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ABSTRACT

Based on Global Ocean Data Assimilation System (GODAS) aGiiRreanalysis data, atmospheric and oceanic pro-
cesses possibly responsible for the onset of the 2011/12ihadvent, which followed the 2010/11 La Nifia even—reddrr
to as a “double dip” La Nifla—are investigated. The key madras involved in activating the 2011/12 La Nifia are illus-
trated by these datasets. Results show that neutral comslitvere already evident in the equatorial eastern Pacifinglu
the decaying phase of the 2010/11 La Nifia. However, isothkeanalyses show obviously cold water still persistinghat t
surface and at subsurface depths in off-equatorial regfonsighout early 2011, being most pronounced in the trofioath
Pacific. The negative SST anomalies in the tropical SoutkiPacted to strengthen a southern wind across the equdter. T
subsurface cold water in the tropical South Pacific thenasprerthward and broke into the equatorial region at therber
cline depth. This incursion process of off-equatorial sufzse cold water successfully interrupted the easterpggation of
warm water along the equator, which had previously accuradlat subsurface depths in the warm pool during the 2010/11
La Nifia event. Furthermore, the incursion process sthemgtd as a result of the off-equatorial effects, mostly énttbpical
South Pacific. The negative SST anomalies then reappeatkd gentral basin in summer 2011, and acted to trigger local
coupled air—sea interactions to produce atmosphericrtzaaomalies that developed and evolved with the seconkihgoo
in the fall of 2011.
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1. Introduction Jin et al., 2008; Zheng et al., 2009; Zheng and Zhu, 2010a,
. . . . . .2010Db; Barnston et al., 2012), their skills in predicting®N
.EN.SO is the stronggst signal O]f alr—sea_mteractlon, Whl?1ave gradually improved. chwever the rea:)—time ENgSO pre-
peno@pally d_evglpps n the tropical Pacific and exerts.d"}ction skill of models in the past decade has been somewhat
surprisingly significant influence on short-term glqbalr CIII wer than the less advanced models of the 1980s and 1990s
mate change (e.g., Huang and Wu, 1989; Neelin et arnston et al., 2012). Additionally, Barnston et al. (2p1

1998; Alexander and Scott, 2002; Toniazzo and Scaife, 20 suggested an apparent retrogression in skill exists for&NS

Philippon et al., 2012). The significance of ENSO has been=s." """, . : X
documented by many researchers (e.g., Wang and Picg&fdmtlon in the 2002-11 study period compared with that

) ) he 1981-2010 period. The 9-yr sliding correlation fa th
2004; McPhaden et al., 2006; Wang et al,, 2012). Recen Phdcasts over the 1981-2010 period has an average score of

ENSO has been receiving increased attention due to the ap- . o .
pearance of a new type of El Nifio, the Central-Pacific (C%%s at a 6-month lead time, but the prediction skill of cor-

El Nifio (e.g., Kao and Yu, 2009: Yu et al., 2010), which haﬁNlat|0n decreases to 0.42 for the 2002—-11 period. There are

maximum SST anomalies centered near the dateline. i .
the past decade: one is due to the more frequent occurrences
As many efforts have been made to develop and enforc, CP EI Nifio (Lee and McPhaden, 2010: McPhaden et al
the performance of ENSO models (e.g., Ji et al., 1996; L E . f )

et al., 1998; Kleeman and Moore, 1999; Zhang et al., 20 )11; Xiang et al., 2012); and the other is the appearance of a

. i )ecial kind of La Nifia (Zhang et al., 2013; Hu et al., 2014),
Zheng et al., 2006a, 2006b; 2007; Zheng and Zhu, 20 which follows a previous La Nifia event (e.g., the 2011/12

event), and is referred to as “double dip” La Nifia hereafter
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Email: zhengfei@mail.iap.ac.cn McPhaden and Zhang (2009) argued that there is a ten-

0 possible explanations for this abnormal phenomenon in
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dency for some La Nifia events to persist and re-emerge foe tropical South and North Pacific through examining the
a second cooling year after 1980. However, most ENSDbsurface temperature evolution of isotherms. In order to
models are unable to successfully predict this kind of sécoabserve the pathways consistently throughout the basm fro
cooling event until now (Barnston et al., 2012). Specificallthe off-equatorial to the equatorial region, isothermallgn
among all ENSO prediction models (14 dynamical and 8 stees are performed using the 3D temperature fields. Seeing
tistical) listed on the International Research Institute@li- as the subsurface temperature anomalies tend to propagate
mate and Society (IRI) website at http://iri.columbia.bdd  along isothermal surfaces, an isothermal analysis is sacgs
mate/ENSO/currentinfo/SStRble.html, most failed to fore- and can better characterize the temporal evolution anddhe 3
cast the Nifio3.4 SST anomalies of the 2011/12 event,sgartstructure of the upper ocean. The major finding in this work
from early-mid 2011, and only one model [an intermediaie that the enhanced southeasterly wind anomalies over the
coupled model (ICM) used by Zhang et al. (2013)] gave teopical Pacific from March to June in 2011, associated with
successful prediction of 2011 cold SST conditions over tlilee negative SST anomalies in the tropical South Pacific that
tropical Pacific one year in advance. This presents a dritizgere left behind by the 2010 moderate La Nifia event, played
challenge to the ENSO prediction community (Barnston atkey role in spreading the subsurface cold water over the
al., 2012) and suggests an imperative demand to understangical South Pacific northward. The subsurface cold water
the physical processes leading to the second-year coalingtien broke into the equatorial region at thermocline depth t
2011. Zhang et al. (2013) demonstrated that thermocliaetivate the onset of the second cooling in summer 2011. In
feedback is a crucial mechanism affecting the interannwaldition, analyzing the temperature anomalies at isotakerm
SST evolution of the “double dip” in 2011, which is specifisurfaces makes it clear that the incursive pathway of cdid su
cally represented by the relationship between the oceanic surface water was along the thermocline depth and originate
trainment temperaturel) and sea level (SL) in the ICM. from off-equatorial regions, mostly in the tropical SoutP
At the same time, the persistent and sufficiently strong easific.
erly wind anomaly over the western-central equatorial Pa- The remainder of the paper is organized as follows. Sec-
cific, which operates to sustain the large negative subsairfaion 2 briefly introduces the dataset and analysis method use
thermal variability off and on the equator to significantfy a in this work. Section 3 describes the onset and evolution of
fect the SST evolution during 2010-12 associated with thiee 2011/12 La Nifia event in detail. Section 4 is concerned
thermocline feedback, has been demonstrated to be anothigh the incursion process from the extratropical subsafa
key process by Zhang et al. (2013). Hu et al. (2014) arguedld water into the equatorial region. And finally, a discus-
there can be two preconditions responsible for the cortinigon and conclusions are presented in section 5.
tion of a La Nifla event: one, which is necessary but insuffi-
cient on its own, is that the previous La Nifia must be a strong
event; and the other is whether there are eastward propagat- Dataset and analysis method
ing downwelling warm equatorial Kelvin waves during the
decaying phase of the first La Nifia. Moreover, it has been The monthly mean data for temperature and SL are
suggested that the subtropical-tropical teleconnecsigmi from GODAS (Behringer and Xue, 2004), which are op-
portant and cannot be ignored for the occurrence of ENS@ationally provided by the National Centers for Environ-
events (Vimont et al., 2001; Wang and Yang, 2014). Vimomental Prediction (NCEP). The horizontal resolution in the
et al. (2001) proposed a seasonal footprinting mechanisnetmal and meridional direction of GODAS i (1/3)f
explain how midlatitude atmospheric variability coulddeaand the products have 40 levels with a 10 m resolution in
to tropical ENSO variability via atmosphere—ocean couplirthe upper 200 m. The monthly mean atmospheric reanalysis
in the subtropics. Wang and Yang (2014) investigated tdata, including sea level pressure (SLP) and wind stress, ar
impact of subtropical Pacific sea surface temperature anorfram the NECP-DOE (National Centers for Environmental
lies (SSTASs) on the equatorial ocean, and proposed a win@rediction—Department of Energy) Reanalysis Il (Kanamits
evaporation—SST mechanism as playing the dominant rolesiral., 2002), with a resolution of2 x 2.5° and a T62 Gaus-
equatorial SST changes. However, all previous studiesen #ian grid (192< 94), respectively. Both the GODAS products
2011/12 La Niha event lack a detailed description of its oand atmospheric NCEP reanalysis datasets cover the period
set and evolution due to the qualification of observatioms afrom January 1982 to December 2011, and the long-term cli-
oceanic 3D monitoring, which is crucial in order to undematological fields are generated based on the period 1982—
stand the mechanism causing the second-year cooling dur2@®4.
the long-lived 2010-12 La Nifa event. It is well known that the dynamic and thermodynamic
In this work, to elucidate the trigger mechanism of thprocesses at subsurface layers (e.g., the mixing and entrai
2011/12 La Nifa event, we examine the atmospheric antbnt) contribute to interannual SST variations (e.g., dkbi
oceanic processes related to the evolution of the 2011/124rad Cane, 1987; Wang and McPhaden, 2000). Moreover, the
Nifia in detail, through analyzing the 3D reanalysis fieldbermocline and its variations play an important role in af-
from the Global Ocean Data Assimilation System (GODASgcting ENSO evolution, but observation systems for subsur
and its calculated diagnostic variables. We focus on thesroface structure have been very scarce in the past (Wang et al.,
played by off-equatorial subsurface temperature anosialie 2012). The available 3D GODAS products provide a unique
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opportunity to investigate the 3D structure of the uppeaoceclose relationship among these anomalous fields. For the SST
and ENSO evolution in more detail. Furthermore, it is alsanomalies, there is a shift of the cold—warm-cold condgion
worth mentioning that the 3D structure of the temperatuower the equatorial central-eastern Pacific during the @hol
field in the GODAS products—especially the distributionsf 2011 (Fig. 1a). A second cooling at the sea surface oc-
of the subsurface temperature, which play a critical role gurs in mid-to-late 2011, following the first cooling in the
ENSO evolution—is highly correlated with that of the Argdall of 2010 (not shown). The 2010 moderate La Nifia event
dataset over the tropical Pacific. In this study, due to ther paseems to end in spring 2011 (Zhang et al., 2013). Then, the
quality of the salinity fields in GODAS, instead of the isopyequatorial eastern Pacific experiences neutral SST condliti
cnal analyses, isothermal analyses are performed using dne witnesses this weak La Nifia event (i.e., “double dip”
3D temperature fields to better characterize the tempoaal elza Nifia event) in August 2011. The weak La Nifia condi-
lution and 3D structure over the tropical Pacific during thigons gradually develop to moderate intensity during Novem
2011/12 “double dip” La Nifia event. The thermocline deptber 2011. The key feature here is the appearance of the sec-
is defined as the depth where the’@0sotherm is located, ond cooling at the sea surface in the boreal fall of 2011. Cor-
and the climatological and interannually varying tempamt responding to the characteristics of the SST anomalies, the
at the thermocline depth are also calculated. anomalous SL and thermocline depth show similar variation
patterns (negative—positive—negative) over the cerdrast-
3. Onset and evolution of the 2011/12 La Nia &M equatorial Pacific (Figs. 1b and e). Meanwhile, the com-
) bined data presented in Figs. 1c and d, which depict the east-
Various GODAS and NCEP reanalysis data involving therly and southerly wind anomalies, respectively, dematestr
atmospheric and oceanic processes responsible for theé oaspredominance of the anomalous southeasterly winds over
and evolution of the 2011/12 La Nifia event are investigatite whole of the equatorial region. In addition, the depth of
in this section. Figure 1 shows the temporal evolutions ef tithe thermocline (Fig.1e), represented by thé@@sotherm
interannual variations in SST, SL, zonal wind stress (Tauxepth, and the SST (Fig.1a), are highly correlated, with a
meridional wind stress (Tauy), and thermocline depth in tleld SST associated with a shallow thermocline, and vice
equatorial Pacific in 2011. The development of the 2011/¥2rsa. Moreover, from February to May 2011, the positive
La Nifa event is quite clear at the equator, and there iaeanic heat anomalies in the equatorial western Pacific ex-
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Fig. 1. Temporal evolutions of interannual anomalies along theatyial Pacific (averaged betweefiS2and
2°N) in 2011 for (a) SST, (b) SL, (c) Taux, (d) Tauy, and (e) thectme depth. The contour interval is 06
in (@), 5 cmin (b), 0.4 dyn c? in (c) and (d), and 9 m in (e).
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cite a downwelling oceanic Kelvin wave, which are depictetthis cooling condition tends to persist and strengthen é th
clearly by the thermocline depth anomalies (Fig. 1e). A#llowing months (Fig. 2h), leading to a “double dip” La
sociated with the eastward propagating Kelvin wave, a pridifia event. The condition shift of the SST anomalies (i.e.,
nounced warming process exists in the equatorial centrakgative—positive—negative) in the central-easternfieasi
eastern Pacific during early—mid 2011 (Fig. la). Howeveahe most direct response to this kind of continuous La Nifia
after the Kelvin wave successfully reaches the easterndsouavent.
ary of the tropical Pacific, the warming process does not con- In contrast to the variations of temperature at the surface
tinue afterward and is replaced by a cooling process in tlager, those in the subsurface layers are clearer. Figure 3
whole equatorial Pacific. presents the horizontal distributions of interannual temp
Figure 2 displays the horizontal distributions of the inteature anomalies at the thermocline depth, associated heéth t
annual SST anomalies over the equatorial Pacific regiondarrent anomalies. In January, the cold and warm water at
2011. The vigorous period of the 2010 La Nifla persists the subsurface layers over the tropical Pacific nearly sepa-
January 2011, so the negative SST anomalies prevail exteate at 160W. The cold subsurface water is located in the
sively in the tropical Pacific, with a minimum of less thamastern tropical Pacific, while the warm subsurface water is
—2°C along the equator between IT5hd 170W (Fig. 2a). located in the western tropical Pacific (Fig. 3a). The posi-
From March to June, the region of negative SST anomiase subsurface temperature anomalies, which previously a
lies shrinks gradually in the equatorial eastern Pacifidlevhcumulated at subsurface depths in the tropical westerfii®aci
a small-scale warm SST signal appearing in March gradirg. 3a), start to propagate along the equator toward thte ea
ally expands its area and increases its strength during #re basin in February and March (Fig. 3b). Simultaneously,
next three months (Figs. 2b-e). As a result, neutral S$Ffonounced negative anomalies persist in the subsurfgee la
conditions emerge in the eastern equatorial Pacific in migrs of the off-equatorial regions, and warm water occupies
2011. During this period, negative SST anomalies pers@tnost the entire equatorial Pacific. Note that the cold wate
over off-equatorial regions, being most pronounced in tlappears unexpectedly in 148 55W and 2N-2°S and in-
tropical South Pacific. Thereafter, the domain of positiverrupts the eastern propagation of the warm water along the
SST anomalies gradually diminishes and is displaced by negruator in April (Fig. 3c). Then, the region of warm wa-
ative ones. In particular, the negative SST anomalies reagr shrinks gradually in the eastern equatorial Pacific Aed t
pear in the equatorial central Pacific in August (Fig. 2g)l ararea of equatorial cold water expands gradually in the next
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Fig. 3. The same as in Fig. 2, but for the temperature (shading) aeanocurrent (vectors) anomalies at the
thermocline depth. The units for ocean current is cth s

few months (Figs. 3d-h). Finally, the cold water is seen &xpand northward to the equator and mix with the cold sur-
totally occupy the tropical eastern Pacific again (Figs. radl aface water in the tropical North Pacific, off-equator. At the
h). The pattern of the subsurface temperature anomaliesame time, the southeasterly wind can cause the stratificati
October is similar to that in January, only with a weaker anvariation of the thermocline to further spread the cold subs
plitude. Obviously, the temperature anomalies at the tbernface water to the equator from the off-equatorial regions.
cline depth (Fig. 3) can reflect the evolution of the second During the decaying phase of the 2011/12 La Nifia, the
cooling event better than the SST anomalies (Fig. 2). For tregion of negative SST anomalies gradually shrinks in the
subsurface current field, a pathway originating from thptroequatorial eastern Pacific, but these cooling processestdo n
ical South Pacific can be clearly seen: the cold water carripdrsist and develop, perhaps because the off-equatotial co
by the southeastern currents is eventually transporteleto anomalies (i.e., South and North Pacific) are too weak to pro-
equator (Fig. 3). vide enough cold water, and the meridional winds also cannot
Due to the strong interaction between ocean and atnsupport an equatorward current in 2012 (figures not shown).
sphere over the tropical Pacific, atmospheric componefRisally, the SSTA does not return to the La Nifia state, as
also play significant roles in the development of the “dourappened during 2011.
ble dip” La Nifa event. Here, the NCEP reanalysis data are Figure 5 shows the vertical distribution of the interan-
used to describe the atmospheric processes closely relatedl temperature anomalies in the upper oceans (i.e., from
to this event. Figure 4 shows the horizontal distributiohs the surface to 300 m) over the equatorial region. In January
the SLP anomalies (shading) and wind stress anomalies (v2811, positive temperature anomalies can be observed at the
tors). Consistent with the negative SST anomalies, theecergurface in the tropical western Pacific, while negative tem-
of the positive SLP anomalies exists for several months jrerature anomalies are located in the tropical centrabaas
the tropical central-eastern Pacific during the 2011 LaaNiiPacific regions at the surface layer. However, positive tem-
event, acting to strengthen a southern meridional windsacr@erature anomalies and negative temperature anomalis exi
the equator in early—mid 2011, especially from February to almost equal measure in the subsurface layers, with @ shar
May (Figs. 4b—d). The gradient of the SLP leads to an equamperature front along 169/. Meanwhile, the thermocline
torward transport of cold water, and acts to produce theserosver the equatorial western Pacific is relatively deepen tha
equatorial southern wind. The cross-equatorial south@rd wthat in the equatorial eastern Pacific (Fig. 5a). Theredfier
can make the cold surface water in the tropical South Pacifiositive subsurface temperature anomalies, which had pre-
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Fig. 4. The same as in Fig. 2, but for the sea level pressure anonsitiading) and the wind stress anomalies
(vectors).

viously accumulated at subsurface depths over the tropidal The incursion process from the off-
western Pacific, start to propagate toward the eastern basin equatorial subsurface water into the equa-
along the equator, acting to diminish the negative tempera- {gyjg| region

ture anomalies there, reverse the sign of SST anomalies, and

initiate warm conditions (Fig. 5b). In April, the negative The incursion process is clearly displayed in Figs. 6a—d
temperature anomalies in the equatorial central-eastarn By showing the horizontal distributions of the interannual
cific almost totally disappear except for a small surface reemperature anomalies at the thermocline depth in a specif-
gion between the dateline and %@ and the whole surfaceically smaller region (186-10N, 165W-120W) and a
equatorial Pacific is almost completely occupied by neutrahorter period (from March to June). In March, the nega-
warm SST conditions (Fig. 5c¢). In May, a striking featuréive subsurface anomalies still prevail over the off-equat

is evident in the form of a cold water mass unpredictably apegion, while the equatorial Pacific is occupied by warm
pearing and persisting at the thermocline depth betweeh 14@ter in the subsurface layers (Fig.6a). Note that the cold
and 150W, when the warm water occupies almost the entigbsurface water, which is located in the tropical South Pa-
equatorial Pacific both at the surface and in the subsurfaific, starts to spread northward and break into the equatori
layers (Fig. 5d). In the following months, the range of thigegion between 145and 155W, successfully interrupting
cold water mass gradually expands and eventually reoctloe eastern propagation of warm water along the equator in
pies the whole equatorial central-eastern Pacific (Figshbe April (Fig.6b). In May, the incursion of the cold subsurface
Based on these analysis results, we can conclude that thiswater from the tropical South Pacific into the equatorial re-
cursion of cold water into the equatorial region took place gion strengthens, and the cold water tends to move across
the thermocline depth, and the incursion process was the kieg equator to the north (Fig.6¢c). Subsequently, the cross-
mechanism preventing the development of a warm event agmliatorial cold subsurface water from the tropical South Pa
causing a second-year cooling during the 2010-12 La Nifigic mixes with that located in the tropical North Pacificdan
event. However, it is still difficult to distinguish whethtétre the off-equatorial negative temperature anomalies cgever
source of the cold water was from the south or the north, ager the equator (Fig.6d). Furthermore, the cold watersen t
well as what kind of physical process was able to trigger tlopical South and North Pacific (the two selected specific re
incursion of cold water. These questions are further exachingions) are previously accumulated at the subsurface depths
in the following section. Consistent with the surface winds, the subsurface currents
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Fig. 6. Horizontal distributions of the interannual temperatwskading) and ocean current (vectors) anoma-
lies at the thermocline depth over the central to easterategal Pacific (10S-10N, 165-120W) in 2011

for (a) March, (b) April, (c) May, and (d) June. The contouteirval is 2C, and the units for ocean current
is cm s'1. The bold black curve represents the zero-line.
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23 surface depths occurs in April, and the positive tempeeatur
2 1 total temperature tendency anomalies at the equator dissipate at that time (Fig.8b). In
Eggi 2? z!zmitj‘oofs‘ci‘uri::f”t May, the negative subsurface temperature anomalies in the
tropical South Pacific start to break into the equatorialmeg
along the thermocline via horizontal advection (Fig.8ci a
then mix with the negative subsurface temperature anomalie
located in the tropical North Pacific region (Fig.8d).
—0.5 | As described in section 3, consistent with the negative
SST anomalies over the tropical South Pacific, the posi-
tive SLP anomalies over that area act to produce a southern
meridional wind across the equator in early—mid 2011. As
-ZFEB 7T V)V Y S P . _the mter_a_nnual variations of the upper ocean over the trop-
2011 ical Pacific are controlled by the surface wind (e.g., Wang
and McPhaden, 2000), a potential trigger for the activation
Fig. 7. Temperature tendency in 2011 over the incursion region®f the incursion process of the subsurface cold water can
(150°—140W, 2°S-0) at the thermocline depth. The black b€ found in the form of the enhanced southern meridional
line represents the total temperature tendency; the reddip- ~ Wind throughout early—mid 2011. Zhang et al. (2013) argued
resents the effect of climatological current with temparat  that interannual wind forcing effects were important to SST
anomalies on the temperature tendency; and the blue line-rep evolution during 2011. Figure 9 shows the zonal-time sec-
sents the effect of anomalous current with temperature anom tions for anomalous wind stress changes during 2011 to il-
lies on the temperature tendency. lustrate the key factor triggering the 2011/12 La Nifia ¢ven
In Fig.9a, the southeasterly wind reappears over the tabpic
combined with the persistent cold water at the subsurfageuth Pacific (108-110W) around March, and spreads to
depths over the tropical South Pacific, are active enoughaimost the entire tropical South Pacific (2E8-80°W) from
generate a cold water pathway to the equatorial region. ThApril. Moreover, the wind is crossing the equator (Fig.4).
area of the junction gradually expands in the next few montlds the other hand, southerly anomalies exist over the trop-
and the cold water can again be seen to completely occupal North Pacific (Fig.9b), which are not conducive to the
the tropical eastern Pacific (Fig.3). As depicted above, the/asion of the subsurface cold water from the north of the
cold water in this incursion process is mostly from the ofiequator. All these phenomena could have contributed to the
equatorial regions (i.e., the tropical South Pacific). incursion process of the off-equatorial subsurface coltgtwa
Consistent with the demonstrations in Huang et alaving mostly arisen from the tropical South Pacific, indi-
(2010), the climatological current with anomalous temperaating significant roles played by the wind in activating the
ture plays a more important role in affecting the tropicaite “double dip” La Nifia event. It is also worth noting that the
perature tendency than the anomalous current with tempsubsurface cold water in the North Pacific is also significant
ature anomalies. In 2011, the climatological current a@ssoklowever, the surface cold water over that region is weaker
ated with temperature anomalies provides a cooling effect than that in the South Pacific, and there are no corresponding
modulating the temperature tendency over the tropicallSouiortheasterly winds to cause the stratification variaticine
Pacific at the thermocline depth (Fig.7). Especially duringpper oceans to further spread the cold subsurface watar fro
the key MAM-timing (March—April-May timing) for the on- the north to the equator.
set of “double dip” La Nina, the cooling effect is obvious and
significant in affecting the temperature tendency. In cstir . . .
ovgerthe whole of 20191, the angmalous current hyas Iittla:effes' Discussion and conclusions
on enhancing the temperature tendency. The atmospheric and oceanic processes that could have
In order to investigate the 3D structure of the pathwayeen responsible for the onset of the La Nifia event of 2011
along which the off-equatorial cold water moves into theave been investigated, and an incursion process of subsur-
equatorial region, we compute an oblique section frofiN(2 face cold water from off-equatorial regions into the equato
150.5W) to (8°S, 141.8W). The vertical distributions of rial region has been illustrated by GODAS 3D temperature
the interannual temperature anomalies in the upper ocepnsducts and NCEP reanalysis atmospheric datasets. Furthe
(5-300 m) from (2N, 150.5W) to (8°S, 141.8W) are il- more, it has been demonstrated that this incursion prodess o
lustrated in Fig.8. It is clear that the negative tempematugold subsurface water was the key process in precipitdtiag t
anomalies during the incursion process almost break intfouble dip” La Nifia. During 2010-12, a prolonged La Nifia
the equatorial region at the thermocline depth (Figs. 8a—dyent arose in the tropical Pacific, with a second coolingeat t
which has already been discussed based on Figs. 3 andea surface following an initial cooling in the fall of 20 14X-
In March, in the subsurface layers, there are negative teter the moderate La Nifia event in 2010, positive subsurface
perature anomalies over the south of the equator and p@siiviomalies, which had previously accumulated at subsurface
temperature anomalies over the equatorial region (Fig/a)depths over the tropical western Pacific, started to prdpaga
northward position of the temperature zero-line in the subtong the equator toward the eastern basin, acting to mvers

tendency (°C/month)
o
S w»

-1.5 ]

Time
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Fig. 8. Vertical distributions of the interannual temperatureraates in the upper oceans fron? {2 150.5W)

to (8°S, 141.5W) in 2011 for (a) March, (b) April, (c) May, and (d) June. Thentour interval is 1C. The
green line represents the thermocline depth diagnosedeb®CIC isotherm. The bold black curve represents
the zero-line, and the vertical orange line representsdhater.

the sign of the SST anomalies there and initiate warm condig the decaying phase of the 2010 La Nifia event, the sur-
tions. Then, in mid-2011, near normal SST conditions weface and subsurface cold water persisted over subtrogeal r
present in the equatorial eastern Pacific. However, througjions, and the subsurface cold water maintained a stronger
out early 2011, obviously negative anomalies persisteldeat hegative value and retreated slower than that at the surface
surface and at subsurface depths in off-equatorial regioffseng et al., 2015). Moreover, different from the mechanism
being most pronounced in the tropical South Pacific. Tl subtropical-tropical teleconnection, the off-equatold
negative SST anomalies in the tropical South Pacific actadomaly in early—mid 2011 may not have been conducive to
to strengthen a southern meridional wind across the eqti@e equatorial recharge process, and as a result could have
tor. The subsurface negative temperature anomalies in faeored the persistence of a cold ocean subsurface tempera-
tropical South Pacific then spread northward and broke irtore anomaly and prevented the transition from La Nifa to
the equatorial region at the thermocline depth. This incu#l Nifio (Hu et al., 2014). Two issues have been demon-
sion process of off-equatorial subsurface cold water ss:cestrated as key conditions responsible for the appearance of
fully interrupted the eastern propagation of the warm wattgtouble dip” La Nifia. One is subsurface cold water still ex-
along the equator, and was strengthened as a result of theisfing in off-equatorial regions during the decaying phake
equatorial effects, mostly in the tropical South Pacific.eThthe previous La Nifia event. Accumulated cold water in the
cold SST anomalies then reappeared in the central basiroffrequator subsurface layers provides a preconditionifer
summer 2011, and acted to trigger local coupled air-sea generation of a “double dip” La Nifia event. The other is per-
teractions producing atmospheric—oceanic anomaliesithat sistent negative SST anomalies in the tropical South Pacific
veloped and evolved with the second cooling in the fall @fcting to produce and strengthen southern winds across the
2011. equator. The enhanced southern wind then plays a triggering
The evolution of the 2011 “double dip” La Nifia event derole that encourages subsurface cold water in the South Pa-
scribed in this study is unprecedented, and depended on ¢Hie to spread northward and break into the equatorial regio
obvious negative temperature anomalies that persistdebatat the thermocline depth.
surface and at subsurface depths over off-equatorialmegio  The findings of our work can also partly explain why
as well as the triggering mechanism of the atmosphere. Darest models, especially coupled atmosphere—ocean general
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Fig. 9. Zonal-time sections of the wind stress anomalies in 2011lsqath of the equator (averaged between
5°S and the equator); (b) north of the equator (averaged batthesequator and®Bl).

circulation models, failed to predict the “double dip” Laffdi of subsurface cold water from the North Pacific happened in
event that started from early—mid 2011. The failure posst008, while there was no obvious incursion process from the
bly resulted from the initialization in such models. In thi®ff-equatorial regions in 2000—whether or not the persiste
paper, we indicate that the persistent southeasterly wirglgsurface cold water can break into the equatorial region ¢
and prescribed subsurface cold conditions with an equatdiffer from one case to the next. Furthermore, the diffeesnc
ward incursion would have been the key factors for predidt: the location and orientation of the incursion procesy var
ing the 2011/12 La Nifia. However, for most ENSO modand depend on the atmospheric surface conditions (i.g-, eas
els, their initialization methods are based on “ocean-bnlgrly and equatorward winds).
assimilation schemes (i.e., only oceanic observationsasre  Moreover, due to the lack of 3D oceanic data in the past,
similated into the model, and the initial atmospheric statenodeling studies are also needed to validate the rolesglaye
are kept unchanged). Moreover, due to the limitations of thy the off-equatorial surface and subsurface anomalies-in a
quality and quantity of ocean current observations, it iy vetivating “double dip” La Niha events over the tropical Pa-
hard to assimilate the observed current directly (Zheng acific. For example, approximately 15 “double dip” La Nifa
Zhu, 2010a). Thus, providing more accurate atmosphecdases could be simulated by a long-term (i.e., 500 years)
and oceanic subsurface information in the initial conditio pre-industrial control run in a fully coupled atmosphere—
of models based on more advanced coupled data assimilatieean model (Zheng, 2014), which could help analyze the
methods (e.g., Zheng and Zhu, 2008, 2010a) would cleakgy mechanisms favoring the occurrence of “double dip” La
benefit seasonal-to-interannual predictions of “doubf@ diNifia events through providing more than 10 samples of the
La Nifia events. second cooling case.

However, these conclusions have only been drawn based
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