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ABSTRACT

Isopycnal analyses were performed on the Global Ocean Deganflation System (GODAS) to determine the oceanic
processes leading to so-called second-year cooling of ¢hHlifia event. In 2010-12, a horseshoe-like pattern was seen
connecting negative temperature anomalies off and on thatig with a dominant influence from the South Pacific. Dyirin
the 2010 La Nifla event, warm waters piled up at subsurfapthden the western tropical Pacific. Beginning in early 2011
these warm subsurface anomalies propagated along thedegoatrd the eastern basin, acting to reverse the sign of sea
surface temperature (SST) anomalies (SSTAS) there anmaténi warm SSTA. However, throughout early 2011, pronotdince
negative anomalies persisted off the Equator in the subseidepths of the South Pacific. As isopycnal surfaces qaecb
in the central equatorial Pacific, negative anomalies froensubsurface spread upward along with mean circulatidm pat
ways, naturally initializing a cold SSTA. In the summer, dadc8STA reappeared in the central basin, which subsequently
strengthened due to the off-equatorial effects mostly@&Shuth Pacific. These SSTAs acted to initiate local coupledea
interactions, generating atmospheric—oceanic anomisiésleveloped and evolved with the second-year coolingerfall
of 2011. However, the cooling tendency in mid-2012 did notetigp into another La Nifia event, since the cold anomalies
in the South Pacific were not strong enough. An analysis oR28G¥—-09 La Nifia event revealed similar processes to the
2010-12 La Nifa event.

Key words: La Nifia, second-year cooling, off-equatorial effect®pycnal analyses, circulation pathways, GODAS

Citation: Feng, L. C., R.-H. Zhang, Z. G. Wang, and X. R. Chen, 2015cé&sses leading to the second-year cooling of the
2010-12 La Nifia event, diagnosed using GODA&:. Atmos. ., 32(3), 424-438, doi: 10.1007/s00376-014-4012-8.

1. Introduction Another is the recharge/discharge mechanism (Jin, 1997),
which focuses on water exchange in the ocean on and off
The El Nifio—Southern Oscillation (ENSO) is the leadinghe Equator. As implied by these theories, the ENSO can be
mode of interannual variability in the tropical Pacific clite  a cyclic oscillation between El Nifio and La Nifia conditon
system, significantly impacting global weather and climat@ithin the tropical Pacific climate system.
In the past several decades, extensive studies have led toHowever, as observed, the ENSO also exhibits significant
substantial progress in understanding, modeling and @redizariability from one event instance to another. For exam-
ing El Nifo events (e.g., McCreary and Anderson, 198¢le, multi-year cooling events can be seen during ENSO cy-
Cane and Zebiak, 1985; Zebiak and Cane, 1987; Philandgés from historical SST data (e.g., Hu et al., 2014). During
1992; Wang et al., 2011, 2013). The delayed oscillator meckp10-12, the tropical Pacific had a persistent La Nifia condi
anism has been proposed to explain ENSO dynamics afh, with a second-year sea surface cooling that occurred i
its interannual oscillation within the tropical Pacificrokite the fall of 2011. Further, many coupled models have failed
system (Battisti and Hirst, 1989). This theory emphasizes predict the Nifio 3.4 sea surface temperature (SST) cool-
equatorial wave processes (Rossby wave and its reflecting when initialized from early- to mid-2011. Yet, one inter
along the low-latitude western boundary into a Kelvin wavepediate coupled model—an integrated climate model (ICM)
operated at the Earth System Science Interdisciplinary Cen
ter (ESSIC), University of Maryland (UMD), the so-called
* Corresponding author: FENG Licheng ESSIC ICM (Zhang et al., 2003, 2005)—gave a successful
Email: fenglich@nmefc.gov.cn forecast of the 2011 negative SSTAs with a lead time of one
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year or so (Zhang et al., 2013, 2314This presents a chal- erational at the National Centers for Environmental Predic
lenge to the ENSO prediction community and indicates dion (NCEP). GODAS has a horizontal resolution 6fx
urgent need to understand processes leading to the secdr@ in the zonal and meridional directions; it has 40 levels
year cooling. in the vertical, with a 10 m resolution in the upper 200 m. We
Previously, ICM-based experiments were carried out tesed the GODAS data covering the period from January 1980
examine the roles played by the temperature of substhrough December2012. Additionally, surface winds at 10 m
face water entrained into the mixed layer, and wind forcingeight were from the NCEP-NCAR (National Center for At-
(Zhang et al., 2013, 2081 The reappearance of a negamospheric Research) Reanalysis (Kalnay et al., 1996),avith
tive SSTA in the central equatorial Pacific in early summéongitudinal and latitudinal resolution of 1.904 1.875 on
of 2011 was closely related to off-equatorial thermal anoma T62 Gaussian grid (19294).
lies in the South Pacific. However, the three-dimensional Long-term climatological fields were formed from the
structure and evolution of these have not been illustrated,period 1980-2012, including monthly-mean current vectors
the oceanic processes responsible for the second-yeangodinterannual anomalies for temperature, wind stress aret®th
during the 2010-12 La Nifia event are still poorly underdtoowere then calculated relative to their climatological feel&i-
The causes of the occurrence of a multi-year La Nifia in gemally, isopycnal surfaces were estimated using monthly tem
eral, and the 2011-12 La Nifla event in particular, are nperature and salinity data. The temperature anomaliegedt le
fully understood (Hu et al., 2014). depths were interpolated to constant density surfaces by us
In this paper, we examine the oceanic processes respinig-a cubic spline. Climatological current vectors on isopy
sible for the second-year cooling of the 2010-12 La Nifianal surfaces were formed in the same way. In this study,
event using reanalysis data, with a focus on the roles playiaterannual anomaly fields on isopycnal surfaces were used
by off-equatorial subsurface anomalies in the South P@-investigate the roles played by anomalous temperature ad
cific. To better represent pathways, isopycnal analysee weection in the 2010-12 and 2007-09 La Nifia events.
performed using three-dimensional temperature and salin-
ity fields (Zhang and Rothstein, 2000). Since subsurface
temperature anomalies tend to propagate along density str- Results
fgces, an isopycnal analysis can better _char_acterize the-th 3.1. SST evolution
dimensional structure and time evolution in a natural and ] ) o
physical way, therefore enabling us to trace pathways con- Figure 1 |IIu_strates the _horlzontal dlstnbu_tlons_ of SSTA§
sistently throughout the basin. Our major finding was thapd surface wind anomalies for sel_e~cted time intervals in
a distinct pathway of off-equatorial temperature anonsali¢011: In January, there was a La Nifa state over the trop-
occurred along the South Equatorial Current (SEC), clealfftl Pacific. Consequently, negative SSTAs prevailed in the
associated with the onset of second-year cooling during tﬁ%ntral and eastern tropical Pacific with the maxima exceed-
2010-12 La Nifia event. Through examining the subsypd —2°C between 150and 176W along the Equator. Sur-
face temperature evolution on isopycnals, connections wéfCe easterly winds were stronger than normal over the west-
more clearly illustrated between thermal anomalies at tRE" central equatorial Pacific and southeasterly wind anoma

subsurface and surface, and off and on the Equator, Ieadli'ﬁé dominated off the Equator in the South Pacific (Fig. 1a).

to an improved understanding of ENSO variability. Addijrhereafter, the cold SSTA diminished and the SSTA became

tionally, re-evaluating the historical ENSO evolution wleal normal in th.e eastern tropicall Pacific domaip. Simultape—
that another multi-year cooling case occurred in the troffuS!¥: the wind stress anomalies weakened in most regions

cal Pacific in 2007-09. The similarities and differences §F9- 1P). This warming process persisted during the fol-

these two events were analyzed to describe the nature@Ying months and peaked in June, when a neutral SST state

these strikingly different ENSO evolutions associatechwiPrévailed throughout the Equator except for a weak negative

various forcings and feedbacks within the Pacific climafd'omaly along 16W. At this time, easterly wind anomalies
system. weakened in the central tropical Pacific (Fig. 1d). In August

The remainder of the paper is organized as follows. yiegative SSTA strengthened in the central equatorial Bacifi

introduce the data and methodology used in this work in sd&19- 1), and this cooling tendency persisted during tHe fo

tion 2. The results are presented in section 3, followed by®ing months (Figs. 1g-h). _
summary and discussion in section 4. The mechanism of formation of the cold SSTA in the cen-

tral eastern equatorial Pacific during mid—late 2011 has not

been fully explained. Some possible factors, such as wind

2. Data and methodology forcing or a subsurface thermal anomaly, may play an impor-
tant role. Note that southeasterly wind became stronger in

Monthly-mean data for currents, sea surface height, tethe tropical South Pacific (Fig. 1e), forcing the cold waters
perature and salinity came from the Global Ocean Data Ascated in the South Pacific to move to the equatorial band
similation System (GODAS) (Behringer and Xue, 2004), offFig. 1e) and leading to the negative SSTA. However, the cur-

aZhang, R. -H, L. C. Feng, and Z. G. Wang, 2014: Role of atmasphend forcing in the second-year cooling of the 2010-12Ni&a event.Atmos.
ci. Lett., submitted.
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Fig. 1. Horizontal distributions of SSTA (at 5 m depth from GODASYamind anomalies during 2011
for (a) January, (b) March, (c) May, (d) June, (e) July, (figlst, (g) September, and (h) October. The
contour interval is 0.5C for SSTA, and the units for wind stress are dyn (1 dyh0~> N) cm—2.

rent driven by anomalous wind was not enough to produdal Pacific, especially after the wind anomalies changed di
strong and persistent negative SSTAs in the central equatection during September and October (Figs. 1g-h). Other
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processes, such as subsurface effects, are required yo fiile Equator have been examined in many studies (e.g. Zhang
understand the cause of the second-year cooling. et al., 1999; Zhang and Busalacchi, 1999; Wang et al., 2007).
However, most previous analyses focused on the effectgin th
3.2. Subsurface t t ly path P S o
Th . |§urtac|:e _emlpBera ure”gfnorrlgypa way lculated North Pacific, with fewer studies in the South Pacific. Chang
th € climato ?gm? er?outldunt(f:] lo(B) waflls ca Cl:ta €0 et al. (2001) pointed out the potential importance of south
on the 1sopycnai surtaces to study the mean flow pattemn. '%Foplcal Pacific variability in the decadal modulation oéth

cording to Cox and Bryan (19843,can be written as ENSO. Luo et al. (2003) investigated the origin of the detada
0 ENSO-like variation. Luo et al. (2005) carried out 49-year
B(0) = pogn +9/Z(0) [p—p(o)]dZ, simulations, and found that decadal variability of tempera

ture and salinity along the Equator originates from sulzsmaf

whereo = p — 1000 is an isopycnal surface, apds den- spiciness anomalies in the South Pacific.
sity with units of kg m3; po is mean densityg is the ac- From Figs. 2b and d, one can see clear pathways originat-
celeration due to gravity, ang is dynamic height.B rep- ing from the southeastern tropical Pacific: water carried by
resents geostrophic streamlines that measure the geloistrofie South Equator Current (SEC) extending northwestward
flow away from the Equator; thus, it can be used to illustrate south of the equatorial band and then transported by the
flow paths on isopycnal surfaces. strong Equator Undercurrent (EUC) onto the Equator. The

Figures 2a and 2c show the mean depth distributions $puth Pacific water pathways intersect with the surfaceen th
the 23.4 and 25.2 isopycnal surfaces. These two isopycRabtern equatorial and Southeast Pacific domain (Fig. 2b).
surfaces had similar patterns in the tropical Pacific. On the Figure 3 gives subsurface temperature anomalies evalu-
Equator, the thermocline was deep in the west and shall@i¢d on the 25.2 isopycnal surface (see Fig. 2c for its depth
in the east. The deepest regions on the isopycnal surfagdermation) at some selected time periods in 2011; the-vert
were located around 1B and 5S, respectively, in the west-cal distribution of temperature anomalies in the upper ncea
ern central Pacific, with a relatively shallow band between @long the Equator is presented in Fig. 4. During the 2010-
and 10N. The isopycnal surfaces shoaled eastward along the La Nifa event, there was a buildup of warm waters in
Equator and reached minima in the far-eastern Pacific. Tt western Pacific Ocean due to stronger than normal east-
23.4 isopycnal surface intersected with the sea surfage (ierly winds in the central basin, characterized by posities-t
outcropped) in the central and eastern basin on and souttingfl anomalies in the upper ocean. For example, in January
the Equator (Fig. 2a). 2011, a large positive anomaly was observed in the western

Pathways along which off-equatorial waters move ongentral tropical Pacific and a negative anomaly was located
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Fig. 3. Temperature anomalies evaluated ondhe 25.2 isopycnal surface in 2011 for (a) January, (b)
March, (c) April, (d) May, (e) June, (f) July, (g) August, afit) September. The contour interval is
2°C. Superimposed are climatological current vectors forctireesponding months.

in the central eastern tropical Pacific regions. These twb the EUC, warm waters in the western Pacific expanded
anomaly bands with opposite signs intersected alon§\W60 eastward across the Equator; cold anomalies in the central
with a sharp temperature front (Figs. 3a and 4a). Beginniegstern equatorial Pacific diminished and reversed to above
in early 2011, accompanied by the seasonal strengthenimgmal (Figs. 3b and 4b). This warming tendency peaked
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in April (Fig. 3c), when positive temperature anomalies othe far-eastern equatorial Pacific. In the meantime, cold wa
cupied almost the whole equatorial Pacific except for nei@rs retreated to northeastern and southeastern regiche of
150°W. Temperature anomalies reached more tha@ & Equator. As seen from the vertical section along the Equa-
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tor (Fig. 4c), cold waters shrank back dramatically, andeweto have two separate western and eastern bands (Fig. 3d),
confined to a narrow region of the central Pacific. with below-normal temperature anomalies amplified in the
In May, positive anomalies along the Equator were seeegions of 140-160W (Fig. 4d). Subsequently, the neg-
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Fig. 5. Temperature anomalies evaluated ondhe 25.2 (left) ando = 234 (right) isopycnal surfaces
in 2011 for (a, e) June, (b, f) July, (c, g) August, and (d, lptBmber. Superimposed are climatological
current vectors and vertical velocity (contours) for theresponding month.
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ative anomalies dominated over the central Pacific in Julies were transported by SEC from the Southeastern Pacific,
(Fig. 3e), forming a horseshoe-like thermal anomaly patteand amplified on and off the central equatorial Pacific. This
connecting large negative thermal anomalies on and off tbeoling tendency persisted in the following months. Pesiti
Equator. Comparing Figs. 3e and 3d, the EUC deceleratmbmalies along the Equator disappeared gradually, andd col
in the far-eastern equatorial Pacific in June (Yu et al., J99anomalies dominated over the whole equatorial band (Figs.
but the off-equatorial cold anomalies strengthened in &éme ¢ 3g and h). The vertical sections along the Equator displayed
tral South Pacific. These changes were in favor of cold watke same behavior (Figs. 4e—h).

advection to the equatorial regions through the well-deffine

South Pacific water pathway (Fig. 2d), and then extended imo: Phase relationships between subsurface and surface
the equatorial region to combine with the negative anorsalie ~ {€mperature anomalies

located north of the Equator. In July, the EUC weakened fur- As analyzed above, the subsurface thermal anomalies at
ther, and was even replaced by the SEC in the eastern #& Equator exhibited similar evolution to the SSTAs, but
cific on the 25.2 isopycnal surface. At this time, cold anomasth a 2 month phase lead time: negative sea temperature
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anomalies (Fig. 3) re-strengthened at subsurface depth@and c), the warm water was exposed to the sea surface in
June, while those in Fig. 1 re-strengthened at the sea dhe eastern Pacific, acting to generate positive SSTAs.(Figs
face in August. This indicates the existence of close linkd and c; Figs. 4b and c).

between subsurface temperature anomalies and the SSTAsAs for the sea surface cooling in the fall of 2011, it can be
During boreal spring, positive SSTAs in the far-easterreequraced to the subsurface anomalies. Beginning in mid-2011,
torial Pacific (Figs. 1b and c) cannot be explained by surfasabsurface cold anomalies located in the southeastelinatop
temperature advection, and they are likely to originatenfroPacific were continually advected northwestward by the SEC,
the outcrop of subsurface warm anomalies (Figs. 4b and ©.the south of the equatorial band, and then transported by
This process can be described as follows. During the prethe EUC to the Equator, where they were accumulated (Figs.
ous La Nifa event, warm waters piled up in the western P2e—h). But how did the subsurface cold water in the central
cific Ocean due to stronger than normal easterly winds in tRacific affect the sea surface? Since there was no systematic
central basin. As the EUC became seasonally strengthersdface wind stress curl (figures not shown), the related Ek-
the subsurface warm water was transported from the westaran pumping was not a major factor influencing the outcrop-
Pacific to the central and eastern Pacific across the Equatimg of subsurface cold water, so the upwelling can only be
(Figs. 3b—c). Since the thermocline shoaled eastward .(Figsiven by oceanic processes. Figure 5 presents the tempera-
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Fig. 7. Temperature anomalies evaluated ondhe 25.2 isopycnal surface in 2012 for (a) March, (b)
May, (c) June, (d) August, (e) September, and (f) Octobee ddntour interval is 2C. Superimposed
are climatological current vectors for the correspondirgnth.
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ture anomalies, and the horizontal and vertical velocitgéie ened SEC, which favored the accumulation of cold water at
on the 23.4 and 25.2 isopycnals. The convergence patterrited Equator. Figures 5e—h indicate that the vertical ctiiren
the horizontal currents agreed reasonably well with th&-verthe upper layer was stronger than that at the lower layes(Fig
cal velocity field. For example, the convergence center waa—d), and the cold anomalies appeared later than that on the
located on the Equator near £, where the EUC met the subsurface layer, which confirmed that the cold water origi-
SEC, giving rise to a strong upwelling (Fig. 5b). nated from the subsurface. As discussed above, there was a
In June, small cold anomalies were accompanied by wedlkar pathway along which subsurface cold water was trans-
upwelling in the central equatorial Pacific (Fig. 5a). Witlported to the sea surface. Firstly, the subsurface coldrwate
time, both cold anomalies and vertical velocity strengdtenlocated in the southeastern tropical Pacific was advected by
in the central equatorial Pacific on the 25.2 isopycnal serfathe SEC south of the Equator. Subsequently, the EUC trans-
(Figs. 5b and c). For example, in June the cold anomaligsrted it to the equatorial Pacific, where the EUC met the
were confined between 13% and 150W along the Equa- SEC and induced upwelling. Finally, under the effects of the
tor, but it dominated the eastern central Pacific in July.seheEUC and SEC, the cold water spread upward and westward
changes were induced by the weakened EUC and strengdththe sea surface.
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In the fall of 2011 (Figs. 1g and h), negative SSTAs dontropical Pacific rose above normal (Fig. 6d), except in the
inated in the central and eastern equatorial Pacific basia. Tar-eastern Pacific. Figure 7 illustrates the subsurface te
negative SSTASs in the east affected winds to the west, whiplrature anomalies evaluated on the 25.2 isopycnal suaface
in turn affected the thermocline and SST in the east. This e®me selected time periods in 2012; the vertical distrilouti
sentially involved interactions among anomalies of SSThdwi of temperature anomalies in the upper ocean along the Equa-
and the thermocline, forming a coupling loop and leading tor is presented in Fig. 8. Beginning in early 2012, accompa-
the second-year cooling during 2010-12. nied by the seasonal strengthening of the EUC, warm waters
in the western Pacific expanded eastward across the Equator
(Figs. 7a and 8a). In May, with the seasonal maximum EUC,

Figure 6 gives the horizontal distributions of SSTAs amdlarm anomalies occupied the whole central eastern equato-
surface wind anomalies at some selected time intervalsrial Pacific (Figs. 7b and 8b). Negative anomalies re-enterge
2012. From February onwards, the cold SSTA diminishedice (Figs. 7c and e; Figs. 8c and e) in the central equa-
and the SSTA became normal in the eastern tropical Pacificial Pacific, since the EUC decelerated from June onwards.
domain (Fig. 6a). This warming process persisted during thiowever, these cooling processes did not persist and develo
following months, and the SSTAs in the central and eastguerhaps because the cold anomalies in the South Pacific were

3.4. Evolution during the 2012 decay phase
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too weak to provide enough cold water (Figs. 7d—f; Figs. 8@8-5. Evolution during the 2008 La Nfia event
f). Finally, the SSTAs did not return to the La Nifia state, as Figyre 9 gives the horizontal distributions of the SSTAs
happened during 2011. and surface wind anomalies at some selected time intervals
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Fig. 10. Temperature anomalies evaluated on ¢he: 25.4 isopycnal surface in 2008 for (a) January,
(b) March, (c) April, (d) June, (e) August, (f) Septembel), Qrtober, and (h) November. The contour
interval is 2C. Superimposed are the climatological current vectorghf®icorresponding month.
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in 2008. In January, a La Nifa state occupied the tropicatl 170W along the Equator (Fig. 9a). Thereafter, the cold
Pacific: negative SSTAs prevailed in the central and east&88TA diminished and the SSTA increased above normal in
tropical Pacific with the maxima exceedir@.5°C, located the far-eastern tropical Pacific domain (Fig. 9b). This warm
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ing process persisted during the following months and pgakefic pathway. Based on the GODAS analyses, the processes
in August (Fig. 9d). In September, the negative SSTA rerere described as follows: Cold anomalies located in south-
strengthened in the central equatorial Pacific (Fig. 9ed, aeastern tropical Pacific region were advected continually b
this cooling tendency persisted during the following manttthe SEC northwestward to the south of the equatorial band,
(Fig. 9f). and then by the EUC northeastward to the Equator. With
Figure 10 illustrates the subsurface temperature anoniase, the EUC weakened and the SEC strengthened in the
lies evaluated on the 25.4 isopycnal surface at some sdleatastern equatorial Pacific, inducing cold waters that aceum
time periods in 2008; the vertical distribution of tempearat lated in the central tropical Pacific and then tended to sprea
anomalies in the upper ocean along the Equator is presentpavard with the convergence of horizontal currents and-even
in Fig. 11. Beginning in early 2008, accompanied by thially outcropped to the surface. These subsurface-imtuce
seasonal strengthening of the EUC, warm waters in the weSETAs acted to initiate local coupled air—sea interactiyams
ern Pacific expanded eastward across the Equator (Fig. 1@bating atmospheric—oceanic anomalies that developed and
This warming tendency peaked in mid-2008 (Figs. 10d amdolved with the second-year cooling in the fall of 2011.
11d), when positive temperature anomalies occupied almost Further study of the 2012 processes indicated that the
the whole equatorial Pacific. There was a 1-2 month leadoling tendency did not develop into another La Nifia event
time into the SSTAs. Compared with the warming process éince the cold anomalies in the South Pacific were not strong
2011 (Figs. 3c and 4c), it lagged by about 2 months, possinough. An analysis around the 2007—09 La Nifa event re-
bly attributable to stronger negative anomalies in theezast vealed similar evolution processes with around a 2—month
tropical Pacific. Beginning in August, the subsurface cojghase lag, compared to the 2010-12 La Nifia event.
anomalies located in the southeastern tropical Pacific were These analyses provide an observational basis for an un-
continually advected northwestward by the SEC to the southrstanding of the processes involved. The results can be
of the equatorial band, and then transported by the EUCused to explain the ways in which coupled models predict the
the Equator, where they accumulated (Figs. 10e-h). Téecond-year cooling case, and offer guidance for histiorica
cold anomalies were then transported by a vertical curcentanalyses for other multi-year cooling events. Further sutpp
the sea surface and induced negative SSTAs. From Septarg-modeling studies are needed to quantify the role played
ber, cold water re-strengthened in the central-equatBaal by off-equatorial subsurface anomalies in triggering LaaNi
cific (Fig. 9e), and this cooling tendency persisted and eavents in the tropical Pacific. Here, we discussed the eaffect
tended eastward during the following months (Figs. 9h):coimterannual variability on the multi-year cooling. Theesft
sequently, the double-trough La Nifia developed. of modulation of decadal to interdecadal timescale valriabi
ity on the multi-year cooling, such as tropical Pacific dedad
variability (Choi et al., 2013), requires further study.
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