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Abstract Not all El Niño–Southern Oscillation (ENSO) events are the same. Their global impacts can differ
substantially depending on whether the associated sea surface temperature (SST) anomalies are stronger in
the central Pacific (CP) or the eastern Pacific (EP). The predictability of such differences is therefore of interest.
In this study, the optimal two-season precursors of different ENSO types are investigated in a linear inverse
modeling framework using observational SST and thermocline depth data for 1958–2007. It is shown that
different SST precursor types alone do not favor the generation of different ENSO types. However, initial
subsurface conditions characterized by a deeper thermocline in the eastern Pacific and a shallower thermocline
in the central Pacific favor the generation of EP-type events, while a shallower thermocline in the east and a
deeper thermocline in the central/western Pacific are conducive to CP-type events. The predictability of
different ENSO types thus depends importantly on initial subsurface conditions.

1. Introduction

The El Niño–Southern Oscillation (ENSO) is the leading mode of tropical Pacific interannual variability,
with large global impacts [McPhaden et al., 2006]. ENSO affects ecosystems, agriculture, freshwater
supplies, hurricanes, and other severe weather events worldwide. Understanding ENSO predictability
is therefore an issue of high societal relevance. While the composite view of a “canonical” or generic
El Niño presented by Rasmusson and Carpenter [1982] provided an important point of reference,
individual ENSO events differ substantially in triggers, amplitudes, spatial patterns, and time evolution.
The diversity in spatial pattern has become particularly noticeable in recent decades, with an apparent
increased tendency to peak in the central Pacific instead of the eastern Pacific [Lee and McPhaden,
2010]. The atmospheric response is sensitive to interevent differences, leading to local and remote
impacts that depend critically on the details of the sea surface temperature (SST) anomaly patterns, as
reviewed by Capotondi et al. [2015].

Recent studies [Anderson, 2003; Vimont et al., 2001, 2003] have linked the onset of ENSO events to
fluctuations in the amplitude of the subtropical lobe of the North Pacific Oscillation (NPO) pattern, which
is the second leading pattern of wintertime sea level pressure (SLP) variability over the North Pacific
[Rogers, 1981; Linkin and Nigam, 2008]. This extratropical influence may occur through the “seasonal
footprinting mechanism” [Vimont et al., 2001, 2003] whereby atmospheric fluctuations create an SST
anomaly “footprint” in spring, which persists through summer, and sustain SLP and wind stress anomalies
that are conducive to the initiation of ENSO events. It may also occur through the Pacific Meridional Mode
(PMM), whereby NPO-induced modulation of the trade winds leads to SST anomalies that propagate
southwestward via a wind-evaporation-SST feedback mechanism [Xie, 1999] and promote the initiation
of an ENSO event as they reach the equator [Chiang and Vimont, 2004; Chang et al., 2007]. The initial
oceanic state, whether “recharged” or “discharged” in terms of the upper tropical oceanic heat content,
apparently influences the PMM’s efficiency in triggering ENSO events [Anderson, 2007; Deser et al.,
2012]. While most studies have focused on the SST signature of the PMM, the wind stress curl anomalies
associated with it can also force subsurface temperature anomalies on the equator through meridional
advection. The oceanic heat content anomalies resulting from this “trade wind charging” mechanism
can subsequently favor the development of an ENSO event [Anderson et al., 2013; Anderson and Perez,
2015]. In addition to the PMM, whose centers of action are in the east central subtropical North Pacific,
winter SST anomalies in the northwestern subtropical Pacific (122°–132°E, 18°–28°N) have also been
linked to the development of ENSO events in the following winter [Western North Pacific (WNP) precursor,
Wang et al., 2012].
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A pattern similar to the PMM also exists in the Southern Hemisphere and has been termed the South Pacific
Meridional Mode (SPMM) by Zhang et al. [2014]. In contrast to the PMM, which has been claimed to play a key role
in the generation of CP type of events [Yu et al., 2010; Yu and Kim, 2011; Kim et al., 2012; Vimont et al., 2014], the
SPMM has been linked to events with the largest SST anomalies in the eastern Pacific [Zhang et al., 2014].

Thus, several SST and subsurface temperature precursors of ENSO events have been identified, but their relative
role in triggering different event types remains unclear. Our aim here is to clarify this issue by determining the
optimal two-season precursors of CP versus EP types of ENSO events using linear inversemodels (LIMs) [Penland
and Sardeshmukh, 1995; Newman et al., 2009, 2011] of tropical SST and thermocline depth evolution. Given the
lack of consensus on the precise definition of EP versus CP events, (see Capotondi et al. [2015] for a review), we
use the terms “CP” and “EP” loosely here to characterize events with relatively larger anomalies in the central
versus the eastern tropical Pacific. We focus on two questions: (1) Can SST precursors alone help us antici-
pate EP versus CP warming? and (2) what is the relative importance of the surface (SST) versus subsurface
(thermocline depth) precursors of ENSO diversity? We address these questions using the Simple Ocean
Data Assimilation (SODA) version 2.0.2 [Carton and Giese, 2008] data set for 1958–2007 at monthly time
resolution. An attractive feature of this data set is the dynamical consistency of its surface and subsurface
fields. We use the depth of the 15°C isotherm (Z15) as a proxy for thermocline depth, and to focus on
large-scale structures, we interpolate the SST and Z15 fields to 2° latitude × 5° longitude grids.

2. Optimal ENSO Precursors

The LIM methodology allows an objective determination of optimal initial conditions that develop into
strong ENSO events and thus provides an ideal framework for investigating precursors. In this framework,
the evolution of monthly averaged SST and thermocline depth anomalies is approximated as a linearly
damped and stochastically perturbed evolution of the form

dx ¼ L x dt þ Sr
ffiffiffiffiffi
dt

p
; (1)

in which the change of the anomaly state vector x over a short time interval dt occurs through both
deterministic processes (first term on the right-hand side (RHS) of (1)) and stochastic perturbations (second
term on the RHS of (1)). The matrix L encapsulates the predictable dynamics of the system, S is a
covariance matrix of stochastic perturbation amplitudes, and r is a random noise vector each of whose
components is drawn from a normal distribution with zero mean and unit standard deviation. To isolate
the relative contribution of the surface and subsurface fields, we consider two different choices for the
state vector x: in effect, two LIMs. In the first LIM, only SST components are included in x, whereas in the
second LIM, which we refer to as the extended LIM, both SST and Z15 components are included.

The datawere smoothedwith a 3month runningmean prior to removing the average annual cycle. Each fieldwas
then normalized by the square root of its domain-averaged variance and projected onto its leading empirical
orthogonal functions (EOFs). We retained 20 SSTs and 10 Z15 EOFs, explaining 86% and 65% of the SST and
Z15 variances, respectively. The components of the state vector x in (1) were defined as the amplitude coefficients
of these EOFs. The two leading SST EOFs are shown in Figure 1. The first SST EOF (Figure 1a) shows a canonical
ENSO pattern, with the largest anomalies located in the Niño 3 region, that extends toward and slightly past
the dateline. Anomalies of opposite sign are seen in the western Pacific. The second SST EOF (Figure 1b) shows
anomalies of one sign around the dateline and of opposite sign near the South American coast, reminiscent of
CP-type events.

For a systemdescribed by (1), themost probable state at time t+ τ can be determined from the state at time t as

x t þ τð Þ ¼ eLτx tð Þ ¼ G τð Þx tð Þ: (2)

By “optimal precursor” we mean an initial condition that maximizes the growth γ2 of the state vector over a
specified time interval τ. Using the L2 norm, γ may be defined as the ratio of the state vector magnitudes at
lag τ and at the initial time, so that

γ2 ¼ xT τð Þx τð Þ
xT 0ð Þx 0ð Þ ¼

xT 0ð ÞGT τð ÞG τð Þx 0ð Þ
xT 0ð Þx 0ð Þ ; (3)
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where the superscript “T” indicates transpose. The optimal precursor can then be determined as the leading
eigenvector of GT(τ)G(τ), which is a real, symmetric, and positive definite operator with real and positive
eigenvalues {γi

2} and orthonormal eigenvectors {ϕi}.

The spatial pattern of the leading eigenvector ϕ1 for the SST-only LIM and τ = 6months is shown in Figure 2a.
According to (2), this pattern evolves 6months later into the optimal final structure in Figure 2d. This final
structure is very similar to the canonical ENSO pattern of Rasmusson and Carpenter [1982]. The optimal initial

Figure 1. The two leading empirical orthogonal functions (EOFs) of monthly sea surface temperature (SST) variability in the
SODA reanalysis data set for 1958–2007. Each EOF pattern is normalized to unit amplitude over the domain. Positive values
are indicated by red and negative values by blue shading. (top) EOF1 accounts for 40.5% and (bottom) EOF2 for 12.9% of
the total variance of the monthly SST anomalies.

Figure 2. Optimal (a–c) initial and (d–f) final structures for maximizing anomaly growth over τ = 6months obtained using the SST-only (Figures 2a and 2d) and extended
(Figures 2b, 2c, 2e, and 2f) LIMs. The optimal final patterns are obtained using a lag τ = 6months. For the extended LIM, Figures 2b and 2e show the initial and final
patterns, respectively, of SST, while Figures 2c and 2f show the corresponding patterns of thermocline depth. Units are °C for SST andmeters for Z15. The fields are scaled
so that the final SST patterns (Figures 2d and 2e) have unit RMS values. Pattern correlation between Figures 2a and 2b is 0.88 and between Figures 2d and 2e is 0.99.
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and final SST patterns determined using the extended LIM (Figures 2b and 2e) are rather similar to those in
Figures 2a and 2d. However, the extended LIM provides additional information of a concurrent optimal initial
thermocline state (Figure 2c) with weak positive anomalies (deeper thermocline) on the equator and weak
negative anomalies off the equator, indicative of higher equatorial heat content or recharged conditions.
The final thermocline pattern 6months later is a zonal dipole structure (Figure 2f) with a deeper thermocline
in the east Pacific and shallower thermocline in the west Pacific, which is characteristic of mature El Niño
conditions [Meinen and McPhaden, 2000; Capotondi et al., 2006].

3. Can SST Precursors Alone Help Us Anticipate EP Versus CP Warming?

The optimal initial SST patterns in Figures 2a and 2b have several features in common with various precursors
discussed in the literature. Specifically, the positive anomalies extending southwestward from Baja California to
the equator are similar to the positive phase of the PMM; the negative anomalies in the northwestern corner
of the domain are consistent with the WNP precursor; and the positive SST anomalies in the southeastern
Pacific are reminiscent of the SPMM precursor. Do these different parts of the optimal initial anomaly pattern
contribute differently to the final evolved pattern? In particular, do they contribute differently to CP versus
EP warming, as suggested in some recent studies?

We address these issues in the context of the SST-only LIM, to clarify whether an initial SST anomaly pattern
alone can lead to distinct ENSO types, depending on how strongly it projects on the different elements of the
optimal initial SST pattern in Figure 2a. Specifically, we ask how the different parts of the optimal initial SST
pattern contribute to the final mature pattern. To this end we decompose the initial vector ϕ1 into four
subvectors (Figure 3, left column) such that

ϕ1 ¼ ϕ 1ð Þ
1 þ ϕ 2ð Þ

1 þ ϕ 3ð Þ
1 þ ϕ 4ð Þ

1 (4)

and determine their contributions to the final vector, using the linear evolution equation (2), as

x τð Þ ¼ G τð Þ ϕ 1ð Þ
1 þ ϕ 2ð Þ

1 þ ϕ 3ð Þ
1 þ ϕ 4ð Þ

1

h i
: (5)

These different subvectors of ϕ1 were first defined in physical space, in which they were spatially
orthogonal by construction, and then transformed into the truncated 20 SST EOF space before evolving
each of them separately using (2). Their representation in the truncated EOF basis slightly alters their
structure, as seen in Figure 3 (left column) compared to Figure 2a, but each subvector still retains most
of its original character. The average pattern correlation in physical space of each truncated subvector
with its untruncated counterpart is 0.82, while that between each distinct pair of patterns in Figure 3 (left
panels) is only 0.16. Ideally, these numbers would be 1 and 0, respectively. The contribution of each term
on the RHS of equation (5) to the optimal final structure is shown in Figure 3 (right column). Remarkably,
apart from slight differences in the maximum amplitude over the domain (with the weakest contribution
provided by ϕ1

(2), the northwestern Pacific anomalies) and in the magnitudes near the South American
coast, the patterns in Figure 3 (right column) are very similar to one another (average pair pattern
correlation 0.92). Thus, this analysis does not support the idea that specific portions of the optimal
precursor for maximizing SST anomalies in an overall sense over the domain favor warming in the central
versus the eastern Pacific.

4. What Determines Central Versus Eastern Pacific Mature ENSO Anomalies?

Although ENSO events peak over a broad range of longitudes [Capotondi et al., 2015], our interest here is
in the extreme expressions of that event distribution. One such extreme expression is events peaking in
the far eastern Pacific, near the Niño 1+2 region (0°–10°S, 90°W–80°W). This class of events, which can
also be identified using the E index of Takahashi et al. [2011], may include extreme cases [Cai et al.,
2014] and is of high societal relevance to countries along the west coast of South America. We are also
interested in events with positive anomalies in the central and negative anomalies in the eastern
Pacific, typical of the El Niño Modoki pattern [Ashok et al., 2007], that have local and remote impacts
differing from those of the canonical ENSO event [Gierach et al., 2012; Kumar et al., 2006; Ashok et al., 2007;
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Wang and Hendon, 2007]. We identify the first class of events using the time series of the Niño 1+2 SST index
and the second type using the second principal component PC2 (i.e., the amplitude time series of SST EOF2).
We then seek optimal initial conditions x(0) thatmaximize the Niño 1+2 and PC2 indices at a specified later time
τ (6months). To that end, we relate each of those indices, which we will generically refer to as y, to the initial
state vector as

y τð Þ ¼ H τð Þx 0ð Þ (6)

and estimateH by linearly regressing the time series of y (t + τ) on the time series of x(t). The initial state x(0)
in (6) that maximizes the amplitude of y(τ) with respect to y(0) is then determined as the leading
eigenvector of HTH.

Figure 4a shows the optimal initial SST pattern, determined using the SST-only LIM, for maximizing the SST
anomaly in the Niño 1+2 region 6months later according to (6). There are differences with the structure
shown in Figure 2a, notably the much weaker expression of the PMM, and relatively larger positive
anomalies in the southeast Pacific, and along the equator east of 130°W. The evolved pattern
(Figure 4d), determined using (2), has the largest SST anomalies near the South American coast, but large
anomalies extend westward all the way to the dateline. The explicit inclusion of thermocline information in
the extended LIM yields an optimal initial SST structure very similar to that in Figure 4a, but the final SST
pattern peaks near the South American coast and remains confined to the eastern part of the basin. The
optimal initial pattern of thermocline depth shows a deeper thermocline in the east and a shallower
thermocline in the central/west equatorial Pacific, indicative of a reduced zonal thermocline slope and
weaker upwelling in the east, a factor that can be expected to favor the development of positive SST
anomalies there. Similar results are obtained when the E index of Takahashi et al. [2011] is used in (6).

Figure 3. (left column) The decomposition of the optimal initial structure in Figure 2a into different portions, as described in equation (4). (right column)
The corresponding “evolved” contribution to the final pattern in Figure 2d. The sum of the portions in Figure 3 (left column) yields the optimal initial state in
Figure 2a, and the sum of the structures in Figure 3 (right column) reproduces the optimal final pattern in Figure 2d. The different portions of the optimal initial
were first defined in physical space then expressed in the truncated 20 SST EOF basis for the analysis, as described in more detail in the text.
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Whenmaximization of EOF2 is considered, both the optimal initial (Figure 5a) and final (Figure 5d) states deter-
mined without explicit thermocline information are very similar to those shown in Figures 2a and 2d for max-
imizing SST anomaly magnitudes over the entire domain. Explicitly including the Z15 information results in a
final SST state (Figure 5e) with positive anomalies in the central/west Pacific and negative anomalies near
the South American coast, similar to the EOF2 pattern. The optimal initial state of thermocline depth anomalies
in Figure 5c has a shallower equatorial thermocline in the east and deeper thermocline in the central/west
Pacific, indicative of a steeper zonal thermocline slope. Our results for EOF2 are consistent with recent findings
by Mosquera-Vásquez et al. [2013, 2014], who attribute the increased occurrence of CP-type El Niños after 2000
to the scattering of downwelling Kelvin waves by an enhanced upward thermocline slope in the eastern part of
the basin. Downwelling Kelvin waves excited by anomalous westerly winds or high-frequency westerly wind
bursts (WWBs) in the eastern and central Pacific have been shown to deepen the thermocline in the east
Pacific and initiate the Bjerknes feedback [McPhaden, 1999; McPhaden and Yu, 1999; Fedorov, 2002]. However,
if the altered stratification impedes wave propagation to the eastern boundary, warm anomalies may not fully
develop in the eastern part of the basin and remain confined to the central part.

Figure 5. As in Figure 4 but for maximizing the amplitude of EOF2.

Figure 4. Optimal (a–c) initial and (d–f) final structures obtained using the SST-only (Figures 4a and 4d) and extended SST-Z15 (Figures 4b, 4c, 4e, and 4f) LIMs and
equation (6), maximizing the SST anomaly in the Niño 1+2 region (indicated by the box in Figures 4d and 4e). For the extended case, Figures 4b and 4e show initial
and final SST patterns and Figures 4c and 4f the initial and final Z15 patterns. For a clean comparison, the initial patterns are scaled so that the final SST fields
(Figures 4d and 4e) have unit RMS values.
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To further clarify the relative roles of the SST and Z15 components of the optimal initial conditions leading to
the final SST patterns in Figures 4e and 5e, we separately set those components in the extended LIM to zero
in (2) and examine the corresponding evolved states in Figure 6. In the Niño 1+2 case (Figures 6a–6c) the SST
components of the optimal precursor lead to SST anomalies, 6months later, extending from the far eastern
Pacific to the dateline with decreasing amplitude (Figure 6b), while the Z15 components of the precursor lead
to enhanced SST warming near the South American coast and weak cooling in the central Pacific (Figure 6c).
In the EOF2 case (Figures 6d–6f) the steeper slope of the thermocline in the initial state contributes a weak
enhancement of the central Pacific warming and cooling near the eastern boundary (Figure 6f).

5. Discussion and Conclusions

In this study we have used a linear inverse modeling approach to investigate whether specific initial SST
anomaly patterns can lead to greater warmth in the central versus the eastern equatorial Pacific in themature
phase of ENSO events. Linear inverse models (LIMs) are particularly suited for investigating ENSO precursors,
as they allow an objective identification of initial conditions that grow optimally into mature ENSO events.
Various portions of the optimal precursor patterns thus determined by us here using the SODA data set
are similar to structures previously identified in the literature as precursors of different types of ENSO events.
Our results show that when only SST information is considered, these portions contribute very similarly to the
final evolved mature ENSO pattern and therefore cannot help us distinguish between different ENSO types.

We find, on the other hand, that the initial thermocline state plays an important distinguishing role in the
development of events peaking in the far eastern versus the central Pacific. An optimal initial thermocline
that is deeper in the eastern Pacific and shallower in the central Pacific favors events peaking in the
Niño 1+2 area, while a shallower thermocline in the east and deeper thermocline in the central/western equa-
torial Pacific leads to an SST pattern with positive anomalies in the central and negative anomalies in the far
eastern part of the basin.

Previous studies [Yu et al., 2010; Yu and Kim, 2011; Vimont et al., 2014] have associated the PMM with central
Pacific El Niño events. Consistent with this, the PMM portion of our optimal precursor for warming in the Niño
1+2 region (Figures 4a and 4b) is much weaker than in our canonical and EOF2 cases (Figures 2a, 2b, 5a and
5b). However, not all PMM events trigger El Niño events [Chang et al., 2007], and some events peaking in the
eastern Pacific, such as the strong 1997–1998 El Niño, are preceded by a positive PMM anomaly [Larson and
Kirtman, 2014]. Our results based on the comparison between SST-only and extended LIM cases, while

Figure 6. Contributions of the (b and e) SST and (c and f) Z15 components of the optimal initial structures to the (a and d) final evolved SST patterns in the Niño 1+2
(Figures 6a–6c) and EOF2 (Figures 6d–6f) cases. The fields have been scaled as in Figures 4 and 5. Note that the sum of the patterns in Figures 6b and 6c is equal to
that in Figure 6a. Similarly, Figure 6e plus Figure 6f is equal to Figure 6d.
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consistent with findings from other researchers [e.g. Vimont et al., 2014], highlight the potential key role
played by the initial thermocline state in the efficacy of the various precursors and in the selection of a spe-
cific ENSO type.

What might be the origin of the distinctive initial thermocline depth anomalies favoring EP versus CP warm-
ing? ENSO characteristics vary on decadal/interdecadal timescales [Wittenberg, 2009], and epochs dominated
by EP- or CP-type events may occur as part of this intrinsic ENSO modulation [Newman et al., 2011].
Rectification of the ENSO signal [Rodgers et al., 2004; Ogata et al., 2013] may result in a deeper thermocline
in the east and shallower thermocline in the west Pacific during EP-dominated periods, as suggested by
model simulations, while the opposite may be expected during CP-dominated periods [Choi et al., 2012].
Indeed, observations show that the equatorial thermocline was steeper in the 2000–2010 decade (when
CP events prevailed) relative to the 1980–1999 decade (when EP events prevailed) [McPhaden et al., 2011].
The initial thermocline conditions can also be associated with the ENSO cycle itself, and the diversity of
ENSO events may arise from the interaction of stochastic atmospheric forcing (WWBs) with that cycle, as
recently suggested by Chen et al. [2015]. Finally, a deeper thermocline in the east Pacific can arise simply from
downwelling Kelvin waves triggered by WWB pulses in the early part of the year preceding the event peak.

We end by stressing that our results, and those of most other studies of ENSO precursors, are based on rela-
tively short ~50 year records and are thus subject to sampling errors. Additional studies with multiple and
longer data sets, as well as sensitivity experiments with numerical models, are needed to further elucidate
the relative influence of different ENSO precursors and their robustness.
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