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ABSTRACT

As salinity stratification is necessary to form the barrigydr (BL), the quantification of its role in BL interannual
variability is crucial. This study assessed salinity viaility and its effect on the BL in the equatorial Pacific usimgtputs
from Beijing Normal University Earth System Model (BNU-E$&Imulations. A comparison between observations and the
BNU-ESM simulations demonstrated that BNU-ESM has goodabiipy in reproducing most of the interannual features
observed in nature. Despite some discrepancies in bothitndgrand location of the interannual variability centehs
displacements of sea surface salinity (SSS), barrier yekness (BLT), and SST simulated by BNU-ESM in the equator
Pacific are realistic. During El Nifio, for example, the miedeinterannual anomalies of BLT, mixed layer depth, and
isothermal layer depth, exhibit good correspondence wieovations, including the development and decay of EbNhfi
the central Pacific, whereas the intensity of the interalwargabilities is weaker relative to observations. Duehe bias in
salinity simulations, the SSS front extends farther west@lthe equator, whereas BLT variability is weaker in thetregn
Pacific than in observations. Further, the BNU-ESM simalaiwere examined to assess the relative effects of sadinity
temperature variability on BLT. Consistent with previousservation-based analyses, the interannual salinitabaity can
make a significant contribution to BLT relative to temperatin the western-central equatorial Pacific.
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1. Introduction paid to the salinity variability and its effects on SST anema
lies in the tropical Pacific. In particular, salinity and thee
. ) o . o Tated freshwater flux have a strong effect on the stratificati
of interannual climate variability in the tropical Pacifiex- e ;

stability in the upper ocean, leading to a feedback effect on

;P_Ssl\éz ?rt]ltj:rlgiﬂgi\;eincct)rr:gr;nqeuda,fggglEli\laiicf)ico(r;g;natazgsotge interannual variability associated with ENSO (Zhang et
o al., 2010; Zheng and Zhang, 2015).

al., 2006). Furthermore, the oceanic thermal structuréef t - ST .
In addition to temperature, salinity is another important

Pacific warm pool has been found to be tightly related t

: . ysical field of the ocean that controls its dynamic and-ther
the evolution of ENSO events (e.g., McPhaden and P'Cagnbdynamic behaviors (Godfrey et al., 1995). For example,
1990). Although this effort has improved our understandi

of ENSO physics, considerable attention has recently bggﬁ salinity can strongly stratify the near-surface regﬂ_od
reduce the response time of SST to surface fluxes in areas

with excessive precipitation (Rao and Sivakumar, 2003 Th
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It is well known that ENSO is Earth’s dominant sourc
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the formation of the barrier layer (BL) (Mignot et al., 2009)for forecasting purposes, for example, a hierarchy of mod-
Thus, the vertical structure of salinity also contributeshte els has been designed. These models include intermediate
formation of the near-surface ML and its dynamics (Lukasomplexity models (e.g., Zhang et al., 2005), hybrid cou-
and Lindstrom, 1991; Sprintall and Tomczak, 1992). For epled models (e.g., Zhang and Busalacchi, 2009), and Cou-
ample, Lukas and Lindstrom (1991) found that a systematited General Circulation ModelsCGCMs (e.g., AchutaRao
difference exists between the bottom of the isothermalrlay@nd Sperber, 2006; Zhu et al., 2013). Currently, there is
(IL) and the top of the ML due to salinity stratification; thishigh confidence that CMIP5 multi-models are able to cap-
intermediate layer is referred to as the BL, which is locatddre the main physical processes during transient ocean hea
between the base of ML and the top of the thermocline. Byptake, along with coupled modes of low-frequency variabil
insulating the surface water from the colder deep ocean, ihe(IPCC, 2013). It is essential that salinity stratificatibe
BL serves to inhibit the entrainment of the cold water beloearefully considered in climate modeling and forecasts and
into the ML. The BL exhibits pronounced interannual varithat the feedback processes at work contain a fully coupled
ability, with its variation in thickness and occurrenceesat response of the ocean—atmosphere system. Despite progress
differing among the oceans and seasons (Sato et al., 2006 simulating SST and basic ENSO features in the equato-
In the western Pacific, a BL is formed in the IL when the&al Pacific, the coupled models from CMIP5 have struggled
subduction of warm and salty water occurs from the Souttith realistic simulations compared with CMIP3 (Bellenger
Equatorial Current beneath fresh and warm pool water (Linet al., 2014). These coupled models in particular display a
strom et al., 1987; Lukas and Lindstrom, 1991; Maes et dbyrge range of ENSO amplitude, and the variability center
2005, 2006). Observations indicate that a thick BL is presesxtends too far into the western Pacific (Yu and Kim, 2010).
on the western side of the SSS front, moving back and foil#ome reasons for these biases have been proposed, such as
along the equator. The relationship between the BL and aa-too diffusive thermocline, deficient horizontally isqiio
sea interaction events (i.e., El Nifio events) has recémtyn  mixing coefficients, and excessive/insufficient rainf@iugl-
demonstrated (e.g., Vialard and Delecluse, 1998; Massoryatdi et al., 2009; Yu and Kim, 2011; Su and Jiang, 2012).
al., 2004; Maes et al., 2006; Zheng et al., 2014; Zheng ltrthermore, the warm water of the so-called warm pool in
al., 2015). Furthermore, Zhu et al. (2014) found that sglinithe western equatorial Pacific is misrepresented in mobkeof t
anomalies can play a vital role in its evolution, as well as @GCMs (Maes et al., 2005). In addition to complex interac-
predicting the La Nifia condition of 2007. Additionallyhias tions among the ocean processes, it is difficult to idenkigy t
been shown that a BL near the date line induced by interarntimate source of these errors (Vanniéere et al., 2011)e Th
nual salinity anomalies can significantly affect the tenaperBL may play a role in inducing ENSO simulation biases, but
ture in the upper ocean (Zheng et al., 2014), serving to ghis has not been fully investigated in the tropical Pacific.
hance ENSO. For example, during El Nifio, westerly winds The intention of the present study was to specifically eval-
drive the warm pool eastward, allowing fresh water to rideate the salinity interannual variability and its impacttha
on top of the local colder/saltier/denser water to the east. BL in the equatorial Pacific using outputs from BNU-ESM.
fact, the BL near the date line caused by the interannualsalBecause a process-based model evaluation can help identify
ity anomalies can significantly affect the temperature fieldhe cause of specific biases, the following questions were
in the upper ocean, indicating positive feedback (Zhang amyestigated: Can the interannual salinity variationsha t
Busalacchi, 2009). Warm water buildup is evident, as indiropical Pacific be realistically described by BNU-ESM? Can
cated by a large BL thickness (BLT) in the western equatorBNU-ESM reproduce the mechanisms of BL formation and
Pacific, initiating El Nifio development (Yim et al., 2008)) its main contributions to interannual variability in theueg
the contrary, during the onset of El Nifio, the removal of thierial Pacific? Section 2 gives a brief description of BNU-
BL can reduce or abort El Nifio, as demonstrated in a couplE&M, as well as the observations and methods used in this
model (Maes et al., 2002). Later studies confirmed the rektudy. Section 3 presents the main results and the simnlatio
tionship between the eastward migration of the warm popérformance in terms of BLT interannual variability; the re
during El Nifio and BL heat storage in the western Pacifgponses to ocean physical fields are analyzed by comparing
(Mignot et al., 2009). This helps discharge the heat stordte BNU-ESM simulations with observations, and the sensi-
in the thick BL in the western equatorial Pacific (Maes antivity of SSS to SST evolutions and the potential contribgti
Belamari, 2011). Then, in the central equatorial Pacifie, tiiactors to ENSO are diagnosed. A summary of the study’s
interannual variations of the BL almost co-vary with ENSCkey findings is provided in the final section.
and the lead time is about two months with respect to those of
the local SST (Zheng et al., 2014). It was concluded that the
presence of a BL significantly affects heat entrainment infy  Model, data and analysis methodology
the ML, thereby impacting the SST and, consequently, ENSO
variability (Bosc et al., 2009). This needs to be adequate?fyl' BNU-ESM
represented in climate models to capture ENSO properties. The structure and individual components of BNU-ESM
Currently, coupled ocean—atmosphere models are ableate briefly described as follows; a more comprehensive de-
reproduce the salinity effect on SST, as well as the poteseription can be found in Ji et al. (2014). BNU-ESM is a
tial resulting feedback. To study this feedback mechanismfally-coupled earth system model. Using one central cou-
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pler component (the improved NCAR-CPL6), BNU-ESM sifable 1.Methods by which interannual BLT variability is calculated
multaneously consists of four separate models to simuldtderms of temperature and salinity fields, which can be icemsd
the Earth’s atmosphere (CAM3.5), sea-ice (CICE4.1), |aft@be either interannually varying or climatologically yarg.
surface [BNU-CoLM3 (Common Land Model)] and ocea ——

MOM4p1). T ial included in BNU-ES ame of calculated Dependence on the variabilities of tempera-
( p1). Two sp(_ema proce_sses Inclu e. In = field ture and salinity used

are an ecosystem-biogeochemical module [iBGC (The ideal _ _ .

ized ocean biogeochemistry module] in the ocean compondHT (Teim, Sim) ~ Both climatologically varying temperature
and an atmospheric GQoncentration model fully coupled and salinity fields

to land and ocean CQluxes. BNU-ESM has participated in BLT (Tinter: Snte)  Both interannually varying temperature and

. . L salinity fields
ill;/léPS and has provided future climate projections for IPC%LT (Trier. Soirm) Interannually varying temperature and cli-
: , . . matological salinity
B_NU'ESMS ocean output uses a nomln_al_ IatltUde'BLT (Tetim, Sinter) Climatological temperature and interannu-
longitude resolution of 1 (downscaled to 1/3within 10° ally varying salinity

of the tropical domain), with a 36Q(lon) x200 (lat) grid.
There are 50 vertical levels, with the uppermost 23 layers
each having a depth of approximately 10 m. The atmosphefic .

output uses an Eulerian dynamical core for transport mﬂcué' Analysis and assessment

tions, with a T42 horizontal spectral resolution8® x 2.81° 3.1, SST interannual variability and related oceanic fields
horizontal grid, approximately) and 26 levels in the vetic , -
Because of the study’s focus on the upper ocean salinity

direction. effects on interannual variability, a preliminary assessm
Forthis paper, we selected the last 100 years (mOdere\iav%lSs required to analyze the s giial pattern of)éSS BLT and
1450 to 2008) of the pre-industrial control simulation te e g y b P '

: L : ) "SST interannual anomalies in the equatorial Pacific. The spa
amine the characteristics of mean climatology and mteratn-

nual variability (Taylor et al., 2012). The model outputeds lal distributions of mFerannuaI gnomallle_s simulated B .
. - ESM were explored in the tropical Pacific and compared with
include ocean temperature, salinity etc.

observations (Fig. 1). The spatial distributions of the SSS
BLT and SST interannual variability observed in the equato-
rial Pacific indicate a maximum variability of SSS that occur
The 3D gridded data of temperature and salinity are frof the western equatorial Pacific, whereas a BLT maximum
the Array for Real-Time Geostrophic Oceanography (ARGQyiapility is seen near the equator between°Es@nd the
products (Roemmich et al., 2009), which include monthiyate line. Correspondingly, an SST maximum variation ap-
and long-term climatological mean fields spatially avethg@ears in the central-eastern equatorial Pacific. At thesa lo
within 1° bins at standard depths. The same as those Uggfs, the variabilities are large, with standard deviasiop
for the World Ocean Atlas (Levitus, 1982), the ARGO prodg 0.4 psu, 8 m and 0°8 for SSS, BLT and SST variabilities,
ucts have 26 vertical (standard) levels in the upper 2000 @&spectively. The BL is instrumental in maintaining head an
and span from January 2005 to present. The above data g&&tentum in the warm pool within the salinity stratified lay-
were regridded as required onto a commox 1° grid using - ers, which is generally consistent with the results from pre
bilinear interpolation. vious studies (Picaut et al., 1996; Delcroix and Picaut8199
Stoens et al., 1999).
2.3. Methodology BNU-ESM can reasonably well reproduce the general
Ocean temperature and salinity were used to estimate peatures of the relationships among SSS, BLT and SST in-
tential density, MLD, ILD, and BLT. The potential densityterannual variability in spatial distribution terms (Fidsi—
was calculated using the standard routine in Gill (19829, af), in spite of biases in magnitude. SSS and BLT interan-
the MLD (ILD) was calculated as the depth where the denual variability simulated in the western tropical Pacifie a
sity (temperature) idp higher AT lower) than that at 10 m stronger than observed (Figs. 1g and h), whereas a larger SST
depth, wherdT =0.2°C andAp = —(dp/dT)AT. The BLT interannual variability is observed in the eastern trojgiaa
was defined as in de Boyer Montégut et al. (2004) and Bosific (Fig. 1l). However, in the western tropical Pacific, the
et al. (2009), which is the difference between the MLD antharked difference is that SSS and BLT interannual variabil-
ILD when the MLD is shallower than the ILD. ity relationships tend to be opposite in the BNU-ESM sim-
To identify the effective contributions of temperature andlations compared with observations. Additionally, an SST
salinity to BLT, Zheng and Zhang (2012) proposed a diagnadifference (amplitude of°IC) exists in the eastern equatorial
tic method with which the relative effects of climatolodiga Pacific, which is 0.4C-0.8C larger than observed (Fig. 1i).
or interannually varying temperature and salinity fielda calhe SST sensitivity to SSS simulated by BNU-ESM also in-
be evaluated in an interannual anomaly field of interest (Tdicates the influence of SSS on SST in the equatorial Pacific.
ble 1). The diagnostic results were then used to distinguish Figure 2 shows the temporal evolutions of SSS, BLT
the contributions of interannual variations of temperaamd and SST interannual variability across the equatorial Pa-
salinity to BLT. cific. With its spatiotemporal displacement, the largest SS

2.2. Observational data
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(b) Observotlon BLT unit:m (c) Observation SST unit: °C
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Fig. 1. Horizontal distribution of the standard deviation (STD)aafan fields in the equatorial Pacific simulated by BNU-ESM an
ARGO data: (a—c) SSS, BLT and SST STD from the observatiosf) @SS, BLT and SST STD simulated by BNU-ESM; (g—i)
difference between the BNU-ESM simulations and ARGO datee (nits are psu for SSIC for SST, and m for BLT.

variability occurs in the central-eastern equatorial figci the central-western equatorial Pacific, leading to a warmer
whereas large SSS variability is located in the western agaboler) SST in the central-eastern equatorial Pacificnaduri
central basin (Figs. 2a and b). The interannual SSS varialiNSO cycles. Compared with observations, variabilities in
ity shows a standing feature in which the horizontal patteboth the SSS and precipitation simulated by BNU-ESM are
is centered in the western-central equatorial Pacific atougreater in the western equatorial Pacific (Ji et al., 2014 T
the date line, where a large freshwater flux variability ascubiases are mainly due to a smaller climatological mean sim-
(e.g., Zhang and Busalacchi, 2009). For example, a large pokated by BNU-ESM (Zhi et al., 2015). Another difference
itive SST anomaly is located in the eastern and central eqisthat the regions with large SSS and BLT anomalies in the
torial Pacific, whereas its negative counterpart is locéted western equatorial Pacific extend farther east across tiee da
the central and western basin during El Nifio events. Holire than observed. Hence, these biases result in a greater
ever, at the transition from El Nifio to La Nifa, the sea wat&ST amplitude, with a large SST anomaly extending farther
is anomalously cold and salty in the central equatorialfitaciwest across the date line than observed in the equatorial Pa-
(Fig. 2b). cific. These biases are related to the spatial distributidimeo

As shown in Fig. 2c, a distinctly interannual BLTSSS interannual anomalies simulated by BNU-ESM, where
anomaly exists in the equatorial Pacific. A zonal seesaw p#te simulated SSS structure is quite sensitive to freshwate
tern of interannual BLT variations is evident along the equéorcing and other fluxes (Vialard and Delecluse, 1998).
tor. The BLT variability is different between the 13A.6CE o
and 160E-170W areas in the tropical Pacific. In a previ-3-2- Interannual variability in BLT
ous observational study, Delcroix et al. (2011) revealed th From the above analyses and the work of Zheng et al.
the BL is anomalously thin (thick) west of 188, but thick (2014), there are two evident regions in which ENSO evolves
(thin) in the east, during EI Nifio (La Nifia). differently in the equatorial Pacific: the western zone (130

As evident in the longitude—time plots of the equatoridl6(’E) and eastern zone (18-170W). As mentioned in
interannual SSS, BLT and SST anomalies simulated by BNthe introduction, a significant BLT interannual varialyiljtri-
ESM (Fig. 3), a large SSS variability lies in the central anaharily results from salinity and temperature interannwaeail-v
western equatorial Pacific (Fig. 3a), whereas a large SST vations in the equatorial Pacific through their impact on the
ability appears in the eastern and central basin (Fig. 38). ALD and MLD.
ditionally, the interannual BLT variations show a distihcir- As shown in Fig. 4a, the BL, ML and IL in the western
izontal pattern centered around the date line in the westerone (i.e., 130-160E) present near opposite values between
central equatorial Pacific (Fig. 3c). BNU-ESM reproducdsNSO simulations and observations. Compared to the BL's
the observed interannual feature in which a negativefgesitcontribution to the onset of ENSO events in the western re-
SSS anomaly corresponds to a positive (negative) BLT d@ion, the BL varies almost synchronously with the observed
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Fig. 3. As in Fig. 2 but for the interannual anomalies of (a) SSS (pd))SST (C), and (c) derived BLT (m)
simulated by BNU-ESM. Thg-coordinates are the last 30 years of 100 model years.



344 SALINITY VARIABILITY AND EFFECTS ON THE BARRIER LAYER VOLUME 33

ENSO and becomes slightly thicker during El Nifio eventsries almost synchronously with ENSO (Fig. 5). From the
in the central part (i.e., 16@-170W). Furthermore, in the temporal variations of the ILD, MLD and BLT in the eastern
eastern part of the central equatorial Pacific, the mainesaugone (i.e., 16€E-170W) simulations, the comparisons be-
of BL interannual changes are the interannual variations twfeen the BNU-ESM simulation and observation show some
the MLD and ILD (Fig. 4b). differences in the amplitude of the interannual variayiiit
BNU-ESM captures how the BLT in the central basithe western part and the central part. For example, all vari-
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abilities in the western part, including the BLT, MLD andSSS. Using the ARGO data, the years 2006 and 2009 were El
ILD, are weaker than that of the observation, with the weikedifio years, with the anomaly for three consecutive months
being the BLT anomaly. In the eastern part, BLT variabilitheing larger than 0. Using the BNU-ESM simulation, El

is slightly stronger than that observed during El Nifio, e¥hi Nifio was defined as an anomaly larger tharfQ,8mean-
may be one reason why the simulated SST is larger than thg there were six El Nifio events during the last 30 years

observed SST. of output. Figure 6 shows the longitude—time distributidén o
i . the 2N-2°S averaged BLT, MLD and ILD for the El Nifio
3.3. BLT evolution during ENSO composite event, both observed and simulated by BNU-ESM.

In this next part of the study, the evolutions of the BLTThe notation 1), (0) and {-1) represents an El Nifio “nor-
ILD and MLD during a composite ENSO event were exmal year”, “developmental year” and “decay year”, respec-
plored and assessed. A particular focus was on the key metbvely. Months are represented by their three-letter alibre
anism that controls the formation, growth and decay of thiens (Jan, Feb, Mar etc.).

BL. The warm phase of ENSO, EI Nifio, was selected for the For a normal year (Fig. 6a), a zonal BLT thicker than 20
analysis and evaluation of the evolutions of the BLT, MLDn is maintained between 130 and 170E from Jan{1),
and ILD interannual anomalies and their relationships witibout one year ahead of the peak of El Nifio. The BL in-

(a) Observation BLT (d) BNU-ESM BLT

(b) Observation MLD

| &
1 =
Jan(+1)3 ;

Jan( 0)5 :gﬂ

£ 5

Jan( 0)

Jon(-1)] [ .. T T Yy
120°E 160°E 160°W 120°W B80°W 120°E 160°E 160°W 120°W BO°W

Fig. 6. Longitude—time distributions along the equator (averagech 2°N to 2°S) of (a) BLT, (b) MLD and
(c) ILD observed from ARGO during El Nifio, and (d) BLT, (e) MLand (f) ILD simulated by BNU-ESM.
The units are m for the ILD, MLD and BLT. The black line of the Béhaline represents the SSS front for the
observation; the black line of the 35 psu of the isohalineesgnts the SSS front simulated by BNU-ESM.
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creases to above 30 m in the western region from Aug(0) atais closely associated with the same variability as the ILD
shifts to the east in the following months until it reachas ilanomalies in the warm pool.
easternmost position from Oct(0) to Dec(0). As a result, a Compared with observations, BNU-ESM effectively re-
thick BL region is well extended in the central equatorial P@roduces the evolving features of the BLT, MLD and ILD in-
cific, and large BLTs £40 m) are spread westward to th@éerannual anomalies and their relationships with SSS durin
date line. Then, after the peak of El Nifio from Jan(1) t&l Niflo, with the large variabilities moving back and forth
Feb(1), the BLT decreases slightly and shrinks westward daeross the SSS front along the equator during ENSO (Figs.
to El Nifio decay. The region with the thick BL then dis6d—f). For example, a zonal BLT is permanently maintained
appears in less than 3 months. The shifting of the thick-Bb the west of 16TE, even though the simulated BLT is thin-
region is strongly associated with the maximum zonal SS$®@r than the observed BLT. Additionally, the BLT increases
gradient [black line: hereafter, 34.6 psu (observed) an@ 3%y at least 30 m in the western region and extends eastward
psu (simulated)], which is located in the east and limited Byom Oct(0), two months later than that observed. However,
the maximum zonal SSS gradient. Here, the maximum zonla¢ duration of a large BLT (over 30 m) is approximately 3
SSS gradient closely follows the 34.6 psu isohaline in the aolmonths, much shorter than that observed in the El Nifio de-
served SSS, averaging betweeés 2and 2N, similar to the veloping phase. The simulated evolutions of the BLT, MLD
definition proposed by Zheng et al. (2014). This criterion irand ILD and their shift along the equator are both weaker
dicates an exact boundary to the eastern edge of the wdhan those observed.
pool (Brown et al., 2014). An important conclusion can thus Although the simulated salinity value of the SSS front
be verified: a thick-BL region exists from the eastern edge tdpresenting the maximum zonal SSS gradient (35 psu) is
the warm pool to the west of this border. As seen above, thigher than observed (34.6 psu), it realistically repradhtbe
BLT interannual variability is an indicator of the evolutiof movement along the equator and the variations in intensity.
an El Nifo event. Due to the higher simulated SSS interannual variabilityen t

By definition, analysis of the composite evolution of thevestern equatorial Pacific, the SSS front moves eastward in
MLD and ILD explains, to some extent, the evolution oFeb(0), 2 months earlier than observed, whereas a large BLT
the BLT. Figure 6b exhibits a region of quasi-permaneft-30 m) forms in the western equatorial Pacific and moves
large MLD (>50 m) at 176-130'W during the beginning eastward. Similar to the MLD, the ILD in Jan(1) to Mar(1) is
of year(-1) and the middle of year(0). It is important toshallower than observed during previous years, and remains
note that the SSS front appears as a relatively sharp bslmallow compared to the previous years. At 35007CE, the
der, whereas the region of thin MLD<@0 m) separates to BLT is associated with the ILD in combination with a near
the west and the thick MLD>50 m) extends to the east.constant MLD in Jan(0). The region with the thick BL is also
Hence, the eastward displacement of the large MLD regiannally larger than observed in Jan(1) because the sindulate
from Aug(0) is associated with the eastward displacementedstward shift of the thickened ILD is less significant than
the SSS front. From Dec(0) to Feb(1), the western edge of tivat of the warm pool at the onset of El Nifio. In contrast, the
large MLD region moves westward, whereas the SSS fra¢caying BLT occurs from Feb(1) to Mar(1), which is ear-
retreats westward. Note that the MLD in the east of the S3&r than observed because the ILD increases in the central
front is 70-80 m from the peak [Oct(0) to Jan(1)] until th@acific, whereas the MLD varies less than that observed.
end of El Nifio.

Figure 6c illustrates that a region with an ILD quasi3-4. Factors contributing to interannual BLT variability

permanent deep ILX50 m) appears in the central Pacific, Based on the above analyses, we next analyzed the rela-
compared to the large MLD region that extends farther eaggnships of the interannual spatiotemporal evolution ago
The 34.6 psu contour does not sharply border the region Wife SSS, SST and BLT in the equatorial Pacific. As men-
the ILD deep IL, and an ILD%50 m) sometimes exists up totjoned above, a BL can occur between the base of the ML
20°-30 longitude west of the 34.6 psu contour. The ILD iyng the bottom of the IL due to salinity stratification. Vari-
the central Pacific increases from the middle of year(0)aFroations in BLT are modulated by variations of both SSS and
Jan(1) to Mar(1), the ILD does not deepen as much as in t88 T and the methods of Zhang and Busalacchi (2009) and
two previous years, and it remains shallow for the rest of t%eng et al. (2014) were used to further qualitatively evalu
year, similar to the MLD feature. ate the factors contributing to the interannual BLT vaigbi
Compared with the shifting of the MLD and ILD alongto clearly demonstrate the individual effects of salinibda

the equatorial Pacific, the thick BL appears toward the waginperature on BLT, four BLT calculations were performed
of the SSS frontonly. Both the ML and IL are deep at roughlyraple 1).

the same depth in the east of the warm pool, leading to a very . o

thin BL. However, there is a contrasting change in the IL angi4-1. Horizontal distribution

ML to the west of the eastern edge of the warm pool. This As shown in Fig. 7, it is evident that the salinity interan-
mechanism is such that growth and decay are highly relategil anomaly contributes significantly to the BLT interaahu

to the displacement of the ILD. When EI Nifio develops, @ariability around the date line in the western-centralifRac
positive heat content anomaly appears to result in a deepdrereas the temperature anomaly is the major contributor to
ILD and leads to the thickening of the BL. BLT variation iBLT in the eastern equatorial Pacific through its main effect
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Fig. 8. As in Fig. 7 but for the diagnosed BLT simulated by BNU-ESMeTfcoordinates are the last 30 years
of 100 model years.
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on the ILD. The observations shown in Fig. 7a indicate thgigrature anomaly on the BLT appears mainly in the eastern
during the 2010 El Nifio, the strong shoaling of the BL wasquatorial Pacific; whereas, in the model, this effect appea
largely due to the effects of positive salinity anomaliethi@ mainly in the western equatorial Pacific. In addition, a BLT
central basin, as well as positive temperature anomaliesra@tated to the salinity anomaly is the major negative cbntri
the eastern equatorial region. In fact, similar resultsensy- utor to the BLT in the eastern equatorial Pacific through its
tained when the BLT was calculated in a manner similar ttominant effect on shoaling the ILD. The location and fre-
that previously mentioned, e.g., Zheng et al. (2014). guency of positive BLT variability on temperature anomsilie
The same diagnostic steps were used to assess the siana-greater than those observed. The reasons for these biase
lated effect of salinity on the BLT. As shown in Fig. 8, BNU-may be that the simulated SSS is stronger than that of the ob-
ESM can reproduce the BLT feature in the equatorial Pacifegrved SSS in the western Pacific, and that the temperature
whereas the BLT interannual variability is significantly-imanomaly results in a stronger interannual MLD variability.
pacted by the interannual anomalies of salinity around the ) L
date line in the central basin. This illustrates that, QI;jrir?’A'z‘ Vertical stratification
ENSO, a stronger positive/negative BLT variability corre- Finally, the salinity and temperature interannual vatiabi
sponds to a strong positive/negative BLT of the interannugl effects on BLT were analyzed and assessed in terms of
salinity anomaly in the western-central Pacific simulatgd lvertical stratification, in which a dominant factor affedi
BNU-ESM. In contrast to observations, the effect of the tenthe MLD variability around the eastern edge of the warm
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Fig. 9. Vertical profiles of salinity (black line), temperature drine), density (green line), and the associated MLD,
ILD, and BLT in the central equatorial region averaged indhea (2S-2N, 175E-175W), representing El Nifio
conditions. Three different diagnostic calculations avenpared to illustrate the relative contributions of sajini
and temperature to the variations of the MLD, ILD and BLT. Tdwtoms of the ML and IL are denoted by the
black straight lines. The horizontal multi-coordinatepressent salinity and temperature, and density at the bottom
respectively. Units aréC for temperature, psu for salinity, kg for density, and m for the MLD, ILD and BLT.
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pool can be found. Thus, the effects of salinity interannutébn is located toward the west of the SSS front.

variability on the BLT are obviously larger than those of the

temperature associated with El Nifio conditions in theargi

The analyses distinguished the relative contributiongof-t 4.  Summary and conclusion

perature and salinity to the varying BLT anomaly fields in the

vertical profile. As shown in Fig. 9, a thicker BL (Fig. 9a, The salinity effects on ocean physics in the western equa-
~19 m) occurs in association with salinity and temperatuterial Pacific are of primary importance to the climate sys-
anomalies, similar to the BLT pattern (Fig. 9928 m) af- tem given the role of salinity in the stratification of the ane
fected by a salinity anomaly, whereas a thinner BLT (Fig. 9and in ENSO variability. Among numerous atmospheric and
~10 m) appears under the major influence of a temperat@eeanic processes that affect SST variability, BL occureen
anomaly during El Nifio. These three cases make it clear thigatclearly of great interest. Present studies illustrates ho
salinity change is a dominant factor affecting BLT variabilBL formation is a key mechanism in establishing interannual
ity around the eastern edge of the warm pool in the centrariability in the equatorial Pacific, and further demoatr
basin. Note that the interannually varying temperature istlee impact of the coupled system on SST anomalies (Maes
factor that contributes to BLT variations, which negatelet al., 2005; Ando and Hasegawa, 2009). It is important that
correlate to local SST. The same analyses were applied to thepled models, including CMIP5 models, have the capabil-
simulation (Fig. 10). However, because the MLDs and ILO#y to reproduce the effect of salinity on SST, and determine
simulated by BNU-ESM are usually shallower than the thréke potential resulting BL. It is expected that CMIP5 multi-
observed cases, the BLTs are thinner and shallower than sisdels can provide realistic ocean simulations and thus im-
served in terms of their ocean depth profile during El Nifigrove our knowledge of both the BL and its relationship with
especially in an anomalous temperature condition. ThigtresSENSO.

demonstrates that BNU-ESM-simulated BLT is more sensi- In terms of the role of the salinity and its relevance to
tive to SSS variability and that a large BLT interannual aari the dynamics of the BL simulated by BNU-ESM, the present
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Fig. 10.As in Fig. 9 but for the results simulated by BNU-ESM.



350 SALINITY VARIABILITY AND EFFECTS ON THE BARRIER LAYER VOLUME 33

assessment illustrates that the haline stratificationamibst- ipating in CMIP5 and PCMDI for generously making available

ern Pacific agrees with observations. BNU-ESM can provitlee model outputs used in this paper. This study was supgborte

realistic descriptions of SSS and BL interannual varipili by the National Natural Science Foundation of China (Graos.N

in the equatorial Pacific. Its simulations further demaatstr 41376039, 41376019 and 41421005), the NSFC-Shandong Joint

the observed relationships among the interannual vairiabHund for Marine Science Research Centers (Grant No. U140640

ties of salinity, temperature, and BLT, in which salinitaps and the I0CAS through the CAS Strategic Priority Projece[th

a key role in SST through stratification. For example, BNUAestern Pacific Ocean System (WPOS)], and the WPOS in the

ESM effectively and realistically reproduces the evolvieg- “Strategic Priority Research Program” of the Chinese Acadef

tures of the BLT, MLD and ILD interannual anomalies an&ciences (Grant No. XDA11010304). This is publication N4 of

their relationships with SSS during EI Nifio, such as thgdarthe Earth System Modeling Center (ESMC), and the Prioritg-Ac

variabilities that move back and forth across the SSS fradémic Program Development (PAPD) of Jiangsu Higher Edonati

along equator. BNU-ESM can reproduce the indirect feethstitutions.

back from the salinity variations to SST through their role
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