after 1990.
It remains to be explained whether decadal changes in the
relationship between the NAD/NPO and the CP El Nifio
are linked to a shift in the relationship between the NAD
and NPO. Further study is required in this regard.
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