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ABSTRACT

In this paper, interannual variations in the barrier laydckness (BLT) are analyzed using Argo three-dimensional
temperature and salinity data, with a focus on the effectatefannually varying salinity on the evolution of the EIffgi-
Southern Oscillation (ENSO). The interannually varyingTBéxhibits a zonal seesaw pattern across the equatorididaci
during ENSO cycles. This phenomenon has been attributetidaifferent physical processes. During El Nifio (La Nifia)
the barrier layer (BL) is anomalously thin (thick) west obab 160 E, and thick (thin) to the east. In the western equatorial
Pacific (the western part: 130160 E), interannual variations of the BLT indicate a lead of oparyrelative to those of the
ENSO onset. The interannual variations of the BLT can beslgirattributed to the interannual temperature variabittiyough
its dominant effect on the isothermal layer depth (ILD). Héoer, in the central equatorial Pacific (the eastern pa@°B-6
17C°W), interannual variations of the BL almost synchronousiyywith ENSO, with a lead of about two months relative
to those of the local SST. In this region, the interannualati@ans of the BL are significantly affected by the interaaly
varying salinity, mainly through its modulation effect dretmixed layer depth (MLD). As evaluated by a one-dimengiona
boundary layer ocean model, the BL around the dateline ity interannual salinity anomalies can significantly etffe
the temperature fields in the upper ocean, indicating aipeseéedback that acts to enhance ENSO.
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1. Introduction and Busalacchi, 1998; Maes, 2000; Maes et al., 2002; Fe-

. . . . rov et al., 2004; Huang and Mehta, 2005). More recently,
Understanding the variations in the properties of the '%Euang and Busalacchi (3009) and Zheng a)nd Zhang (2013/2)

Nifio—-Southern Oscillation (ENSO) has been a Iong'StamO“Elemonstrated that salinity and its related FWF forcing can i

issue. The effects of salinity and its directly related atmq o : L
i . .. duce a positive feedback effect on the interannual vaitgbil
spheric freshwater flux (FWF) forcing have been receivin : . e .
) .associated with ENSO, through the stratification stabitity

more attention recently, because some related obsersatign

have become obtainable and these have shown that the r ?_upper ocean..Anotherway n Wh'.Ch FWF and'salmlty can
. ) . e affect the ocean is through the barrier layer (BL; Lukas and
evant physical processes in the tropical Pacific have mqre

important implications for ENSO variability (e.g., Del@xo indstrom, 1991).

et al., 2007; Cravatte et al., 2009; Zhang et al., 2010; Fu- _The BL has been kn_gwn to_be an !mp(_)rtant factor in ihi-
tiating the onset of El Nifio, as it has significant dynamid an

i etal, 2012; Zhang_et al., 2012). Indeed_, through thefﬁermodynamic consequences in the tropical Pacific. The BL
influences on the horizontal pressure gradients, equhtoria

thermocline, and vertical stratification, the FWF forcingla can re_duce or cut off the_subsurface entrainment cooling int
) . ; L >~ the mixed layer (ML) to isolate the warmer water of the up-
its related interannually varying salinity can have a digant

effect on modulating the evolution of ENSO and tropical ciPe’ layers (Lukas and Llndst_rom, 1991; Maes et al., 2902.)’
) . . i nd enhance the warm pool displacements through restyictin

mate dynamics (e.g., Delcroix and Hénin, 1991; Murtugudde o o

e response to the atmospheric wind forcing in a shallower

ML (Maes et al., 1997; Vialard and Delecluse, 1998a, 1998b;
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because of the salinity stratification, and increased &tien nally, a summary and conclusion are presented in section 6.
has been paid to the salinity-induced BL processes in recent
years, since its variability is intrinsically linked to ERSly- ]
namics (e.g., Picaut et al., 1996; Ando and McPhaden, 19€z; Dataset, analysis procedures, and 1-D
Maes, 2000; Delcroix and McPhaden, 2002; Maes et al., boundary ocean model
2002). However, most of these studies were limited due éol
a rather poor spatial/temporal data resolution for conmguti =
the barrier layer thickness (BLT; Bosc et al., 2009; Fuijii et The three-dimensional gridded temperature and salinity
al., 2012). As salinity stratification is fundamental foethdata used in this paper are from the Argo products, and
BL formation, it is necessary to quantify the role that safin were provided by the International Pacific Research Center
plays in the interannual variability of the BL. (IPRC)/Asia-Pacific Data-Research Center (APDRC). The

However, the variations of the BL in the tropical Pacifilataset includes the monthly mean and climatological fields
have only been verified by a few studies because perforwith @ 1° horizontal resolution at the standard depths (Lev-
ing such work needs long-term concurrent temperature dfi¢p, 1982). Monthly and climatological BLT data were
salinity observations with adequate vertical resolutiery( @also estimated and provided by the IPRC/APDRC. All these
Bosc et al., 2009). Thus, a unique opportunity exists nofgo-based data are from 2005 to 2012, and are available on-
to make a more comprehensive analysis of the BL variabiine at http://apdrc.soest.hawaii.edu/projects/argo/.
ity related to other atmospheric/oceanic states, sinceagep .
dented three-dimensional temperature and salinity data hg'z' Analysis procedures
become obtainable from Argo observations (e.g., Sato et al. In this study, some additional oceanic fields, including the
2004; Maes et al., 2005; Sato et al., 2006; Maes, 2008; Bg¥ential density, the mixed layer depth (MLD), the isother
et al., 2009). More recently, using direct Argo data an@al layer depth (ILD), and the BLT, were analyzed using the
some diagnostic fields, Zheng and Zhang (2012) found titee-dimensional temperature and salinity data. Heee, th
the ENSO-induced salinity anomaly is a significant factor #¢chnique adopted in de Boyer Montégut et al. (2004) and
modulating the variations of the ML in the western-centr&0sc et al. (2009) was used for estimating the MLD, ILD,
equatorial Pacific, which contributes to further enhandireg and BLT. We define the BLT as the difference between the
ENSO cycle in two ways. The effects of the salinity variabiMLD and the ILD when the MLD is shallower than the ILD,
ity on the BL in this region are suspected to be important f@nd the MLD (ILD) is calculated as the depth where the den-
ENSO developments through BL processes, and further st§tly (temperature) i&p higher AT lower) than that at 10 m
ies should be performed to quantify the role of the BL in théepth, wheréT = 0.2°C andAp = —(dp/dT)AT. The po-
evolution of ENSO (e.g., Bosc et al., 2009). tential density (i.e., relative to the sea surface) wasutaled

In this work, we investigated the effects induced by salitising the standard routine in Gill (1982).
ity and FWF forcing with a focus on the BL. Based on the Toisolate the temperature and salinity contributions; a di
Argo data from 2005 to 2012, a novel diagnostic method wagnostic method was proposed by Zheng and Zhang (2012)
used to isolate the respective contributions of the inteman t0 access the relative effects of climatological or intewan
ally varying temperature and salinity to interannual véoizs  ally varying temperature and salinity fields on an interainu
in the BLT. This method can clearly illustrate the relatife eanomaly field [Table 1 in Zheng and Zhang (2012)]. Be-
fects of interannual variations in temperature and sglioit ing dependent o’ (temperature) an& (salinity), a field is
oceanic fields (Zheng and Zhang, 2012). In particular, we g#enoted as=(T,S), whose interannual anomaly can be at-
alyzed the interannual BL variability in the western-canhtr tributed to that of temperature and/or salinity. In this @ap
equatorial Pacific, where the interannual variability tenal  the three-dimensional temperature and salinity data &emta
be opposite to that in the western Pacific. Additionally, a-on@s being either climatological or interannually varyinglple
dimensional boundary layer model was adopted to investigatin Zheng and Zhang (2012)] to diagnostically calculate-are
the roles of the BL variability in the modulation of the SSTated oceanic field, including the MLD, ILD, and BLT. Based
in the western-central basin. on these diagnostic results, the contributions of intewahn

The rest of this paper is organized as follows. Sectionv2riations in temperature and/or salinity to thos&inan be
briefly describes the oceanic observational data used hendquantified.
analysis method adopted to isolate the relative effectstef- .

. . . . .2.3. Asingle-column ocean model

annually varying or climatological temperature and salini
fields on the BLT variations. Section 3 provides an overview To qualitatively evaluate the BLT effects on the variations
of the interannual variability from observed oceanic fieldef the thermal state in the upper ocean, a one-dimensional wa
and the derived BLT field. Section 4 is further concerned witgr column boundary layer model was adopted that is based
the relative contributions of interannually varying temge ©n the Mellor and Yamada level 2.5 (MY2.5 model hereafter)
ture and salinity to the interannual variations in the BLA. |turbulence closure scheme (Mellor and Yamada, 1982), with
section 5, the roles of the BL variability induced by the inmodifications by Galperin et al. (1988) and the parameter ad-
terannual salinity anomaly in modulating the SST are invelisted by Kantha and Clayson (1994). The six-hourly forc-
tigated using a one-dimensional boundary layer model. fig fields for the MY2.5 model include heat flux, momen-

Dataset
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tum flux, and FWF data, which are all from the NCEP/DOIng the 2009/10 EI Nifio, the warm pool in the west extended
AMIP-II Reanalysis (NCEP2; Kanamitsu et al., 2002); simeastward along the equator, and the cold tongue shrank in the
ulations with two 30-day periods were tested, one from 1-8Q@st, with the 27C isotherm of SST locating east of 134.
November 2009 for an El Nifio event, and the other from 1Buring the 2007/08 La Nifia, the warm waters retreated to the
30 October 2010 for a La Nifia event. west, while the cold tongue area developed anomalously and
was strong in the east and expanded westward along the equa-
] ) o tor, with the 26C isotherm of SST locating west of 184.
3. Overview of interannual variability from  along the equator, the SSS front also moved back and forth
observed oceanic fields and derived BLT  associated with ENSO events (Fig. 1b). For example, during
) the 2009/10 EI Nifio, an observed freshening occurred in the
3.1. Total fields central basin, accompanied by the extension of the fresh poo
The interannual variations along the equator of the obastward beyond the dateline.
served SST, sea surface salinity (SSS), and derived BLT from The analyses of the TOPEX/Poseidon amdtu data can
APDRC are shown in Fig. 1. In general, the SST had a largso be performed to show the coexistence of heat build-up
interannual variation in the eastern equatorial Pacifieneh and a significant BL in the western equatorial Pacific (e.g.,
cool waters occur during fall and warm waters take their@pladlaes et al., 2002). The time-longitude variability of theTBL
in spring (Fig. 1a). Fresh waters were evident in the far weslong the equator (Fig. 1c) was similar to the variability ob
ern equatorial Pacific, denoted as the fresh pool, and salg@sved during previous ENSO events (e.g., McPhaden and
waters were located in the central basin with a front nedhang, 2009). The BL was found to be an almost permanent
the dateline (Eldin et al., 1997), which is directly asstarla and robust feature of the western Pacific (e.g., Maes, 2000),
with a convergence of water masses (Fig. 1b; Picaut et alhich extended into the central basin only when the EI Nifio
1996). Interannual variations in SST and SSS are associatedurred (i.e., 2006/07 and 2009/10 EI Nifio). As described
with ENSO events, which are predominantly controlled by previous studies (e.g., Maes et al., 2002; Maes et al6200
the air—sea interaction processes among winds, SST, andBbsc et al., 2009), the region of the thick BL is strongly cor-
thermocline (e.g., Zhang and Zebiak, 2004). Large longittelated with the zonal displacements of the SSS front and the
dinal displacements of the cold tongue were evident in tiearmest SST. Most of the time, the larger values of BLT (i.e.,
eastern equatorial Pacific and those of the warm/fresh pablove 20 m) were confined to the eastern edge of the warm
were clearly observed in the west (Fig. 1a). For example, dmool (i.e., identified by the isotherm 290, red line in Fig.
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Fig. 1. Longitude—time sections along the Equator (averaged et &N and 2S) for (a) SST, (b)
SSS, and (c) derived BLT from the APDRC products during th@5202 period. The contour interval
is 0.8Cin(a), 0.2 psuin (b), and 5.0 min (c). The white line in (aJicates the 34.6 isohaline serving
as a position of the salinity front, and the red line in (c) ates the 29.9C isotherm.
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1c), and the maximum values of BLT were located arour{de., a thicker BL than climatology) was seen prior to the
the SSS front (i.e., marked by the 34.6 isohaline, white lir#006/07 and 2009/10 EI Nifio events (i.e., between mid-2005
in Fig. 1c), following its low frequency zonal displacement and mid-2006, and from mid-2007 to mid-2009), which rep-
i resents an essential condition for the sustained heat accu-

3.2. Anomaly fields mulation in the warm pool (e.g., Maes et al., 2005). The

Figure 2 shows the interannual variations in variolBLT was reduced, beginning in the west as the positive BLT
oceanic fields along the Equator. In terms of spatial strectuanomalies (i.e., the maximum values of BLT) were displaced
the SST had the largest variability (Fig. 2a) in the centnal a eastward in association with the onset of the two El Nifio
eastern equatorial Pacific, while large SSS anomalies (Féyents (Fig. 2a). In the western basin, negative BLT anoma-
2b) occurred in the western and central basin. The interdies were also observed before the onset of the 2007/08 and
nual variations in SSS showed a standing horizontal patté®10/11 La Nifia events, and the eastward spread of the nega-
concentrating in the western-central equatorial Pacitiaiad tive BLT anomalies (i.e., a thinner BL than climatology) was
the dateline, where the FWF also had a large variability. (e.gbserved during the development of the two La Nifia events.
Zhang and Busalacchi, 2009). During El Nifios, the anoma- As shown in Fig. 3a, interannual variations in the BLT
lous SST was warm in the eastern and central basin and ifi¢he western equatorial Pacific and those in ENSO are out
anomalous SSS was low in the central and western bagih phase; the lagged correlation indicates that the interan
During the evolution into the La Nifia phase, the anomalounsial changing of the BL in that region leads those of the
SST was cold and the SSS became anomalously high in Mi@03.4 index by about twelve months. These phase rela-
central equatorial Pacific (e.g., Zheng and Zhang, 2012). tionships indicate that the interannual variations of th& B

A distinct interannual variation of the BLT was seen in the western equatorial Pacific are about one-year ahead of
the equatorial Pacific Ocean (Fig. 2c). As noted by Ma&NSO (e.g., Maes et al., 2005), and demonstrate the impor-
(2000), variability in the BLT was different for the westerrtance of the BL in the western basin for the buildup of ENSO
part (i.e., western tropical Pacific; 13D-160E) and eastern events. Moreover, the relative contributions of the MLD and
part (i.e., central tropical Pacific; 180-170W), a seesaw ILD to the BLT change are compared through calculating the
pattern of the interannual variations of the BLT was evidenmtgression coefficient between the interannual changé®in t
in the zonal direction (Fig. 2c). During El Nifio (La Nifia),BLT and ILD and between those in the BLT and MLD. In the
the BL was anomalously thin (thick) west of about 1B0 western part (i.e., 138 160°E) for 2005 to 2012, the regres-
and thick (thin) to the east. sion coefficients of the BLT with MLD/ILD are 0.113/1.108,

In the western basin, a significant positive BLT anomahespectively. These analysis results indicate that thezant
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Fig. 3. Time series averaged in (a) the western p&t8Z’N, 130°-16C°E) and (b) the eastern part@-2’N,
160’E-170W) during 2005-12 for some derived fields from APDRC produat®malous depth of ML (blue
line); IL (red line); anomalous thickness of BL (black linapd Nifio3.4 index (orange line).

nual changes of the BL in the western equatorial Pacific add,the ILD. The following sections focus on the interannual
on average, primarily due to the interannual variation$ef tvariations of the BLT in the central Pacific, which have not
ILD and secondarily due to those of the MLD. been explored as much in previous studies.

However, different from the leading effects of the BL in
the western basin on the onset of ENSO events, the BL in

the central basin (i.e., 16B-170W) almost synchronously 4, The salinity contributions to interannual

varied with ENSO (Fig. 3b). In this region, the BL be-  B| T anomalies: a diagnostic analysis
came slightly thicker around the occurrences of the 2006/07

and 2009/10 El Nifio events, presenting a significant effect As mentioned in the introduction, a BL can be created
of thick BLT on warming the ML and enhancing El Nifio.between the base of the ML and the bottom of the isothermal
However, a strong negative BLT anomaly was evident in thayer (IL) due to the action of salinity stratification, thilee
central equatorial Pacific during the 2007/08, 2008/09, awmdriations in the BLT are controlled by both the variations i
2010/11 La Nifia events; a relatively thin BL helps to enleanthe MLD and in the ILD. As shown in Fig. 3, interannual vari-
the development of the cold event through increasing the extions of the BLT can be attributed to two different factors.
trainment cooling from below the ML. Furthermore, in thén the western equatorial Pacific (western part: FaGCE),
eastern part (i.e., 168-170W) and for the entire period, interannual variations of the BLT are mainly attributedhe t
the regression coefficients of the BLT with MLD/ILD wereinterannually varying ILD field. But in the central equa#dri
—1.125/ —0.121, respectively (Fig. 3b). These analyses ifRacific (eastern part: 16B-170W), interannual variations
dicate that the interannual changes of the BL in the centedlthe BL are primarily affected by those of the ML.
equatorial Pacific are, on average, primarily due to the-inte  Thus, the interannual variations in the BLT (i.e., the see-
annual variations of the MLD and secondarily due to thosaw pattern shown in Fig. 2c) are not only related to those in
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salinity but also to those in temperature. The approach ptbe relative contributions of interannually varying termrspe
posed by Zheng and Zhang (2012) allows the investigationtafe and salinity to the BLT are not sensitive to the diagicost
the roles of temperature and salinity variability in theeint method of the BLT adopted here. In fact, similar results can
annually varying BLT. In this section, four diagnostic aalc be obtained when the criterion is chosemMs= 0.5°C and
lations are made, in which the temperature and salinitydielthe reference layer is the surface (e.g., Maes et al., 2005).
used are either climatological or interannually varyingljle As the influences of the interannually varying salinity on
1in Zheng and Zhang (2012)]. BLT are mainly located in the central equatorial Pacific,. Fig
The interannual variation of the BLT is also well pre5 compares the interannual anomalies of the BLT in three dif-
sented by the diagnosed anomalous BLT as calculafedent interannual analyses over the central equatogibne
from the interannual analysis, “BLTifter, Snte)—BLT(Teiim, (2°S—2N, 170CE-170W) for 2005 to 2012. The SST aver-
Siim)” (Fig. 4a; Tinter andSper represent interannually vary-aged in the central basin is also used as an indicator of the
ing temperature and salinity fields, respectivelyj, and local SST variations in Fig. 5. A close relationship between
Siim represent climatological temperature and salinity fielddhe variations in BLT and SST is seen on the interannual time
respectively), and the interannual BLT anomalies caledlatscale (Fig. 5), with their positive correlation (i.e., O) fi6the
in this way have a similar spatial-temporal pattern to thosentral equatorial Pacific. Additionally, the lagged ctare
directly derived from APDRC products (Fig. 2c). The othetion indicates that the interannual variations of the BLHa t
two interannual analysesillustrate the relative effeEsabn- central equatorial Pacific (i.e., black line in Fig. 5) leadge
ity and temperature on the BLT field [Fig. 4b: “BLT{m, of the SST (i.e., gray line in Fig. 5) by about two months.
Shter)-BLT (Telim, Siim)” and Fig. 4c¢: “BLT(Tintern Sim)—  This also means that the BL in the central basin could be re-
BLT(Teim, Siim)"], respectively. Around the dateline, a strik-garded as a precursor of the local SST variation in the dentra
ing feature is that interannual anomalies of salinity maket@pical Pacific.
significant contribution to the BLT variability, whereaote As the largest variability of salinity was around the east-
of temperature are the major contributor in the westermbagirn edge of the warm pool near the dateline, the significant
through their dominant effect on the ILD (Fig. 3a). For exarreffects of salinity on the vertical stratification were falto
ple, the strong shoaling of the BL in the central basin durifge a dominant factor affecting the MLD variability in the
the 2010/11 La Nifia was largely due to the effects of the paentral basin (Zheng and Zhang, 2012). Thus, the effects
itive salinity anomalies. Moreover, the effects diagnofed of interannually varying salinity on the BLT were also sig-

(a) BLT(T_inter,S_inter) (b) BLT(T_clim,S_inter) (¢) BLT(T_inter,S_clim)
20121 2012 2012
20114 | 20114 2011 1
2010 2010 » 20101 =
2009 1 2009 20091 |
2008 2008 2008
2007 20071 | 2007
2006 2006 2006

‘ ) >
120E 150E 180 150W120W 90W 120F 150E 180 150W120W 90W 120E 150E 180 150W120W 90W

Fig. 4. Longitude—time sections along the Equator (averaged frawit@ 2°S) for the diagnosed BLT from
2005 to 2012. Three interannual calculations were madenBLT field using (a) BLTTinter: Snter)s (b)
BLT(Tgjim,» Snter), and (¢) BLTTinter» Siim), respectively, and all these three calculations for BLTreve
deducted from the climatological BLT field [i.e., BLT{im, Siim)]- The contour interval is 5 m for BLT.
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ferent interannual calculations of the interannually r@gyBLT, and the observed SST anomalies. Three cal-
culations for BLT were all deducted from the climatologi@ilT field [i.e., BLT (Tejim, Sciim)], allowing the
examination of the relative contributions of salinity aediperature to the interannual variations of BLT.
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Fig. 6. Vertical profiles of density, temperature, salinity, and #ssociated MLD, ILD, and BLT in the central equa-
torial region [averaged in the area® 2N, 175E-175W)] for October 2009, representing an El Nifio condition.
Four different diagnostic methods are compared to illtstitze relative contributions of salinity and temperataréhe
variations of MLD, ILD, and BLT. The bottoms of ML and IL arenigted by the red and black dashed lines. Units are
respectively irf C for temperature, psu for salinity, kg T for density, and m for MLD, ILD, and BLT.

nificantly larger than those of the interannually varyingite ing BLT field in the central equatorial Pacific (Fig. 5). The

perature in this region, as compared in Figs. 6 and 7. Theromalous SST over the central equatorial Pacific (i.ey, gra
other two interannual analyses distinguish the relative- cdine in Fig. 5) follows the BLT anomalies induced by inter-

tributions of temperature and salinity to the temporallgyva annually varying salinity (i.e., red line in Fig. 5) quite Wye
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Fig. 7. The same as Fig. 6, except for a La Nifia condition in Septe2®EQ.

and the lagged correlation was maximum (i.e., 0.86) wheegion, and partially compensates for the salinity effects

the anomalous BLT led the local SST anomalies by around

two months. The BLT variability was further enhanced by

the effects of the interannual salinity variations. Fotamge, 5. Salinity effects on BLT during ENSO evolu-

a thicker BL was seen in October 2009 (i.e., BLT in Fig. 6¢  tions: A 1-D model simulation

is 3.3 m thicker than that in Fig. 6b), and even a compen-

sating layer was present in September 2010 (i.e., BLT in Fig. As described above, the main effect of the BL is to reduce

7c is 14.8 m thinner than that in Fig. 7b); the two cases both cut off the subsurface entrainment cooling into the ML to

potentially provide a more favorable condition for the deveisolate the warmer water in the upper layers (Lukas and Lind-

opment of ENSO events. However, the interannually varyirsgrom, 1991; Maes et al., 2002). The relationship between

temperature presents an opposite contribution to infligncithe existence of the BL and ENSO evolution during the oc-

the variations of BLT (i.e., green line in Fig. 5), which have currence of ENSO events appears to be inherent in the central

negative correlation (i.e=0.66) with those of the local SST. equatorial Pacific. At the same time, this relationship srev

For example, the BLT induced by the interannually varyingnhanced by the BL variability when only considering the ef-

temperature decreased to 3.9 m in October 2009 (Fig. 6f#cts of the interannually varying salinity. However, winest

and increased to 37.6 m in September 2010 (Fig. 7d), whighnot the existence of a thicker (thinner) BL induced by the

acted to inhibit the development of the ENSO. negative (positive) salinity anomalies can produce a falvier
Comparisons among these analyses indicate that theafndition for the development of an El Nifio (La Nifia) event

fects of interannually varying salinity mainly contribitethe in the central equatorial Pacific, the possible mechanism fo

interannual variations in the BLT over the central equatorithe importance of the BL in the central basin still needs to be

Pacific through controlling those in the ML. The interannudiirther explored.

salinity anomalies tend to enhance the interannual vditiabi ~ Through adopting the single-column MY2.5 model and

of the BL, which in turn affects the SST, and other atmdhe six-hourly NCEP2 atmospheric forcing fields, two sets

spheric and oceanic fields are expected to exert a significahsimulation experiments (i.e., the salinity-effect esiprent

modulation on ENSO. Moreover, the interannually varyingnd the reference experiment) were performed during two 30-

temperature field acts to decrease the BLT variability is thilay periods (i.e., November 2009 for the El Nifio case and
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(a) EI Nino Case (Nov. 2009)
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Fig. 8. Time series for the differences of SST and the temperatuheditase of ML(TMLD) between the salin-

ity effect and the reference experiments [i.e., TENR4r Snter) — TEMP(Tinter, Siim)] in @ 30-day integration

for (a) an El Nifio event during November 2009, and (b) a Laa\éVent during October 2010. To illustrate the
effects of interannual salinity anomalies on the tempeeathanges in the upper ocean, two cases were tested:
the salinity-effect experiment was initialized from irdenually varying temperature and salinity profiles, and
the reference experiment was initialized from the intetaly varying temperature and climatological salinity
profiles. The red line indicates a warming effect and the bheeindicates a cooling effect.

October 2010 for the La Nifla case) to evaluate the potentilean, through inducing a thicker BL at the initial time. All

effects of the BLT on the variations of the thermal state ithese can further lead to more stable stratification to oeqef

the upper ocean. The MY2.5 model was set at a grid pothie increment of the temperature in the ML. In October 2010,

in the central equatorial Pacific [i.e., (10, 180.0W)], and due to an initial thinner BL induced by the positive salinity

the modeled water column was 1000 meters deep with a fix@aomalies, the absence of the BL led to a weaker heat build-

2-m vertical grid spacing. In the following, the salinitffect up in the ML because of an expected increased entrainment

experiment refers to a standard simulation initializedrfro cooling at its bottom. Less stable upper layers in the ggtini

both the interannually varying temperature and salinity- preffect experiment were induced by the simulated colder SST

file, whereas the reference experiment was initialized froamd warmer temperature below the ML (Fig. 8b), which are

the interannually varying temperature and the climatalagi favorable for developing a cold event.

salinity profile. According to the experiment design, the di

ference bet_vveen the salinity-effect e;x_p_enme_nt_ and tha-refa Summary and conclusions

ence experiment was only from the initial salinity state.eOn

is for the interannually varying salinity and the other is fo By isolating the ML from the entrainment of subsurface

the climatological salinity. cold water, the BL can enhance the heat build-up and play
In November 2009, associated with the development afh active role in the onset of El Nifio. Early studies on the

the 2009/10 EI Nifio event (figure not shown), a warmer SMLs neglected the role of salinity stratification due to thed

and a colder temperature below the ML were simulated by salinity observations (Cooper, 1988). In this work, lthse

the salinity-effect experiment (Fig. 8a), which mostly reen the unprecedented three-dimensional salinity and tempe

sulted from the initial negative salinity anomalies in thpgpar ature data available from Argo, the interannual variapiit
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BL was investigated during 2005-12, which encompassed egtuatorial Pacific, which are based on diagnostic analyses
cent El Nifio and La Nifia events since 2005. only.

A BL exists in the tropical Pacific mainly because the top These results support the view that the salinity variabil-
of the thermocline is deeper than that of the halocline. Thuty can be a new contributor to ENSO variability. The
interannual variations in the BLT are controlled by the varlarge effects on ENSO demonstrated here also indicate a
ations in the MLD and/or the ILD. In this work, we appliedclear need to adequately take into account this mechanism
a novel diagnostic method to differentiate the relative-coin coupled ocean—atmosphere models, as the salinity effect
tributions of interannually varying temperature and sglin has not been accurately included in most intermediated cou-
fields to the interannually varying BL. A distinct interaradu pled models (ICMs; e.g., Zheng et al., 2006, 2007, 2009;
variation in the BLT over the equatorial Pacific Ocean is pr&heng and Zhu, 2010) used for ENSO simulation and predic-
sented by the derived BLT anomalies (Fig. 2c). As noted ltipn. Also, because this mechanism significantly modulates
Maes (2000), variability in the BLT is different in the westENSO, misrepresentations of salinity-induced feedbaek ar
ern part (i.e., western tropical Pacific) from the eastemt pa clear source of model biases in the tropical Pacific. More
(i.e., central tropical Pacific), with a seesaw pattern efith coupled modeling studies are clearly needed to address thes
terannual variations of BLT in the zonal direction. Simitar issues.
previous studies, the interannual variations of the BLThim t
western Pacific were about one-year ahead of those of ENSO,Acknowledgements. The authors wish to thank the two anony-
indicating an essential circumstance for the heat buildrupmous reviewers for their helpful comments. This research sugp-
the west, where the variability is controlled by the intaran Ported by the National Basic Research Program of China (®tan
ally varying temperature through its dominant effect on tHe?12CB955202), and the National Natural Science Fouratio
isothermal layer depth (ILD). China (Grant No. 41176014).
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