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Abstract Analysis of the first 26 months of data from the

Aquarius satellite confirms the existence of a sharp sea

surface salinity (SSS) front along the equator in the western

equatorial Pacific. Following several earlier studies, we use

the longitudinal location of the 34.8-psu isohaline as an

index, termed Niño-S34.8, to measure the zonal displace-

ment of the SSS front and consequently the eastern edge of

the western Pacific warm pool. The on-going collection of

the Array for Real-time Geostrophic Oceanography

(ARGO) program data shows high correlations between

Niño-S34.8 and the existing indices of El Niño, suggesting

its potential important role in ENSO evolution. Further

analysis of the ARGO data reveals that SSS variability in

the southeastern tropical Pacific is crucial to identify the

type of El Niño. A new SSS index, termed the southeastern

Pacific SSS index (SEPSI), is defined based on the SSS

variability in the region (0�–10�S, 150�–90�W). The SEPSI

is highly correlated with the El Niño Modoki index, as well

as the Trans-Niño index, introduced by previous studies. It

has large positive anomalies during central Pacific El Niño

or El Niño Modoki events, as a result of enhanced zonal

sea surface temperature gradients between the central and

eastern tropical Pacific, and can be used to characterize the

type of El Niño. The processes that possibly control these

SSS indices are also discussed.

Keywords Sea surface salinity � ENSO indices �
Equatorial Pacific � Argo data � Aquarius ocean salinity

1 Introduction

The El Niño and Southern Oscillation (ENSO), as one of

the most prominent climate phenomena in the equatorial

Pacific, has been extensively studied in the past decades

(e.g., Suarez and Schopf 1988; Weisberg and Wang 1997;

Jin 1997; Picaut et al. 1997). In the western half of the

equatorial Pacific, ENSO is seen as a zonal displacement of

the warm ([28 �C) pool, eastward during El Niño and

westward during La Niña. Though not well defined in sea

surface temperature (SST), the eastern edge of the western

Pacific warm pool is characterized by a sharp sea surface

salinity (SSS) front, which separates the fresh western

Pacific water from relatively salty central Pacific water.

The SSS gradient associated with this SSS front varies

from year to year and can sometimes reach as large as

1 psu in 1� longitude (e.g., Kuroda and McPhaden 1993;

Donguy 1994; Eldin et al. 1997; Delcroix 1998; Picaut

et al. 2001; Delcroix and McPhaden 2002; Maes et al.

2004).

Based on available SSS data during 1973–1995, Delc-

roix (1998) introduced an index of El Niño using the lon-

gitudinal location of the SSS front (i.e., the 35-psu

isohaline) along the equator. Similar findings were derived

from different time periods of SSS (e.g., Delcroix and Pi-

caut 1998; Picaut et al. 2001; Singh et al. 2011 and refer-

ences therein). These SSS indices vary consistently with

the existing indices of El Niño, including the atmospheric

Southern Oscillation index (SOI) and the oceanic Niño-3,

Niño-3.4, and Niño-4 SST indices (e.g., Rasmusson and

Carpenter 1982; Trenberth 1997). Since SSS does not have
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a direct atmospheric feedback, the use of SSS indices is

expected to give different perspectives to characterize

ENSO.

However, our understanding of the SSS indices has been

hampered by the lack of salinity data. Most previous

studies noted above were based on observations from

Voluntary Observing Ships, TAO/TRITON moorings, and

individual field experiments. The horizontal resolution of

these data was relatively sparse and unable to precisely

resolve the SSS front along the equator in the western

equatorial Pacific. The successful launch of the Aquarius

satellite offers a unique opportunity (Lagerloef et al. 2008),

which has never been possible by conventional observa-

tions, to monitor the SSS variability in the region (e.g., Qu

et al. 2014). Also recently available are the in situ data

collected from a global array of profiling floats that mea-

sure the temperature and salinity in the upper 2,000 m

under the framework of the Array for Real-time Geo-

strophic Oceanography (ARGO) program. Here, we

examine the zonal displacement of the SSS front along the

equator in the western equatorial Pacific and its validity as

an index of El Niño, using the first 26 months of Aquarius

measurements combined with the on-going collection of

the Argo data. As a complement to the existing indices, we

also introduce a new SSS index representing the SSS

variability in the southeastern tropical Pacific to document

the flavor and diversity of El Niño.

2 Data description

The first validated, geographically gridded dataset from

Aquarius was recently released by the Ocean Salinity

Science Team (http://podaac.jpl.nasa.gov/aquarius). This

dataset, called the Aquarius/SAC-D version 2.0 data,

was based on measurements by three separate micro-

wave radiometers that measure brightness temperature

along an approximately 390-km-wide swath using three

separate beams with elliptical footprints of dimension

76 9 94, 84 9 120, and 96 9 156 km. The three non-

overlapping beams sample the ocean differently from

one another geographically and with different incidence

angles that affect the salinity retrieval algorithm. The

retrieved SSS data were bias-adjusted and mapped to a

1� 9 1� grid on weekly and monthly time scales. The

Aquarius mission requirement is that the global salinity

root mean square error is no more than 0.2 psu on

150 9 150 km and monthly average. As yet, the version

2 dataset partially achieves this requirement. See Lag-

erloef et al. (2013) for more details. The smoothed

weekly and monthly SSS data from all three beams for

the period from August 2011 to September 2013 are

used in the present analysis.

A large number of Argo floats have been deployed in the

past decade, and more than 3,500 of them are currently

profiling over the global ocean (http://www.argo.ucsd.edu).

The Argo floats record temperature and salinity at a vertical

resolution of 1–5 m in the upper ocean and somewhat

coarser at depth (25 m as the standard). The measurements

extend from a typical top level around 5 m to about

2,000 m depth. Based on these measurements, a tempera-

ture/salinity product of the global ocean was recently cre-

ated at the Asian Pacific Data Research Center of the

International Pacific Research Center, University of

Hawaii. This product provides near-real time temperature/

salinity maps at a spatial resolution of 1� every month. It

has 26 (standard) levels in the upper 2,000 m and spans

(a)

(b)

(c)

Fig. 1 Mean SSS (psu) a in the tropical Pacific and b along the

equator (3�S–3�N) from Aquarius during the period August 2011–

September 2013. Also included (c) is the zonal SSS gradient (psu per

degree longitude) across the 34.8-psu isohaline along the equator on

monthly (black) and weekly (red) time scales, calculated using the

grid points closest to the east and west sides of the 34.8 isohaline. The

black dot-dashed lines in (a) indicate the equator and international

dateline, respectively, and the red light lines in (b) show the range of

one standard deviation above and below the mean values
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from January 2005 to the present. In preparing this dataset,

a variational analysis technique was used to interpolate

temperature and salinity onto a three-dimensional spatial

grid. For more details about this data product, see http://

apdrc.soest.hawaii.edu/dods/public_data/Argo_Products/

monthly_mean.

3 SSS front observed by Aquarius

During the period from August 2011 to September 2013,

Aquarius captured most, if not all, of the SSS features in

the Pacific (Fig. 1a), including the subtropical salinity

maxima and the equatorial fresh water pools. Along the

equator, a strong SSS front is detected west of the dateline,

with a mean SSS of about 34.8 psu (Fig. 1b). Averaged

over the period of observation, SSS increases from about

34.4 psu at 150�E to about 35.4 psu near the dateline,

suggesting a mean SSS gradient of about 0.03 psu per

degree longitude. This mean SSS gradient is significantly

weaker than those from synoptic observations (e.g., Kuroda

and McPhaden 1993; Donguy 1994; Eldin et al. 1997;

Rodier et al. 2000; Maes et al. 2004; Maes 2008).

The SSS along the equator varies both in space and time

(Fig. 1b). Its largest temporal variability occurs between

about 150�E and the dateline, where its standard deviation

(STD) or root mean square variation reaches 0.4 psu on

monthly time scale. Large temporal variability is also seen

in the far western equatorial Pacific. This large variability

may reflect the strong influence of land and coastal pro-

cesses, as well as the inability of Aquarius to correctly

sample the surface salinity near continental boundaries,

both of which are beyond the scope of the present study.

Figure 1c shows the zonal SSS gradient across the 34.8-

psu isohaline along the equator. The location of this isoh-

aline is nearly identical with the location of the SSS front

or the maximum zonal SSS gradient along the equator

(Fig. 2a, b). On monthly average, the SSS gradient across

the 34.8-psu isohaline is about 0.1 psu per degree longi-

tude, but can occasionally reach 0.2 psu per degree longi-

tude, larger than that derived from the annual mean SSS

field by a factor at least 5. The SSS gradient is further

enhanced by the use of weekly data, showing better

agreement with synoptic observations (e.g., Kuroda and

McPhaden 1993; Donguy 1994; Eldin et al. 1997; Maes

et al. 2004). This result suggests that Aquarius, with a

typical root mean square error of 0.2 psu on 150 9 150 km

and monthly average (Lagerloef et al. 2013), is able to

resolve the SSS front along the equator in the western

equatorial Pacific.

The SSS front moves back and forth along the equator

on various time scales (e.g., Delcroix 1998; Delcroix and

Picaut 1998; Maes et al. 2004). Based on the monthly data

from space, Qu et al. 2014 recently reported that Aquarius

can precisely detect the zonal displacement of the SSS

front (their fig. 6). Using the 34.8-psu isohaline as a proxy,

(a) (b) (c)

Fig. 2 SSS (psu) along the equator (3�S–3�N) on a weekly and

b monthly time scales from Aquarius, compared with c the Niño-4

index from Argo normalized by its standard deviation during the

period August 2011–September 2013. The black contours in (a,

b) indicate the 34.8-psu isohaline, and the white contours show the

location of maximum zonal SSS gradient in the range between 34.4

and 35.3 psu
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they noted that the SSS front detected by Aquarius

migrates over a longitude band larger than 40�, and its

zonal displacement is rather consistent with that observed

by Argo. Despite some differences in small scale struc-

tures, the weekly Aquarius data (Fig. 2a) show essentially

the same variability as the monthly data (Fig. 2b). During

the 2011/12 La Niña event, the SSS front moved westward

to as far as 140�E from its mean location near 163�E. For

the period from August 2011 to September 2013, the SSS

front detected by Aquarius is highly correlated with the

Niño-4 index (Fig. 2c) derived from the Argo SST (dis-

cussed in Sect. 4), and their correlation coefficient reaches

0.72, with the latter leading by about 2 months.

4 Indices of El Niño

The newly available Aquarius and Argo data enable us to

examine the SSS indices of El Niño in more detail. The

first index, termed Niño-S34.8 hereinafter, is defined as the

longitudinal location of the 34.8-psu isohaline along the

equator, representing the SSS front near the eastern edge of

the western Pacific warm pool (Fig. 1). This definition

differs only slightly from that by Delcroix (1998), who

used the 35.0-psu isohaline as a proxy of the SSS front.

Results from the Aquarius and Argo data confirm the

correspondence between the SSS front and ENSO and that

what has been discussed by previous studies (e.g., Delcroix

1998) based on relatively coarse resolution data is mostly

valid.

To further demonstrate how the Niño-S34.8 index

works, we examine the Argo product described in Sect. 2

and compare Niño-S34.8 with the SST indices of El Niño

from Argo (Fig. 3a). Following the definition of Trenberth

(1997) and Trenberth and Stepaniak (2001), we calculate

the Niño-3, Niño-4, and Niño-3.4 indices as regional

averages of SST at (5�S–5�N, 150�–90�W), (5�S–5�N,

160�E–150�W), and (5�S–5�N, 170�–120�W), respec-

tively. The correspondence between the SSS front and

ENSO has been reported by previous studies (e.g., Delcroix

1998; Picaut et al. 2001; Maes et al. 2004; Bosc et al. 2009;

Singh et al. 2011; Qu et al. 2014). Here, we note that the

correlation between the Niño-S34.8 and Niño-4 indices

reached as high as 0.88 during the Argo period (January

2005–September 2013), with the latter leading by 1 month

(Fig. 3a). The Niño-S34.8 index is also highly (r = 0.75)

correlated with Niño-3.4, while its correlation with Niño-3

is somewhat lower (r = 0.54). On average, Niño-S34.8

lags Niño-3.4 and Niño-3 by 2–3 months, but, during the

developing phase of El Niño events (e.g., 2006/07 and

2009/10), the opposite happens, indicating that El Niño

starts from the western equatorial Pacific (Fig. 3a). No

similar phenomena can be found during the developing

phase of La Niña.

Based on a gridded SSS product derived from obser-

vations of Voluntary Observing Ships, TAO/TRITON

moorings, and Argo profilers, Singh et al. (2011) recently

introduced an index called the SSS ENSO index, defined as

the difference between the normalized SSS anomalies

averaged in the regions (25�–10�S, 160�E–160�W) and

(2�S–2�N, 150�E–170�W). For comparison, the SSS ENSO

index calculated from the Argo data is shown in Fig. 3b. In

general, the SSS ENSO index shows a good (r = 0.83)

correspondence with Niño-S34.8. If lagging by 2 months,

the correlation between the SSS ENSO index and SOI

reaches -0.66, which is slightly lower than that (-0.84)

between the Niño-S34.8 index and SOI. This result sug-

gests that both indices can be used to characterize the

salinity evolution during El Niño events. With their dif-

ferent definitions, the two indices may complement each

other in understanding the ENSO dynamics.

To further illustrate the basin scale structure of El Niño,

Fig. 4 shows the regression coefficients of SST and SSS

toward the Niño-S34.8 index in the tropical Pacific. As one

would expect, high regression coefficients ([0.06) of SST

are seen along the equator (Fig. 4a), consistent with the

typical SST anomaly pattern during El Niño events. The

regression coefficients of SSS are dominated by a pattern

that consists of one negative and three positive cores

(Fig. 4b). The negative core roughly coincides with the

(a)

(b)

Fig. 3 Time series of a normalized Niño-S34.8 (thick black), Niño-4

(green), Niño-3.4 (red), and Niño-3 (black dashed) indices, and

b normalized SOI (gray) and SSS ENSO index (blue) introduced by

Singh et al. (2011) from Argo for the period January 2005–September

2013. The Niño-S34.8 index is averaged over the latitude band

between 3�S and 3�N
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mean SSS front at about 163�E along the equator. The

positive cores are found near the Philippine coast, over the

South Pacific Convergence Zone (SPCZ), and in the

southeastern tropical Pacific, respectively. The appearance

of high SSS variability off the Philippines, as well as the

contrasted SSS patterns in the equatorial part of the warm

pool and along the mean SPCZ position, has been dis-

cussed by Delcroix (1998) (their plate 3b) and Singh et al.

(2011) (their fig. 4). The broad positive regression coeffi-

cient of SSS in the southeastern tropical Pacific is a new

feature identified here for El Niño. Though also visible in

Singh et al.’s (2011) SSS map (their fig. 5b), it has not been

explicitly discussed before. The SSS anomaly centers used

to define the SSS ENSO index of Singh et al. (2011), for

example, are all located in the western half of the tropical

Pacific. The SSS anomalies in the southeastern tropical

Pacific may reflect the influence of large-scale wind

anomalies, which in turn are closely related to the zonal

SST gradients between the central and eastern equatorial

Pacific (discussed in Sect. 5). We therefore speculate that

the SSS anomalies in the southeastern tropical Pacific are

useful parameter characterizing the type of El Niño. The

details are examined below.

Different types of El Niño have been identified by pre-

vious studies. Among others, Yu and Kao (2007) and Kao

and Yu (2009) reported two types of El Niño in the tropical

Pacific: an eastern Pacific type and a central Pacific type.

The central Pacific El Niño was also termed ‘‘El Niño

Modoki’’ by Ashok et al. (2007), as a tropical ocean–

atmosphere-coupled phenomenon that may be distinct from

the conventional eastern Pacific El Niño. Two examples of

central Pacific El Niño are found in 2004/05 and 2009/10

(Ashok et al. 2007; Yu et al. 2012), with warming in the

central tropical Pacific, flanked by cooler than normal or at

least close to zero SST anomalies in the western and

eastern Pacific.

To better describe this phenomenon, Ashok et al. (2007)

proposed an El Niño Modoki index (EMI), which repre-

sents the SST difference between the central tropical

Pacific and the eastern and western parts of the basin. The

EMI derived from Argo is shown in Fig. 5a. Also included

in this figure is the Trans-Niño index (TNI) introduced by

Trenberth and Stepaniak (2001), defined as the difference

of normalized SST anomalies between the Niño-4 and

Niño-1 ? 2 regions. As already noted by several earlier

studies (e.g., Ashok et al. 2007; Takahashi et al. 2011), the

two indices are almost identical, with their correlation

(a) (b)

Fig. 4 Regression coefficients of a SST and b SSS toward the Niño-

S34.8 index in the tropical Pacific for the period January 2005–

September 2013. The mean seasonal cycles have been removed from

the time series before calculation. The black dot-dashed lines indicate

the equator and international dateline, respectively. Units are 10-2 �C

per degree longitude in (a) and 10-2 psu per degree longitude in (b)

(a)

(b)

Fig. 5 a Time series (dashed line) of normalized ENSO Modoki

index (EMI; black) as defined by Ashok et al. (2007) and Trans-Niño

index (TNI; red) as defined by Trenberth and Stepaniak (2001).

b Time series (dashed line) of normalized southeastern Pacific SSS

index (SEPSI) introduced by the present study. The solid lines in both

(a and b) indicate interannual variability relative to the mean seasonal

cycle, and the blue dashed line in (b) shows the SEPSI from Aquarius
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exceeding 0.92 for the period of observation. Two peaks

stand out in both time series, corresponding to the central

Pacific El Niño or El Niño Modoki events in 2004/05 and

2009/10, respectively. Both indices have positive anoma-

lies of more than two standard deviations during central

Pacific El Niño, while their anomalies during eastern

Pacific El Niño (e.g., 2006/07) are relatively small

(Fig. 5a).

Since the EMI and TNI indices represent the large-scale

zonal SST gradients along the equator, it seems to be a

natural idea that SSS must respond to variations of these

SST indices through both atmospheric and oceanic pro-

cesses. It is noticed that the regression coefficient of SST

toward the Niño-S34.8 index approaches its maximum

(*0.06) near the dateline on the equator (see Fig. 4a).

Relatively high values (*0.04) also extend northeastward

toward Baja California, which is similar to the SST

anomaly pattern of the central Pacific El Niño or El Niño

Modoki (e.g., Weng et al. 2007; Kao and Yu 2009). To

some extent, this correlation pattern reflects the fact that

two of the three El Niño events included in the analysis

period are the central Pacific type of El Niño. As a con-

sequence, the SSS regression pattern shown in Fig. 4b must

also reflect the SSS characteristics of the central Pacific El

Niño. We notice that, among the four cores of the regres-

sion pattern, only the positive core in the southeastern

tropical Pacific does not appear in the SSS anomaly pattern

associated with the eastern Pacific El Niño obtained by

Singh et al. (2011) (see their fig. 4). Having this idea in

mind, we introduce a new index called southeastern Pacific

SSS index (SEPSI) as the regional average of SSS at

(0�–10�S, 150�–90�W). The region selected roughly coin-

cides with the positive core of the SSS regression anoma-

lies pattern (Fig. 4b).

The SEPSI index (Fig. 5b) was positive during all El

Niño events (e.g., 2004/05, 2006/07, and 2009/10), but it

peaked only in 2004/05 and 2009/10, when a central Pacific

El Niño took place. The overall correlation between the

SEPSI and EMI/TNI reached 0.84 for the period from

January 2005 to September 2013. The SEPSI from

Aquarius was also highly (r = 0.85) correlated with the

EMI/TNI indices (Fig. 5b). With this new index and the

above-introduced Niño-S34.8 index, SSS can be used to

characterize El Niño event and type. When Niño-S34.8 has

a positive anomaly larger than its threshold value (e.g., two

standard deviations), one can anticipate that an El Niño is

taking place. Then, if the SEPSI anomaly exceeds its

threshold value, the event is most likely a central Pacific El

Niño.

It is worth noting that we have also calculated the SSS

El Niño index introduced by Singh et al. (2011), defined as

the normalized difference between the normalized SSS

anomalies averaged in regions B (2�S–2�N, 170�E–170�W)

and A (2�S–2�N, 150�–170�E). They defined this index to

identify the type of El Niño. For the Argo period, neither

the correlation between the SSS El Niño index and SEPSI

nor the correlation between the SSS El Niño index and

EMI/TNI is significant (data not shown). The causes of this

low correlation are not yet understood. They could result in

part from the shortness of the Argo data time series, or

from the difference of definitions used by the two studies.

In defining the SSS El Niño index, Singh et al. (2011)

emphasize the importance of SSS gradient between the

central and western Pacific, while the present study focuses

on the regional average of SSS anomalies in the south-

eastern tropical Pacific. The two indices emphasize dif-

ferent aspects of salinity anomalies during central Pacific

El Niño or El Niño Modoki events and require further

investigations to understand their differences.

5 Forcing processes

To examine the processes that possibly control the SSS

indices, Fig. 6 shows the SST, SSS, precipitation minus

evaporation (P–E), and wind stress anomalies during the

mature phase (December–February) of the 2006/07 and

2009/10 El Niño events relative to their respective mean

seasonal cycles. As one would expect, the western Pacific

warm pool shifted eastward when the 2009/10 El Niño

started to occur (Fig. 6a). By the end of 2009, the 29 �C

isotherm has reached about 160�W, where SST anomalies

exceeded 2 �C. In contrast, the SST anomalies in the far

eastern tropical Pacific were small and even negative south

of the equator, suggesting anomalous SST gradients in the

zonal direction. These anomalous SST gradients further

generated northwestward wind anomalies, helping main-

tain the maximum SST anomalies in the central equatorial

Pacific near 160�W.

The eastward shift of the western Pacific warm pool was

followed by an eastward displacement of the SSS front

(Fig. 6b) and heavy rainfall (Fig. 6c). During the mature

phase of the 2009/10 El Niño event, the SSS front as

indicated by the 34.8-psu isohaline reached about 170�W.

On the western side of the SSS front, negative SSS

anomalies took place, with a maximum magnitude

exceeding 0.7 psu near 170�E. On the eastern side of the

SSS front, the SSS anomalies were generally positive,

except for a narrow longitude band off the American coast.

The P–E anomalies in the equatorial Pacific showed a

consistent pattern with the SSS anomalies, except that their

zero line was about 20� longitude farther eastward than that

of SSS anomalies, reflecting strong influence of ocean

processes (Fig. 6c). Of particular interest are the large,

negative P–E anomalies (approximately -3 mm day-1)

lying between 140�W and 90�W within about 10� south of
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the equator, presumably as a consequence of enhanced

northwestward wind anomalies forced by anomalous SST

gradients between the central and eastern equatorial Pacific

(Fig. 6a). These negative P–E anomalies further generated

positive SSS anomalies in the southeastern tropical Pacific

(Fig. 6b), with a maximum exceeding 0.2 psu in the region

where SEPSI was defined.

The SST anomalies during the 2006/07 El Niño event

(Fig. 6d) were smaller and more widely spread than those

during the 2009/10 event (Fig. 6a). The reduced zonal SST

gradients along the equator generated weaker northwest-

ward wind anomalies, which in turn induced weaker P–E

(Fig. 6e) and SSS (Fig. 6f) anomalies in the southeastern

tropical Pacific. We attribute these differences to the type

(a)

(b)

(c)

(d)

(e)

(f)

Fig. 6 Anomalous SST (upper) and SSS (middle) from Argo and P–

E (lower) from the National Centers for Environmental Prediction

(NCEP)/National Center for Atmospheric Research (NCAR) Re-

analysis Project (Kalnay et al. 1996) during December 2009–February

2010 (a–c) and December 2006–February 2007 (d–f). White vectors

indicate anomalous wind stress, black lines represent the 29 �C

isotherm and 34.8-psu isohaline, and the black dot-dashed lines

indicate the equator and international dateline. Units are �C for SST,

psu for SSS, mm day-1 for P–E, and N m-2 or Pa for wind stress
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or location difference between the two events. However,

given the fact that the 2006/07 El Niño is relatively weak,

we cannot exclude the possibility that the intensity differ-

ence between the two events also plays a role.

6 Summary and discussion

The SSS front associated with the eastern edge of the

western Pacific warm pool has been discussed by previous

studies, and its link to ENSO has long been recognized

(e.g., Delcroix 1998; Delcroix and Picaut 1998; Bosc et al.

2009; Singh et al. 2011; Qu et al. 2014), The present study,

based on newly available satellite (Aquarius) and in situ

(mainly Argo) observations, confirms the high correlation

of the SSS front with ENSO. As a proxy of the SSS front,

we define the longitudinal location of the 34.8-psu isoha-

line as an index of El Niño, termed Niño-S34.8, which is

slightly different from those introduced by previous studies

(e.g., Delcroix 1998; Bosc et al. 2009). This index is

independent of the longitudinal location of El Niño, and is

capable of identifying any types of El Niño, consistent with

what has been discussed by Delcroix (1998) and Bosc et al.

(2009). Another SSS index introduced by the present study

is SEPSI representing regional average of SSS anomalies in

the southeastern tropical Pacific. Differing from the SSS

index defined by Singh et al. (2011), our index emphasizes

the importance of a large-scale SSS gradient between the

central and eastern equatorial Pacific. The SEPSI appears

to be stronger during the central Pacific El Niño events than

during the eastern Pacific El Niño events. A combined use

of the Niño-S34.8 index and SEPSI enables us to identify

ENSO events and their types. In addition, we note that a

better understanding of the SSS variability in the south-

eastern tropical Pacific is crucial to the studies of ENSO

diversity.

As a complement to the existing SST indices of El Niño,

SSS indices may help reveal new characteristics of ENSO.

For example, a negative feedback exists between the

ocean’s surface temperature and heat flux, but not between

the ocean’s surface salinity and freshwater flux. As such,

the ocean’s surface temperature and salinity are possibly

governed by different processes. In particular, since the

damping processes for salinity are oceanic and less effi-

cient than those for temperature, SSS variability is expec-

ted to have more power than SST variability towards lower

frequencies and can be traced in ocean circulation for years

(e.g., Spall 1993; Mignot and Frankignoul 2004). In a

similar way, the variability in SSS indices during an El

Niño event can result from the variability in ocean circu-

lation a few years or even a few decades back, suggesting

some potential advantage of using SSS indices in

understanding the interannual to decadal variability of the

equatorial Pacific.

As longer time series of Aquarius and Argo data become

available, SSS indices, such as those defined in the present

study, can be used to further understand the ocean pro-

cesses that govern the El Niño variability on interannual to

decadal time scales. Also available for future studies are

the SSS data from the Soil Moisture and Ocean Salinity

(SMOS) satellite (https://earth.esa.int/web/guest/missions/

esa-operational-eo-missions/smos), as well as from other

in situ platforms, including those collected from VOS,

TAO/TRITON moorings, and individual field experiments.

Based on these available in situ observations, Delcroix

et al. (2011) have created a gridded SSS product of the

global ocean for the period from 1950 to 2009. The com-

bined use of this product with the on-going collection of

satellite (i.e., Aquarius and SMOS) and Argo data will

provide a unique opportunity to investigate the SSS indices

and their role in ENSO evolution. We will leave this for

future studies.
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