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Abstract

Interannual sea surface temperature (SST) vatiabil the central equatorial
Pacific consists of a component related to ea®anific SST variations (called Type-
1 SST variability) and a component not related hent (called Type-2 SST
variability). Lead-lagged regression and ocean asmadlayer temperature balance
analyses were performed to contrast their contrthmanisms. Type-1 variability is
part of the canonical ENSO, which is characterizg ST anomalies extending from
the South American coast to the central Pacificcasipled with the Southern
Oscillation, and is associated with basin-wide sdid€e ocean variations. This type
of variability is dominated by a major 4-5 yearipdicity and a minor biennial (2-2.5
years) periodicity. In contrast, Type-2 variabiliilg dominated by a biennial
periodicity, is associated with local air-sea iat#ions and lacks a basin-wide
anomaly structure. In addition, Type-2 SST variapgxhibits a strong connection to
the subtropics of both hemispheres, particularly Northern Hemisphere. Type-2
SST anomalies appear first in the northeasternragoibtll Pacific and later spread
toward the central equatorial Pacific, being getegtan both regions by anomalous
surface heat flux forcing associated with wind aates. The SST anomalies
undergo rapid intensification in the central equiatd?acific through ocean advection
processes, and eventually decay as a result dicsutieat flux damping and zonal
advection. The southward spreading of trade winghraalies within the northeastern
subtropics-to-central tropics pathway of Type-2Zafaifity is associated with intensity
variations of the subtropical high. Type-2 variapiis found to become stronger after
1990, associated with a concurrent increase in sihigtropical variability. It is
concluded that Type-2 interannual variability reggnets a subtropical-excited

phenomenon that is different from the conventidd50 Type-1 variability.



1. Introduction

The El Nifio-Southern Oscillation (ENSO) is onetlué strongest variations in
the climate system and dominates interannual vilitlam the tropical Pacific. It is
characterized by sea surface temperatures (SSmaies extending from the eastern
to central equatorial Pacific. Prevailing ENSO ttiesy such as the delayed-oscillator
theory (Schopf and Suarez 1988; Suarez and Schagd; Battisti and Hirst 1989),
suggest that surface wind anomalies in the westeoentral Pacific induce eastward
propagating Kelvin waves that initiate ENSO evantthe eastern equatorial Pacific.
The Bjerknes feedback mechanism (Bjerknes 196®)1&@n kicks in to amplify the
SST anomalies and spread them westward to theatemjuatorial Pacific. As such,
SST variations in the central equatorial Pacifie aften considered an extension of
SST anomalies in the eastern Pacific and thus @lathe ENSO SST structure.
However, recent studies have begun to emphasiz&atdpacific anomalies in
separating different tropical Pacific warming/coglievents. Trenberth and Stepaniak
(2001) were among the first to suggest that the &S8ifrast between the eastern and
central Pacific be used to characterize differdt@vors” of El Nifio events. They
proposed using a Trans-Nifio Index (TNI) to porttag SST gradient along the
equatorial Pacific. By analyzing the lead-laggedralation between the TNI and
Nifio-3.4 (5°S-5°N, 170°W-120°W) SST index, they waible to better describe the
ENSO propagation during the past hundred yearskihand Harrison (2005) also
noticed several Pacific warming events had SST atfiem concentrated near the
dateline without major warming in the cold tongegion of the eastern Pacific. They
named these events “Dateline El Nifio” and showadt ihecipitation and temperature
anomaly composites for these events were diffetieab those of conventional El

Nifo.



The study of Yu and Kao (2007) first raised thegaity that the interannual
SST variability in the central and eastern Pacifiay involve different physical
processes. By analyzing the persistence barriénterannual SST anomalies, they
noted that the decadal changes in the timing obtreier are different in these two
regions of the equatorial Pacific. In the eastemnifit, the persistence barriers of the
Nifiol+2 (10°S-0°, 80°-90°W) and Nifio3 (5°S-5°N, d®0°W) SST indices
occurred during spring before 1976/77, shifted ummer between 1978 and 1988,
and moved back to spring afterwards. No such deécd@mges were found for the
persistence barriers of both the Nifio3.4 and Nife4-5°N, 160°E-150°W) SST
indices. These different decadal variations leadavid Kao (2007) to postulate that
SST variations in the eastern and central equ&teaeific are controlled by separate
physical processes. To further examine the distiettaviors of SST variability in
these two parts of the Pacific, Kao and Yu (2008dua method combining linear
regression and empirical orthogonal function (E@Rplysis to separate the SST
variability centered in the central equatorial Hadrom that in the eastern equatorial
Pacific. They found different spatial patterns, lations, periodicities, and
teleconnections between these two types of SSHhbitity. Similarly, Ashok et al.
(2007) and Kug et al. (2009) have also argued soamte warming events in the
central Pacific behave differently from conventibEaNifio events (Rasmusson and

Carpenter 1982) centered in the eastern Pacific.

These recent studies suggest the need to furtbkrimbo the interannual SST
variability in the central equatorial Pacific. Tratudy aims to separate the central-

Pacific SST variability into a component linked &md a component independent of,



the conventional ENSO SST variability in the east®acific and to identify the
underlying generation mechanisms. For this purplesel-lagged regression and near-
surface layer heat budget analyses are perforntes.pbper is organized as follows:
The reanalysis and ocean assimilation products uselis study are described in
Section 2. The ENSO-related and non-ENSO-relatpestyof central Pacific SST
variability are defined and their spatial and tenap@roperties contrasted in Section
3. An analysis of the ocean surface-layer heat éudg presented in Section 4 to
identify processes that control these two typesS8IT variability. The tropical-
subtropical interactions associated with the norSPENelated variability are

examined further in Section 5. The results aremanzed and discussed in Section 6.

2. Datasets

The major dataset used in this study is the odsda assimilation product
from the German Estimating the Circulation and @lien of the Ocean project
(GECCO; Kohl et al. 2006). It is used for analyséshe subsurface ocean structures
and for near-surface ocean temperature budgetsesalyhe product is available for
the period 1952 to 2001. GECCO is produced by camstg the MIT OGCM
(Ocean General Circulations Model) with various esliations using the adjoint
method. This method corrects the initial state #mel prior (first guess) surface
forcing derived from the NCEP/NCAR reanalysis (Kajret al. 1996) to improve the
fit of the OGCM fields to various observations. TGECCO assimilation satisfies
property conservation principles, which avoids #dition of artificial internal

sources and sinks of properties (such as heatptarong the estimated state. This



assimilation process makes GECCO the most suitssnilation product for ocean
temperature budget analyses. The GECCO model cavelemain from 79.5°S to
79.5°N and has a 11° horizontal resolution. It has 23 vertical levefith a thickness
between adjacent levels that ranges from 5 m t® 545In this study, interannual
anomalies are obtained by removing the mean selasgria from the original fields
and then applying a low-pass filter to suppresgtians with timescales shorter than

12 months. The NCEP/NCAR reanalysis is used foatiayses of atmospheric fields.

3. Type-1 and Type-2 SST variability in the centraPacific

We use a linear regression-based method to sef@aatéc interannual SST
variability into a conventional-ENSO component amh ENSO-independent
component. We first linearly regress all tropicatic SST anomalies with the SST
anomalies averaged in an eastern Pacific box (3R$S-b20°W-80°W; see Fig. 1),
where the maximum SST standard deviation is obdefwet shown). The regressed
SST anomalies are considered the conventional-Eb8@ponent of the variability.
The residual SST anomalies obtained by removingdhgeessed anomalies from the
original SST anomalies are considered the-ENSOpieddent component of the SST
variability. We then average the ENSO-independe®T &nomalies in a central
Pacific box (5°S-5°N; 180°-140°W; see Fig. 1), whiarge standard deviations are
found (not shown), to represent the strength oBN&O-independent SST variability
in the central Pacific. It should be noted thatdhatral Pacific box is located near the
SST anomaly center of the Central-Pacific type BSP identified and termed by

Kao and Yu (2009) (see their Fig. 3b). Similarlye tstrength of the conventional-



ENSO SST variability in the central Pacific is repented by averaging the regressed

SST anomalies in the same central Pacific box.

For the sake of convenience, we refer to the cdiwesl-ENSO part of the
SST variability as Type-1 variability and the EN8@ependent part as Type-2
variability. We find that the standard deviationTofpe-1 SST index is 0.69 °C, while
that of Type-2 SST index is 0.59 °C. Type-1 isrimre dominant type of interannual
SST variability in the central Pacific, but Typedtcounts for a comparable
percentage of the variability. It should be noteak this way of separating Type-1 and
Type-2 SST variability assumes linear dynamics dates these two types of
variability, an assumption whose validity is yetb® demonstrated. Nevertheless, the
results presented in this study can be consideseal first-order examination of the
ENSO and ENSO-independent SST variability in thentre¢ Pacific. Similar
approaches were used in other studies of interdstorgiecadal SST variability in the
Pacific, such as the studies of the meridional mbgeVimont et al. (2003) and
Chiang et al. (2004) and the Pacific decadal vditialry Zhang et al. (1997). In our
previous study, Kao and Yu (2009), a similar metieaks used to identify SST
patterns associated with the Central-Pacific andteéEa-Pacific types of ENSO.
Those patterns were found to be similar to thogainbkd using a nonlinear cluster
analysis, which adds support to the appropriaterésssing linear regression to

separate Type-1 and Type-2 variability.

We next perform regression analyses between Typge#/2 indices and SST
anomalies in the tropical Pacific to construct plagterns and evolution of these two

types of variability. The results are shown in Fgd. Only coefficients exceeding



the 95% confidence interval based on a two-tailettiént's t test are shown. Type-1
variability (Figs. la-e) shows a conventional EN®@olution (Rasmusson and
Carpenter 1982) with SST anomalies emerging firstthe cold tongue region,

extending westward toward the dateline, and degayinthe central Pacific. In

contrast to Type-1, which has anomalies of the ssigre in the central and eastern
Pacific, Type-2 variability (Fig. 1h) has a positianomaly pattern centered in the
central Pacific but with weak negative anomalieshie eastern and western Pacific.
Also in contrast to the Type-1 SST pattern, whkanfined mostly to the equatorial
region, the Type-2 pattern spreads over a widéu¢ihal range and shows a strong
association with the subtropics (Figs. 1f-)). TYDeSST anomalies appear in the
subtropics before the onset of SST anomalies aloagquator. All these differences
indicate that the subtropical Pacific plays a marportant role in Type-2 variability

than in Type-1 variability. We have repeated thmeaegression analysis with the
Met Office Hadley Center's Sea Ice and Sea Surfaraperature dataset (HadISST;

Rayner et al. 2003) and obtained similar result$ ghown).

Seasonal variations in the standard deviationshefe two types of SST
variability are examined to determine their phaseking to the seasonal cycle (not
shown). Both types are weakest during the boreahgpHowever, Type-1 has its
maximum standard deviation during September-Novemileile Type-2 has its
maximum a bit later, during October-December. Werage Type-1 and Type-2
indices respectively in September-November and l@ct®ecember to represent
their yearly strength. Figure 2 shows the relasteengths of these two types of
variability from 1952 to 2001. It indicates thatpes2 events can occur alone (e.g.,

1979, 1991 and 1998) or together with Type-1 evéauty., 1965, 1972, and 1975).



There are also years when only Type-1 events ofegr, 1987 and 1997). The
leading periodicities of these two types of SSTialality are examined in Figure 3
using power spectral analysis. The Type-1 indexsigsificant power in both the 4-
year and 2-year bands, which are the known leadieguencies of ENSO
(Rasmusson and Carpenter 1982; Rasmusson et &; B2®nett 1991; Gu and
Philander 1995; Jiang et al. 1995; Wang and War@6)19The power spectrum of
Type-2 index is dominated by a single peak near52y2ars (Fig. 3b). We will

explore this biennial periodicity further in Sectib.

We next examine the atmosphere and ocean struatfitbese two types of
variability in Figure 4 by calculating the lead-tggl regression between the Type-
1/Type-2 indices and SST, zonal wind stress, aadsagace height (SSH) anomalies
along the equator. SST anomalies for Type-1 evegmpear first in the eastern Pacific
and then extend westward toward the central Pafffiig. 4a), as indicated by the
local maximum labeled by asterisks in the figurecéntrast, Type-2 SST anomalies
are confined locally in the central Pacific and associated with weakly out-of-phase
SST anomalies in the cold tongue region (Fig. #bg anomalies appear to propagate
eastward initially then turn westward as the ewdmielop to large amplitude. For
Type-1, zonal wind stress anomalies in the wesRaaific, which are essential to
producing equatorial oceanic waves, show up befmeonset of the events (around
12 months before the peak; Fig. 4c). No such stwing anomalies are found in the
western Pacific for Type-2 events (Fig. 4d). Asvghon Figs. 4e and 4f, Type-1 SSH
anomalies show an apparent eastward propagatiamssathe Pacific basin, while
Type-2 SSH anomalies exhibit weak and near-locait@lations. The lack of a basin-

wide SSH anomaly propagation associated with theed2/ variability is consistent



with the absence of significant zonal wind stressnaalies in the western Pacific. To
summarize, Type-1 events are characterized by fvadm evolutions of SST, zonal
wind and subsurface temperature structures (asctefl in the SSH fluctuations),
which are well-known features of the convention®S0. Type-2 events, on the
other hand, are characterized by local SST, zomad,wvand subsurface temperature

variations in the central equatorial Pacific.

4. Near-surface layer ocean temperature balance alysis

We next perform near-surface layer ocean temperatudget analyses to
identify the physical processes that control th@eFy and Type-2 SST evolutions.
The near-surface layer temperature budget (McPhadéa; An and Jin 2004; Ye
and Hsieh 2008) can be described by the followongaéon:
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Here, T, u v, w are, respectively, the temperature, zonal, merai@nd vertical
current velocities in a near-surface layer of canstlepth H. The over bars denote the
climatological seasonal cycle, and the apostromrmetés the non-seasonal anomaly
from the mean seasonal cycle. The first three ggadiperms on the right hand side of
the equation represent the advection in zonal, diseral and vertical directions,
respectively. The term after the advection terntkessurface heat flux (SHF) term. Q

is the total heat fluxr, is seawater density; and, @ the ocean heat capacity.
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Following Ye and Hsieh (2008), an average over xadidepth is used for the
temperature budget calculation in a near-surfagerlal’he depth is set to 50 m in the
central equatorial Pacific and 20 m in the eastmuoatorial Pacific, close to the
climatological mixed-layer depths in these regiofibe last term R denotes the
residual term, which includes vertical and horizabrtiffusion, as well as nonlinear
terms due to the correlation of velocity and terapge gradient on sub-monthly time
scales, e.g., associated with tropical instabivMgves. The latter nonlinear term is
included in the residual term because only moraiigraged fields are available from
the GECCO product, so sub-monthly variability canbhe evaluated explicitly.
Therefore, it is important to point out that thenrgeasonal anomalies in the above
equation only represent anomalies with time scatewjer than a month. For
illustration purposes, the interpretation of themperature budget analyses is
described for the warm phase only. Converse int¢aions can be applied for the

cold phase of the events.

To determine the relative importance of the tengdaoms in the temperature
budget, we calculate the lead-lagged regressiohypé-1/Type-2 SST indices with
each tendency term averaged over the equatoritdraaand central Pacific boxes,
which are indicated in Fig. 1. Figure 5 shows thelaion of the tendency terms over
these two boxes for Type-1 events. In both pahelg,0 corresponds to the peak time
of Type-1 SST variability in the central equatoiRacific. For this type, large budget
terms appear first in the eastern Pacific box (Big), where the initial warming
tendency is contributed by the vertical advectimt (green curve). This reflects the
importance of thermocline fluctuations and upwejldowelling activity to the

eastern Pacific SST anomalies. These are relatedntote Ekman pumping in the
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western-central Pacific that cause equatorial Kelwiaves to propagate into the
region as well as local Ekman pumping due to th&tians in local trade winds. The
early development of the vertical advection is cstesit with the role of the Kelvin

waves that often precede the mature phase of waemt®in the eastern equatorial
Pacific. The vertical advection term continues lypan important role throughout

the SST evolution in the eastern Pacific region.

After the onset of SST anomalies, both the mer@icadvection term (red
curve) and the SHF term (black curve) increase imaadgm and become major terms in
the temperature budget. These two terms tend toetaach other because the former
contributes a warming tendency but the latter doates a cooling tendency. The
zonal advection term (blue curve) also contributesthe SST increases but its
magnitude is smaller than the meridional and valrtazvection. It is noted that the
amplitudes of SHF and zonal and meridional advactierms all increase and
decrease together with the SST anomalies, reftpctotal air-sea interaction
processes. Only the vertical advection term shawapgarent phase lag from the SST
evolution in the eastern Pacific. This phase retais consistent with the delayed-
oscillator theory, which suggests that thermochagiations control the onset and
termination of ENSO SST anomalies. Overall, thailtesof the temperature budget
analyses presented here are consistent with tepseted by Yu and Mechoso (2001)
using a coupled atmosphere-ocean GCM simulationbgnidim et al. (2007) using

another assimilation product (ECCO).

In the central Pacific box (Fig. 5a), zonal advecti(blue) is the leading

temperature tendency term for the Type-1 SST ewwluflhis term lags the vertical

12



advection in the eastern Pacific box by about 3th®rsuggesting the Type-1 central
Pacific warming tends to follow the eastern PaciBenperature variations. The
meridional advection (red) and SHF (black) termsimgcancel each other and
together have a small contribution to the develapnoeéthe SST anomalies. Both the
vertical advection (green) and residual (pink) terare weak. Figures 5a and 5b
together indicate that Type-1 events onset with emk&ning/strengthening of the
vertical advection over the cold tongue region #reh expand into the central Pacific
via zonal advection. In other words, the Type-1 S&iriability in the central

equatorial Pacific is produced by zonal advectibthe thermocline-controlled SST

anomalies from the eastern Pacific.

Figure 6 shows the evolution of the regressed teatype tendency terms for
Type-2 variability in the eastern and central Raddoxes. In both panels, Lag 0
corresponds to the time when the Type-2 SST vditiabpeaks in the central
equatorial Pacific. In contrast to Type-1, there ap large tendency terms in the
eastern Pacific box (Fig. 6b), except for the SHfmt (black curve). We find that
most of the SHF term is contributed by shortwawdiation and latent heat fluxes. It
is likely that the heating effect of the shortwanagliation is overestimated here;
because our temperature tendency calculation doiesomsider solar penetration (it
deposits all the solar flux into the chosen surféaer). Large tendency terms
develop primarily in the central Pacific box (F&n), suggesting that the Type-2 SST

variability is not an extension of SST variabilitpm the eastern equatorial Pacific.

Figure 6a shows that the initial warming in the tc@&nequatorial Pacific

during Type-2 events is contributed mostly by thé&~Serm (black) and the vertical
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advection term (green). During the developing stéige zonal (blue) and meridional
(red) advection terms strengthen and become tlggnig&ontributors to the growth of
temperature anomalies. It is important to note thath the meridional and vertical
advection terms never change phase during the tamo/uwhile the zonal advection
term reverses its sign a couple of months aftep#ak of the events. These different
phase relations suggest that the meridional anticakradvection terms are not
involved in the decay of Type-2 events, but theat@dvection term is. The latter
process is associated with anomalous westward #@dmeof cold-tongue water
towards the central equatorial Pacific during #nination of a warm event and the
initiation of a cold event. In fact, we find thdk the linear advection terms for Type-2
are dominated by the advection of mean tempergnadients by anomalous currents
(not shown). This finding suggests that surfacedwiariations, which induce the
surface current anomalies, are important in thduétem of Type-2 SST variability.
Figure 6a shows that SHF is another important teamtributing to the decay of
Type-2 events. The residual term (pink) has a ogadiffect throughout the evolution

and is consistent with the effects of vertical ukfbn.

As noted in Fig. 1, Type-2 SST anomalies show gt fnh the northeastern
subtropical Pacific and then extend southwestwarth¢ central equatorial Pacific.
To understand how the anomalies spread equatorwadexamine the regressed
temperature tendency terms along a north-southdimesl path that links the local
Type-2 SST anomaly centers atlli8and 12S. The black lines in Fig. 1h show this
path. Figure 7 shows the meridional evolution & ttear-surface layer temperature
tendency and the tendency terms along this patk. dliscissa shows the lagged

months from 18 months before to 18 months aftemptek of a Type-2 event. Based
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on the temperature tendency term (Fig. 7a), weseparate the Type-2 evolution into
three major periods. During lags of —18 to —9 menfthe onset period), the
warming appears first in the northern subtropicsuad 10°-15°N and then spreads
toward the equator. During lags of -9 to 0 monthe growth period), the equatorial
warming is enhanced rapidly and its latitudinal tiéxpands. During lags of O to 9

months (the decay period), the temperature tendemoybecomes very small.

We now focus on identifying the physical processesponsible for the
temperature evolution in each of the three periddigring the onset period, the
temperature budget analysis shows that the SHF iemasponsible for the initial
warming in the northern subtropics (Fig. 7b). Treuteward spreading of the
warming is also due mostly to the SHF term. Nearehuator, both the meridional
and vertical advection terms (Figs. 7d and e) predwarming tendencies, but most
of the warming is cancelled out by a cooling terayeftom the zonal advection term
(Fig. 7c). Rapid growth of the equatorial SST anlesastarts after the subtropical
warming arrives at the equator around Lag -9 amtk laintil Lag 0. During this
growth period, all three ocean-advection terms dase and contribute to the
intensification of SST anomalies. The zonal adwerctierm becomes the most
important term and dominates the equatorial warnintij the temperature anomaly
reaches its peak intensity (Fig. 7c). The meridiaolection term is also large and is
particularly important in increasing the latitudinaxtent of the warming. As
mentioned earlier, Type-2 variability is dominatedanomalous current advection of
climatological temperature gradients. The largerrmwag effect of meridional

advection off the equator is consistent with thegda climatological meridional
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temperature gradients off than at the equator. Vidrécal advection term (Fig. 7d)

also produces a warming tendency but is large oaar the equator.

During the decay period, both the SHF (Fig. 7a) aodal advection terms
(Fig. 7c) contribute to the decay of temperaturenaaies. The large latitudinal extent
of the SHF term is consistent with the latitudinadith of the Type-2 SST anomalies
during their peak phase (see Fig. 1h). This inde#bat thermal damping is the main
process that terminates Type-2 events. The resitemh (Fig. 7f) has little
contribution during all three periods, suggestihg tiffusion term and sub-monthly
variations play a minor role in Type-2 events. Rben the analysis of Fig. 7, we can
consider Type-2 SST variability a local couplediahility in the central equatorial

Pacific triggered by subtropical forcing.

To further establish the validity of the regressiesults presented in Fig. 7,
we perform a case study using the 1990/91 warmuagte which is a pure Type-2
event as indicated in Fig. 2. Figure 8 shows tta@ution of SST anomalies from May
1990 to February 1991. It shows that positive S8dnzalies in this event appeared
first in the northeastern subtropics in May 199@(Ba), gradually extended to the
central equatorial Pacific (Fig. 8b), and had fadnaa anomaly pattern linking the
northeastern subtropics to the central tropics bgust 1990 (Fig. 8c). As the event
evolved into its peak phase in February 1991 (Bid), a rotated V-shape SST
anomaly pattern was established and extended fesrtrad equatorial Pacific into the
subtropics of both hemispheres. The near-surfager lEeEmperature budget analysis
for this event along the same meridional path dsedrig. 7 is shown in Figure 9.

The figure indicates that the SHF term initiates Warming around 10 to 15°N at the

16



beginning of the event (Fig. 9a) - consistent wiih. 7b. Similar to the regressed
tendency analysis, the rapid development of equt86T anomalies (during August
1990 - February 1991) are contributed by all thoeean advection terms (Fig. 9b-d),
with the zonal advection being the strongest otight®y different from the regressed
tendency analysis, the meridional advection teroneiases earlier and contributes to
the early development of this particular event. Butgeneral, the pattern and
evolution of the meridional advection term are déstesit with those revealed by the
regressed analysis. For example, the meridional feraks off equator, similar to that
shown in Fig. 7e. The temperature budget analysilsen1990-91 Type-2 event is, in

general, consistent with the regressed budget sisaly

5. Tropical and Subtropical Linkage for Type-2 Variability

The temperature budget analysis indicates thatasertheat flux forcing
initiates SST anomalies in the subtropics and sjsré@em southward to trigger Type-
2 SST variability at the equator. Ocean advectienms aid the onset and
development of SST anomalies in the central eqiz@tBacific. Both the surface heat
flux forcing and the ocean advection anomalies &&n related to anomalous
atmospheric wind forcing. We find latent heat flaxe be the leading contributor to
the surface heat flux anomalies (not shown). Meridl advection (Fig. 7e) by
Ekman currents and vertical advection (Fig. 7d)dmal Ekman pumping that impact
the central-Pacific SST may both be associated waitiations in the strength of
shallow meridional overturning circulations, oftexierred to as the subtropical cell or

STC (after McCreary and Lu 1994). The subsurfacandn of the STC (the
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equatorward pycnocline flow) has an interior pathwhat connects the central-
equatorial Pacific with the subtropical regiong(eFig. 2 of Lee and Fukumori 2003).
Variations in subtropical trade winds could causeoacillation of the STC, which

involves variations in the poleward Ekman currentre surface, the equatorward
pycnocline flow, and the upwelling that connects tvo. It is conceivable that the
oscillation of the STC in response to trade windiatoons would affect the

meridional and vertical advective tendencies of tipper-ocean temperature in the

central equatorial Pacific.

The importance of trade wind variations during theset period of Type-2
SST variability is verified in Figure 10, which ske the evolution of zonal wind
stress, meridional wind stress, and sea level presé&SLP) anomalies along the
meridional path where we analyzed the ocean teryperdudget. During the onset
period, large surface westerly and southerly wimness anomalies appear from°’RO
to 5°N (Fig. 10a-b), which weaken the climatologic negdbhterly trade winds, reduce
surface evaporation, and produce a tendency topasitive SST anomalies. The
wind stress anomalies are particularly intensifiadng Lags —12 to —6 months, when
the anomalies spread southward. The SLP anomaigs 10c) also intensify and
extend southward during this period. One possibglamation for these coherent
variations is that a forcing external to the TypeaRiability controls the subtropical
SLP variations, which then cause the trade windvaties to intensify and spread
equatorward. The possible external forcing for 8 variations is discussed later.
As the surface wind stress anomalies arrive aethator, the weakened trade winds
reduce the upwelling of cold subsurface ocean watet reduce the northward

advection of warm SSTs through Ekman transporta Assult, a warming starts at the
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equator (recall Figs. 7d-e). At the same time pibsitive zonal wind stress anomalies
induce eastward current anomalies, which facilith&intrusion of warmer western-
Pacific waters into the central equatorial Pacffiigure 10 shows that, as the Type-2
SST anomalies develop in the central equatoriaififa&LP anomalies in the both
hemispheres intensify and spread both the zonal meddional wind anomalies

equatorward.

The above analyses indicate that SLP variationstralorsurface wind
anomalies and are particularly important to Typ8&T variability. In Fig. 11, we
contrast the SLP anomaly patterns associated witle-IL and Type-2 SST variability.
The values shown in the figure are the correlatowefficients between SLP
anomalies (from the NCEP/NCAR reanalysis) and tlypefl and Type-2 SST
indices. Figure 11a shows that, as expected, Typ&l variability is associated with
a Southern Oscillation pattern characterized byofygthase SLP anomalies between
the eastern and western tropical Pacific. The ShRations over the Maritime
Continent region are linked to SLP over the eastsuatorial Pacific through the
Walker Circulation. Figure 11b shows that the Slo@raaly pattern associated with
Type-2 variability does not resemble the Southestil@tion. Instead, the SLP
variations over the Maritime Continent are linkedSLP variations in the subtropics
of both the Northern and Southern Pacific, sugggdtiat a connection through local
Hadley circulation may be more important. We notitet the center of the
subtropical SLP anomalies in the Northern Hemispherlocated at the southern
boundary of the mean wintertime subtropical higbt (shown). Therefore, the SLP
anomalies shown in Fig. 11b represent variatiorthénextension and the strength of

the northern subtropical high. We find that the powpectrum of a subtropical high
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index, which is defined as the SLP anomalies awstag the northeastern subtropics
(20°N-40°N and 160°W-110°W), also shows a significpeak in a 2-2.5year band
(Fig. 12). This peak is consistent with the domtraeriodicity found for Type-2 SST
index (see Fig. 3b), and further suggests thera islose linkage between the
interannual SST variability in northeastern subtap Pacific and the central

equatorial Pacific .

The results presented so far indicate that sulsmbpforcing plays an
important role in producing Type-2 SST variabiiitythe tropics, and that this type of
variability is as important as Type-1 SST varidhilin producing interannual
warming and cooling in the central Pacific. We atsagice from Fig. 2 that Type-2
SST variability undergoes decadal/interdecadalavans. The variations can also be
seen in Figure 13, which shows the SST standardhiil@v along the northeastern
subtropical-to-central equatorial Pacific pathwag.( the black lines shown in Fig.
1h) from 1952 to 2001 using a 10-year running wmddt shows that the SST
variability in the northern subtropics is strongethe 1960s and 1990s but weaker in
the 1970s and 1980s. This decadal change in sutdaioSST variability is in
accordance with the decadal variability in Typev2rds revealed in Fig. 2, which
shows Type-2 events have been more intense andfregreent beginning during the
1990s. This result suggests that there is decatiatdiecadal variability in subtropical
SST interannual variations and their forcing of tesmtral equatorial Pacific and that

Type-2 SST variability has become more active sir@20.

6. Conclusions and Discussion
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In this study, we focused on analyzing interann@8IT variability in the
central equatorial Pacific. We separated this éiig into a Type-1 variability that
is related to the eastern equatorial Pacific afg@e-2 variability that is not. Type-1
variability is part of the conventional ENSO thaherges in the eastern Pacific. In
contrast, Type-2 variability is found to have aosfy connection to the subtropical
Pacific. Analyses of the surface-layer ocean teatpee budget were performed to
identify the leading physical processes for thege types of SST variability. The
results show that, as expected, Type-1 variahititthe central Pacific results from
the zonal advection of thermocline-controlled SSdriations from the eastern
equatorial Pacific. The Type-2 variability is linkdo the northeastern subtropics
through surface wind forcing and associated atm@agphcean heat fluxes (primarily
the latent heat flux) and surface ocean adveciitws study suggests that there is a
distinct interannual SST variability in the centesjuatorial Pacific that is not related
to basin-wide equatorial thermocline variations butsubtropical forcing, and that
this Type-2 variability has been strengthened sk8®0. Our study also reaffirms the
suggestion from earlier studies, such as Vimoal.g2003), Anderson (2003), Chang
et al. (2007), that a significant part of the iat@mual SST variability in the equatorial
Pacific is related to subtropical forcing. It shbwlso be pointed out these earlier
studies and recent modeling studies (e.g., Vimdnale 2009, Wu et al. 2010)
consider the wind-evaporation-SST (WES) feedbacie @hd Philander 1994) the

primary mechanism for the equatorward developmétiteosubstropical influence.

The Type-2 SST variability discussed here is bélygickhe same as the

Central-Pacific (CP) type of El Nino first discudsley Kao and Yu (2009), both of

which have their SST anomalies centers locatedhén équatorial central Pacific
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(compare Figure 1h to their Figure 3b). The cotiaha coefficient between our
monthly Type-2 index and their monthly CP index 0s/0. The Type-1 SST
variability is part of their Eastern-Pacific (Efpe of El Nino, which they considered
to be the conventional ENSO in that the SST an@sadixtend from the South
America coast toward the central Pacific. By analyzhe associated atmospheric
and oceanic structures, Kao and Yu (2007) conclutiat the CP type is a local
atmosphere-ocean coupling phenomenon while theyg®is a basin-wide coupling
phenomenon. Our study confirms their suggestionhttteCP type of tropical Pacific
warming has a different generation mechanism frbenEP type. Our analyses not
only identify the relative importance of the varolocal coupling processes in the
evolution of the CP EI Nino but also demonstratat tthose local processes are
triggered by remote forcing from the subtropicatiRe We should also point out
that in addition to the study of Kao and Yu (20083hok et al. (2007) and Kug et al.
(2009) also proposed generation mechanisms fornibisconvectional type of El
Nino. Ashok et al. (2007) emphasized wind-indudegtrocline variations within the
tropical Pacific for the SST evolution, while Kug &. (2009) emphasized zonal
advection in the ocean. Our results indicate thatdcean advection process is more
important to the evolution of these non-conventiamzents, particularly during the
growth period. However, vertical advection and acef heat flux forcing are also
important in the early development and the decaythaf events, respectively.
Furthermore, neither Ashok et al. (2007) nor Kugaét (2009) discussed the
importance of subtropical forcing to these non-@ntional events. This is likely due
to the fact that their analyses focused primariiytlee SST evolutions in the tropical

Pacific and the peak phase of these events.
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Our study concludes that interannual SLP varigbih the subtropics causes
trade wind variations to initiate Type-2 SST vailip in the central equatorial
Pacific. The origin of the interannual SLP varigpibeserves a separate study and is
not addressed here. Nevertheless, we want to pointhat, in addition to winter
hemisphere atmospheric transient variability (sashthe North Pacific Oscillation
suggested by Vimont et al. 2003), a possible sooftke subtropical SLP variability
is the influence from the Indian-Australian monseowhich also exhibits a strong
guasi-biennial periodicity (Meehl and Arblaster 20@002). We find the correlation
coefficient between our subtropical high index dhd Indian monsoon circulation
index of Webster and Yang (1992) is 0.55 and i$ @dtween the subtropical high
index and the Type-2 SST index. These relativelyhhe¢orrelations imply close
associations among these three climate phenomehgewonial timescales. The recent
modeling study of Yu et al. (2009) showed that ooy biennial variability in the
Indian and Australian monsoons in a numerical erpamt with the NCAR
Community Climate System Model 3.0 significantlydueed the biennial SST
variability produced by that model in the centrajuatorial Pacific. Further
investigations on how the subtropics-related Typ®ST variability studied here is
involved in the establishment of so-called trop@sphbiennial oscillation (TBO) are

clearly warranted.
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Figure Captions

Figure 1. Lead-lagged regression coefficients betW8ST anomalies in the tropical
Pacific and the Type-1 (panels a-e) and Type-2 Bfflices (panels f-j). Contour

intervals are 0.2°C/month*°C. The values in thesptresis at the upper left of the
panels indicate the lag months and the boxes deheteareas in the central and
eastern Pacific used to define Type-1 and Typeelkca@s. The black lines in (h)

connect local maximum variability centers at 12%®1 a8°N. Only coefficients

exceeding the 95% confidence interval are shown.

Figure 2. Yearly variability of the Type-1 (bluefda Type-2 (red) SST indices from

1952 to 2001. The ordinate is the indices in °C.

Figure 3. Power spectra of the (a) Type-1 and (pe¥2 SST indices. The solid and

dashed curves denote the 99% and 95% significaelslerespectively.

Figure 4. Lead-lagged regression of SST (a-b), lzeivad stress (c-d) and SSH (e-f)
anomalies at the equator with the Type-1 (left f[grend Type-2 SST indices (right
panels). The contour intervals are 0.2 °C/month*@@ m/s*month*°C, and 1
cm/month*°C, respectively. The abscissa is theitadg and the ordinate shows the
time lags in months. The asterisks in (a, b) indicthe local maximum. Only

coefficients exceeding the 95% confidence inteavalshown.

Figure 5. Lead-lagged regression of the Type-1xndith surface-layer temperature
tendency terms in the (a) central Pacific and ésfern Pacific. The black, blue, red,

green and magenta lines denote the air-sea hagiSHiF), zonal, meridional, vertical
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advection and residual terms, respectively. Thatlishaded area shows the 95%

confidence interval for each term.

Figure 6. Same as Fig. 5, but for regression wjihef2 SST index.

Figure 7. Meridional evolution of the regressedfae-layer temperature tendency
terms for Type-2 SST events along the black lime&ig. 1h: (a) SST tendency (b)
surface heat flux (SHF) (c) -udT/dx (d) -wdT/dz {IT/dy and (f) residual. Contour
intervals are 0.02 °C/month*°C. Only coefficientsceeding the 95% confidence

interval are shown.

Figure 8. Evolution of SST anomalies in the tropiPacific from May 1990 to
February 1991. The contour interval is 0.5°C. Tyeat/month” are indicated in the

bottom-left of the panels.

Figure 9. Meridional evolutions of the surface-lai@mperature tendency terms along
the black lines in Fig. 1h for the 1990 event: gajface heat flux (SHF) (b) -udT/dx
(c) -wdT/dz and (d) -vdT/dy. The evolutions arewhdor the period from May 1990

to May 1991. Contour intervals are 0.02 °C/month.

Figure 10. Meridional evolutions of Type-2 (a) zbnend stress (b) meridional wind

stress and (c) SLP along the black lines in Fig. Cbntour intervals are 0.2

cm/s*month*°C for wind stress and 0.2 mb/month*&C $LP.
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Figure 11. Correlation coefficients of sea levedgsure with (a) Type-1 and (b) Type-
2 SST indices. The contour interval is 0.1. Onleféioients exceeding the 95%

confidence interval are shown.

Figure 12. Power spectrum of subtropical high \aliiy calculated from the sea
level pressure anomalies averaged in the area betW@°N-40°N and 160°W-
110°W. The thin-line denotes the 95% significareeel and the dashed-line denotes

the red-noise spectrum.

Figure 13. The standard deviations of SST anomali@sg the black lines in Fig. 1h

from 1958 to 2001 calculated with a 10-year runniigdow. Contour interval is 0.2

°C. The abscissa shows the years.
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Figure 1. Lea-lagged regressic coefficients between SST anomalies in the trogRaadific anc
the Type-1 (panels a-e) and Type-2 SST indices elpati-j). Contour intervals are
0.2°C/month*°C. The values in the parenthesis atugpper left of the panels indicate the lag
months and the boxes denote the areas in the tanttaastern Pacific used to define Type-1
and Type-2 indices. The black lines in (h) conrecal maximum variability centers at 12°S
and 18°N. Only coefficients exceeding the 95% a@fce interval are shown
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year

Figure 2. Yearly variability of the Type-1 (bluefca Type-2 (red) SST
indices from 1952 to 2001. The ordinate is thedadiin °C.



(a) Type-1 Index

(b) Type-2 Index

Figure 3. Power spectra of the (a) Type-1 and {lpe¥2 SST indices. The solid and
dashed curves denote the 99% and 95% significaelslerespectively.
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Figure 4. Lea-lagged regression of SST-b), zonal wind stress -d) and SSH (-f)
anomalies at the equator with the Type-1 (left pgnand Type-2 SST indices (right
panels). The contour intervals are 0.2 °C/month*@2 m/s*month**C, and 1
cm/month*°C, respectively. The abscissa is theitadg and the ordinate shows the time
lags in months. The asterisks in (a, b) indicate lihcal maximum. Only coefficients
exceeding the 95% confidence interval are shown.



Figure 5. Lead-lagged regression of the Type-1xnigh surface-layer temperature
tendency terms in the (a) central Pacific and éstern Pacific. The black, blue, red,
green and magenta lines denote the air-sea heat(8lbiF), zonal, meridional,
vertical advection and residual terms, respectiv€he light shaded area shows the
95% confidence interval for each term.



Figure 6. Same as Fig. 5, but for regression wyibeF2 SST index.



dsSs” (b) SHF
(@) g
t
dT dT
(©-udl (@ - w
() - vﬂ (f) residua
dy

Figure 7. Meridional evolution of the regressed faue-layer temperature
tendency terms for Type-2 SST events along thekHdlaes in Fig. 1h: (a) SST
tendency (b) surface heat flux (SHF) (c) -udT/dx-(@dT/dz (e) -vdT/dy and (f)
residual. Contour intervals are 0.02 °C/month**@lyCcoefficients exceeding

the 95% confidence interval are shown.



(a) 90/

(c) 90/

(d) 91/2

Figure 8. Evolution of SST anomalies in the tropRacific from May 199(
to February 1991. The contour interval is 0.5°Ce Tigear/month” are
indicated in the bottom-left of the panels.
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(a) SHF (b) —u*dT/dx

(c) ~w*dT/dz (d) —v*dT/dy

Figure 9. Meridional evolutions of the surface-lay@mperature tendency terms
along the black lines in Fig. 1h for the 1990 evéaj surface heat flux (SHF)

(b) -udT/dx (c) -wdT/dz and (d) -vdT/dy. The evatuis are shown for the

period from May 1990 to May 1991. Contour intervate 0.02 °C/month.



lag month

Figure 10. Meridional evolutions of Type-2 (a) zbmand stress (b) meridional
wind stress and (c) SLP along the black lines m Eh. Contour intervals are 0.2
cm/s*month*°C for wind stress and 0.2 mb/month*8C $LP.



(a) SLP Correlation with Type-1 Index

(b) SLP Correlation with Type-2 Index

Figure 11. Correlation coefficients of sea levetgsure with (a) Type-1 and (b)
Type-2 SST indices. The contour interval is 0.1lyGgsoefficients exceeding the
95% confidence interval are shown.



Figure 12. Power spectrum of subtropical high \alitg calculated from the
sea level pressure anomalies averaged in the awaedn 20°N-40°N and
160°W-110°W. The thin-line denotes the 95% sigaifice level and the
dashed-line denotes the red-noise spectrum.



Year

Figure 13. The standard deviations of SST anomalmsy the black lines in Fig.
1h from 1958 to 2001 calculated with a 10-year mgnwindow. Contour
interval is 0.2 °C. The abscissa shows the years.



