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Abstract

On the basis of Argo profile data of the temperature and salinity from January 2001 to July 2014, the spatial
distributions of an upper ocean heat content (OHC) and ocean salt content (OSC) of the western Pacific warm
pool (WPWP) region and their seasonal and interannual variations are studied by a cyclostationary empirical
orthogonal function (CSEOF) decomposition, a maximum entropy spectral analysis, and a correlation analysis.
Probable reasons for variations are discussed. The results show the following. (1) The OHC variations in the
subsurface layer of the WPWP are much greater than those in the surface layer. On the contrary, the OSC
variations are mainly in the surface layer, while the subsurface layer varies little. (2) Compared with the OSC, the
OHC of the WPWP region is more affected by El Nifio-Southern Oscillation (ENSO) events. The CSEOF analysis
shows that the OHC pattern in mode 1 has strong interannual oscillation, with eastern and western parts opposite
in phase. The distribution of the OSC has a positive-negative-positive tripole pattern. Time series analysis shows
that the OHC has three phase adjustments with the occurrence of ENSO events after 2007, while the OSC only had
one such adjustment during the same period. Further analysis indicates that the OHC variations are mainly
caused by ENSO events, local winds, and zonal currents, whereas the OSC variations are caused by much more
complex reasons. Two of these, the zonal current and a freshwater flux, have a positive feedback on the OSC

change in the WPWP region.
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1 Introduction

The western Pacific warm pool (WPWP) is a region with high
temperature relative to its periphery, and is one of the main heat
sources driving global atmospheric motion. Changes in this re-
gion would have great influence on the global atmosphere and
oceans, so the WPWP has always been a research focus in the at-
mospheric and marine sciences. Before the 1980s, owing to lim-
ited on-site observation data of environmental elements of the
atmosphere and oceans, researchers could not monitor numer-
ous physical and oceanographic phenomena over the oceans re-
liably and provide timely warnings and forecasts. From 1985, a 10
year tropical ocean global atmosphere program (TOGA) was or-
ganized and carried out internationally, and a coupled ocean at-
mosphere research experiment (TOGA-COARE) (Yuter et al.,
1995) was then conducted. In addition, a decade-long, global,
quasi-synchronous observation starting from 1990 was done
within a world ocean circulation experiment (WOCE) program
(WOCE, 2003). During this period, most coastal states began to
investigate special subjects and obtained many valuable and
first-hand observational in situ data (Godfrey et al., 1998). On the
basis of that, studies of popular marine topics, especially of the

WPWP and its upper ocean heat content (OHC) and ocean salt
content (OSC) began to emerge (including the relationships
between warm pools and the distribution and variations of the
upper OHC, plus relationships between the upper OHC and
ocean atmosphere interactions such as the Kuroshio current and
ENSO events.

Research has shown that in most large-scale ocean-atmo-
sphere interactions over the Pacific, the upper OHC has greater
sensitivity and interannual variations in comparison with the SST
(Lin, 1990). Considering that China is not far from the WPWP re-
gion, upper OHC variations in such regions may have great influ-
ence on the country’s climate change, because they may affect
regional circulation patterns or intensity (Yu and Lin, 1997). Up-
per OHC anomalies have been widely used to study the dynamic
process of the ENSO events. For example, regarding the upper
OHC as one of the important predictors of the ENSO, scientists
have proposed many theoretical models such as a “delayed oscil-
lator model”, a “western Pacific oscillator model”, and a
“charge-discharge oscillator model” (Suarez and Schopf, 1988;
Weisberg and Wang, 1997; Picaut et al., 1997; Jin, 1997a, b; Wang,
2001). Chao (2001) found that positive and negative SST anom-
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alies causing El Nifio/La Nifa originate near the subsurface lay-
er/thermocline of the warm pool region, and then spread east-
ward and upward along the thermocline in the equatorial region
under certain atmospheric conditions. This results in the El
Nifo/La Nifia events in a conventional sense, when they spread
to the surface layer of the eastern equatorial Pacific (Chao, 2001).
Successive studies indicated that westward-spreading SST anom-
alies in the north equatorial current region constitute an import-
ant mechanism causing abnormal SST variations in the WPWP,
and advanced the concept of a cyclonic SST “signal channel” in
the tropical Pacific (Zhang and Chao, 2002). Upper zonal current
anomalies in the western and central equatorial Pacific are an
important driver of the zonal movement of the OHC, influencing
that movement 4-6 months in advance. The OHC variations in
the WPWP region are also under the influence of climate change.
With regard to the mechanism of such variations, it has been sug-
gested that zonal wind stress anomalies in the middle equatorial
Pacific are very important drivers of the zonal movement of the
OHC in the WPWP region (Qi et al., 2010).

There is strong correlation between the ENSO events and the
OSC variations on an intraannual time scale (Xie et al., 2009).
Precipitation anomalies caused by the ENSO result in the OSC
variations, and large OSC variations substantially change the
thermohaline circulation, which inevitably strongly alters the
heat flux and the global climate. Some research has reported that
the influence of increasing OSC by 1 g/L in a certain temperature
range on a water density is the same as that of decreasing tem-
perature by 3-4°C (Broecker, 1991). The studies of OSC change
mechanisms suggest that in open oceans, the great evaporation
capacity in subtropical regions and heavy precipitation in the po-
lar regions result in the OSC variations. Further, circulations in-
fluenced by wind, temperature, and other factors induce the ho-
rizontal transport of the OSC, which may be very rapid and
powerful in the upper several hundred meters. Therefore, evap-
oration, precipitation, and transport by ocean currents consti-
tute the main influences on the OSC distribution (Harvey, 1945).

Although the studies of the OHC in both China and abroad
have had numerous achievements, the OHC estimation remains
a major challenge. Various mapping schemes proposed for un-
observable areas would create uncertainty in the OHC estima-
tion (Palmer and Hanines, 2009; Lyman and Johnson, 2008), as
would deviations from various observational instruments (espe-
cially deviations of XBT data during 1966-2000). In addition, se-
lection of the climate state (the spatiotemporal resolution of ship
observational data obtained in recent decades is not adequate to
develop an effective climate state) also causes errors in the OHC
analysis (Abraham et al., 2013). The situation of the OSC estima-
tion is similar. Because large-area, historic profile data of the sa-
linity are lacking, ocean assimilation data like SODA or fit under-
way observation data with uneven spatial and temporal distribu-
tions have generally been used in the studies of the OSC (Levitus,
1986). Furthermore, current studies generally take the integral of
the salinity over volume, without considering the influence of the
water density. As a result, there is still along way to go in high-
precision the OSC estimation and large-scale studies of the OSC
distribution and its variation (Wu et al., 2001).

The implementation of a global Argo real-time ocean ob-
serving network in 2000 has brought a good opportunity for the
high-precision estimation of a basin-scale OHC and OSC. Argo
profiling floats can provide the temperature and salinity data of
the global oceans in a depth range (0-2 000)x10* Pa with high
spatiotemporal resolution, and had obtained 1x10° temperature
and salinity profiles by early November 2007. The number of pro-
files is increasing constantly at 120 000 each year. The Argo net-

work effectively complements information on the subsurface sea
that satellites cannot obtain. Lyman et al. (2006) indicated that
during the period 1955-2002, as observational methods im-
proved, uncertainty in the OHC estimation minimized after im-
plementation of the Argo program. Compared with all previous
observing systems, the Argo ocean observing network can
provide a more uniform space time data distribution for the stud-
ies on the global climate change. This is especially so for in-depth
explorations of the relationships between the distribution and
variations of upper OHC and OSC in the western Pacific region
and the warm pools, ENSO and other oceanographic phenom-
ena, and ocean atmosphere interactions (Xu et al., 2008). In addi-
tion, the network guarantees a bright future for more precise the
upper OHC and OSC estimation, the exploration of seasonal and
interannual OHC and OSC variations, the studies of the relation-
ships between the OHC anomalies and the ENSO events on an
interannual scale, and the ocean-atmosphere interaction. There-
fore, this paper explores the spatial distribution of the OHC and
particularly that in the WPWP region, plus their seasonal and in-
terannual variations using new Argo profile data from 14 a.

2 Data and methodology

2.1 Data description

Monthly average temperature and salinity profile data from
2001 to 2014 that were used to calculate the OHC were extracted
from a data set provided by the Japan Agency for Marine-earth
Science and Technology. It is produced by merging many types
of in situ observational data, but most are Argo profiling data
(Fig. 1). This data set was available on a 1°x 1° grid for 25 pres-
sure levels spanning (0-2 000)x104 Pa, with separate levels 10x
10% Pa apart above the 150x10* Pa level and (20-100)x10* Pa
apart below the 150x10% Pa level (Hosoda et al., 2008). The tem-
perature and salinity profile data in the WPWP (20°S-30°N,
120°E-140°W, (0-120)x10* Pa) region were used.
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Fig. 1. Deployment locations of Argo floats in the study area
from 2001 to 2014.

2.2 Methodology
The OHC and the OSC can be integrated in a vertical profile
as
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where ¢, is the specific heat of seawater at a constant pressure (cp
varies with the temperature and salinity); p is the seawater dens-
ity; and dz is the vertical extent of the integration interval. The
unit of the OHC is J/m? and that of the OSC is g/m?; we assume
OHC/0SC is uniform across each grid.

We also integrated the OHC and the OSC in a horizontal pro-
file at various depths:

OHChZ/pCpTdA,

OSCh:0.00I/deA,

where A is the horizontal extent of the integration interval. After
the integration, we calculated the average of the OHC and the
OSC at 10x10% Pa, 50x10* Pa and 120x10% Pa, and researched
yearly variations of their averages after standardization. In this
situation, the unit of the average OHC is J/m3 and that of the av-
erage OSC is g/m3.

Given evidence that many signals in geophysical data are cyc-
lostationary (Kim and Gerald, 1997; Kim and Wu, 1999; Kim and
Cheng, 2001), we introduced the concept of a cyclostationary em-
pirical orthogonal function (CSEOF) analysis to capture time-
varying spatial patterns (LV component) and longer-time scale
fluctuations (PC component) present in geophysical signals. The
significant difference between the CSEOF and EOF analyses is LV
time dependence, which allows the spatial pattern of each
CSEOF mode to vary in time (Figs 5 and 7). The temporal evolu-
tion of the spatial pattern of the CSEOF LVs is constrained to be
periodic with a selected “nested period”. That may be expressed
as

T(F.t) =Y PCi(t)LVi(F.1),
LV (1) = LVi(t+d),

where r and ¢ represents spatial and temporal fields respectively,
d is the nested period, an empirical number. Here we take d=12
because the period of the time series in the first mode of the EOF
analysis is approximately 12 months. The advantages of the
CSEOF analysis are that it can minimize mode mixing (a com-
mon problem in a EOF decomposition) and can account for both
high and low frequency components of the annual cycle, and it
does not require removal of the annual signal.

3 Basic features of OHC and OSC in WPWP region

3.1 Characteristics of SST and SSS during ENSO events

The WPWP is usually noted for its high temperature (SST>
28°C) and low salinity (§SS<35). Figure 2 shows locations of the
28.5°C isotherm and 34.8 isohaline at the surface (10x10% Pa) dur-
ing the ENSO events. The eastern boundary of the isotherm ex-
pands substantially eastward during warm events and shrinks
westward during cold events, with a double-tongue pattern. The
north tongue is around 6°N with a longitudinal extent of 30°, and
the south tongue is near 10°S with much smaller extent (about
15°). The trough of the double tongue was over the equator. Ob-
servational and modeling results indicate that such interannual
displacements of the eastern edge of the warm pool are mainly
attributable to the zonal advection associated with local wind for-
cing and its Kelvin and Rossby wave response (Picaut et al., 1996;
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Fig. 2. Positions of 28.5°C isotherms (a) and 34.8 isohalines (b)
at 10x10% Pa during ENSO events. The red line and yellow line de-
note El Nifio, the blue line and green line denote La Nifia, and the
black line denotes neutral phase.

Clarke et al., 2000). The northern and southern boundaries of the
WPWP do not exhibit remarkable shifts during the ENSO cycle.

The isohaline does not change much in the ENSO events, es-
pecially east of the date line. However, in the southwest, there are
complex changes that may be caused by heavy precipitation and
transport from strong currents near the equatorial convergence
zone (Delcroix et al., 1996; Reverdin et al., 1994).

3.2 OHC and OSC variations at standard levels

Figure 3 shows yearly variations of area-average OHCs at
standard levels. The OHC on the sea surface varies as a sine func-
tion with period approximately 1 a and tended to be uniform dur-
ing 2001-2007. It fluctuated strongly after 2007, during which
there were two intermediate cold events (2007/2008 and
2010/2011 La Nina) and one intermediate warm event (2009/
2010 El Nifio) (Zhang and Weng, 1999). The amplitudes of area-
average OHC variations on the subsurface were larger than those
in the surface layer, and the OHC in the upper layer near the
thermocline in the equatorial Pacific Ocean showed the interan-
nual variability that was positively correlated with the El Nifio
events; the former usually leads the latter. Such a result is con-
sistent with earlier studies (Chao et al., 2003; Pu et al., 2003). That
is, an increasing number of works found that the subsurface
ocean frequently had much greater and more stable changes. Fi-
nally, we conclude that the OHC at each standard level during
the ENSO years had very different variabilities than the neutral
years. The greatest change was usually around the 120x10% Pa
layer, and the OHC change in the subsurface was opposite that
on the surface layer. This may be related to the fact that abnor-
mal signals in the ENSO cycle were first found in the subsurface
ocean of the western Pacific and then moved eastward along the
thermocline (Chao et al., 2003).

The annual variations of the area-average OSCs at standard
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Fig. 4. Yearly variations of area-averaged OSCs at 10x10% Pa, 50x10% Pa and 120x10* Pa.

levels were simple. Almost all trends exhibited a short-term cli-
matic change (Fig. 4). In contrast with the OHC, the OSC on the
surface had greater change than that in the subsurface, i.e., the
amplitudes of the OSC variations decreased from the surface to
subsurface ocean. Further, the OSC grew substantially after 2007
and maintained large values between 2009 and 2013.

4 CSEOF analysis

4.1 OHC

The first mode of the OHC variations in the WPWP had a zon-
al dipole pattern with see-saw anomalies in the western and east-
ern parts. The variance contributions of the first three modes are
46.57%, 10.91% and 8.26%. The sum of the first two modes’ fea-
ture vectors is 57.49%, i.e., there were two tongue-shaped, large-
value variation areas. One was in the region 0°-12°N, 130°-155°E
with axis at approximately 8°N and the other was east of the date
line with its axis around the equator. Maximum absolute values
in the two areas were basically the same. This zonal antiphase
pattern of the variations indicates that when the OHC of the west
part of the WPWP increased, the OHC of the east part decreased,
and vice versa. Figure 4 shows the spatial distribution of the OHC
in the WPWP in the depth range (0-120)x10* Pa (January-
December).

Seasonal OHC variations also had this zonal antiphase fea-
ture. The amplitude maximized in winter (November through
February) and minimized in summer (May through August). In
winter, the maximum absolute values in both variation areas in-
creased (i.e., the amplitude increased) and the areas enlarged,

with the west area expanding eastward and the east area expand-
ing westward. In summer, the maximum absolute values in both
variation areas decreased and the areas shrank, the west area to-
ward the west and the east area toward the east.

Figure 5 shows the time series of the first mode obtained by
the CSEOF analysis. As seen from that figure and Fig. 4 (spatial
anomaly field), when the time series maximized, the spatial an-
omaly field was large in the east and small in the west. At the
trough, the field was large in the west and small in the east. This
indicates that the OHC of the WPWP region in the depth range
(0-120)x10* Pa had three phase adjustments after 2007. Because
this mode resembles the spatial structure of the ENSO, it may
have a relationship with it. In addition, from a maximum entropy
spectral analysis, the time series of the first mode show a signific-
ant period of 3 a.

4.2 0SC

As revealed by the CSEOF analysis of the OSC, the variance
contributions of the first three modes are 33.14%, 21.96%, and
10.43%. The sum of the first two modes’ feature vectors is 55.1%.
Figure 6 shows the first mode’s distribution in the WPWP region
at depths (0-120)x10* Pa as revealed by the CSEOF method (January-
December). It is seen from the figure that the OSC distribution in
the WPWP roughly had a positive-negative-positive tripole pat-
tern from south to north. Two positive variation areas were
northwest and south of the study area, and a negative variation
area was between 18°N and 8°S. The latter area expanded gradu-
ally from west to east and extended to the northeast and south-
east, almost spanning the entire tropical Pacific. In addition,
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there were two extreme value centers in the negative variation
area, one southwest of the equator and the other around 12°N. As
seen from the upper OSC variations (January-December) in the
WPWP region, the seasonal OSC variations also had this tripole
pattern. The amplitudes of variation of the OSC were stronger in
winter and spring (January through April), and weaker in sum-
mer and autumn (September through December). In winter and
spring, the two maximum absolute values in the negative vari-
ation area maximized. The south extreme value center gradually
extended southeast to 144°W, and its maximum absolute value
and area of the center declined. The northeast extreme value
center extended southeast and slightly east, oscillating east of the
date line. The amplitudes in the north and south positive vari-
ation areas maximized in winter and spring, and minimized in
summer and autumn. The coverage of the north positive vari-
ation area changed little with season, but the location of its ex-
treme value center moved to the south in winter and spring, and
to the north in summer and autumn. The south positive vari-
ation area expanded to the northwest in winter and spring, and
shrank to the southeast in summer and autumn.

Figure 8 shows the time series of the first mode in the OSC
variations. As seen from Figs 6 and 7 (spatial anomaly field),
when the time series reaches its peak, the spatial anomaly of the
OSC was large in both the north and south, and small in the
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middle. When it drops into the trough, the field is large in the
middle and small in both the north and the south. The time series
also show that OSC of the WPWP region only had one phase ad-
justment after 2007. In addition, an analysis via a maximum en-
tropy spectral method showed that the OSC variations had signi-
ficant period of 3 a.

5 Discussion

As revealed by the above analyses, both OHC and OSC of the
WPWP had obvious interannual variations with a major period of
3 a, plus obvious seasonal variations. With regard to the latter,
the spatial fields of the OHC and the OSC had different change
patterns, with the OHC presenting a zonal dipole pattern and the
OSC a tripole pattern. Previous studies have suggested that the
temporal change of the OHC is balanced by net oceanatmo-
sphere heat flux and heat advection (convergence/divergence).
Many studies (e.g., Cayan, 1992; Kelly, 2004; Moon and Song,
2013; Wu et al., 2015; Wang et al., 2012) showed that surface
fluxes contribute more to the OHC variation on a seasonal time
scale, whereas the horizontal convergence and divergence of
heat contributes more on longer time scales. The main causes of
the OSC variations include local precipitation, horizontal advec-
tion, vertical convection, and others (Delcroix et al., 1998) on
various time scales. In addition, both OHC and OSC are influ-
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Fig. 6. Time series of CSEOF Mode 1 of OHC and its maximum entropy spectral analysis. PC component shows the weight of the

spatial mode ( LV component) varied with time.

enced by the ENSO events (Zhang and Weng, 1999; Xie et al.,
2009). Here, we simply focus on the contributions of the wind-in-
duced zonal advection and current advection. For deeper under-
standing, we should quantify each part’s contributions to the
OHC and OSC variations, a task in our future work.

5.1 Probable causes of OHC variations

As is well-known, the main period of the ENSO is 3-7 a. Dur-
ing the El Nino, the water temperature in the middle and eastern
equatorial Pacific increases, while that of the western Pacific de-
creases. The situation during the La Nifia is opposite. The ENSO
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events have a major influence on large-scale climate changes
around the world. The Nifio3.4 index is one of the parameters re-
flecting the ENSO cycles. To discover possible relationships
between the OHC interannual variations and ENSO events, we
analyzed the relationship between the Nifi03.4 index and the
time series of the OHC in the WPWP region (Fig. 9).

It is shown in Fig. 9 that the two time series have very similar
trends, and their correlation coefficient is 0.73 (passing the signi-
ficance test with a confidence level of 0.05). After combining the
time series with the spatial pattern of the first mode, we see that
during the El Nifio (as in 2010), the eastern part of the WPWP
(overlapping with the Nifo3.4 region, i.e., 5°S-5°N, 120°-170°W)
had the positive OHC anomalies, indicating an increased OHC.
The western part had the negative anomalies, indicating the de-
creased OHC. The situation during the La Nina (as in 2007/2008)
is opposite. Studies have shown that the positive and negative
SST anomalies during the ENSO originate from the subsurface
layer in the area around the warm pool, then spread eastward
and upward along the thermocline in the equatorial region un-
der certain atmospheric conditions. This results in the El Nifio/
La Nifa events in the conventional sense when they spread to the
surface layer of the eastern equatorial Pacific (Chao, 2001).

The upper OHC variations are affected by ocean-atmosphere
net heat flux and advection. By calculating the regional correla-
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tion coefficient between the net heat flux through the ocean sur-
face and the time series of the first mode from the CSEOF analys-
is of the OHC, we determined that the large-value zone of the
coefficient (R>0.4 and R<-0.4) between the two was mainly
between 10°N and 10°S. This indicates that the area whose OHC
is greatly affected by the net heat flux through the ocean surface
is mainly in the equatorial zone. Many other studies (Cayan,
1992; Kelly, 2004; Moon and Song, 2013) have suggested that the
impact of the net heat flux through the ocean surface on the OHC
is mainly on a seasonal scale, whereas the advection has a more
important effect on OHC interannual variations. Therefore, we
focused on the contribution of the heat advection.

As studies have suggested, westerly wind anomalies excite
motions in the equatorial wave guide that depress the thermo-
cline in the east, reduce equatorial upwelling, and enhance east-
ward transport of warm surface waters from the western Pacific
(Cane and Zebiak, 1985). The wind-forced zonal advection is im-
portant in the thermodynamics of the WPWP on interannual time
scales (McPhaden and Picaut, 1990). At the initial stage of the El
Nifo, there is a positive temperature anomaly in the subsurface
layer of the WPWP. With the burst of westerly winds, this anom-
aly spreads eastward along the thermocline in the equatorial re-
gion. Because the thermocline in the Pacific is oblique from east
to west, the temperature anomaly spreads from the subsurface
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Fig. 8. Time series of CSEOF Mode 1 of OSC and its maximum entropy spectral analysis. PC component shows the weight of the

spatial mode (LV component) varied with time.

layer of the western Pacific (120-200 m) to the near-surface layer
of the eastern Pacific (20-60 m), resulting in an ENSO event. Af-
terward, this temperature anomaly spreads from east to west
along the channel between 10° and 20°N (Mu and Li, 2000), lay-
ing the foundation for the next El Nifio/La Nifia as it reaches to

the western Pacific. That is, the temperature anomaly in the sub-
surface layer of the Pacific circulates between the eastern and
western Pacific, and there is a strong correlation between this
temperature anomaly spread and zonal wind anomalies in the
western Pacific. Therefore, it is reasonable to state that the OHC
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Fig. 10. Correlation of time series between CSEOF Mode 1 and
zonal wind.

variations are induced by the ENSO through the wind forcing and
the ocean current advection. This also explains why the spatial
pattern of the first mode of the OHC has a zonal antiphase pat-
tern that resembles the spatial structure of the ENSO.

Figure 10 shows time series correlation between the first
mode from the CSEOF analysis of the OHC and zonal wind an-
omalies. As shown, the large-value area of the correlation coeffi-

132°

144°  156°

30°

168° E 180° W 168°

cient between the two is mainly within the equatorial zone,
where the correlation is positive. The maximum correlation
(R>0.6) is over 5°S-5°N and 177°E-165°W. The correlation
between the two is weakly negative in subtropical areas.

Figure 11 shows the OHC transport by the zonal currents

(Qomnc = /OHC x Udz; Qosc = | OSC x Udz) and the time-

varying condition. The OHC transport corresponded well with
the NEC, the NECC, and the SEC (Wu et al., 2015). The time
series shows that during the El Nifio, the OHC of the WPWP was
mainly transported eastward, with the opposite pattern during
the La Nifia. This is consistent with the aforementioned OHC dis-
tribution with a positive anomaly in the east during El Nifio and
in the west during the La Nifia. It is thus concluded that the zonal
current and the zonal wind may be influences on the interannual
OHC variations.

5.2 Probable causes for OSC variations

Studies on the change mechanism of the salt content at basin
scale are very limited. However, studies of the salt content at
smaller scales found that ocean current and the freshwater flux
through the ocean surface are the two main causes of the OSC
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Fig. 11. Monthly average of spatial distributional pattern of CSEOF 1 (a), time series of CSEOF 1 (in blue) and Nifo3.4 index (in red)
(b). PC component shows the weight of the spatial mode (LV component) varied with time.
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variations (Delcroix et al., 1998). Our OSC data were obtained by
an integral calculation over depth, so the influence of the vertical
currents is not addressed in this paper. One study (Gouriou and
Delcroix, 2002) suggested that the upper OSC variations in the
convergence belt of the southern Pacific are the strongest (that
study also reveals that this is the main OSC variation area). Be-
cause the freshwater flux through the ocean surface in the study
area is mainly dependent on precipitation, the following ad-
dresses possible mechanisms resulting in the OSC variations
mainly from two aspects: zonal current and precipitation, which
are controlled by the ENSO. This is done to explore possible rela-
tionships between the OSC and the ENSO cycle.

Because there have been few studies of the OSC, possible
mechanisms resulting in upper OSC variations were explored by
referring to previous studies. Delcroix et al. (1996, 1998) indic-
ated that around the convergence belt of the southern Pacific, the
salinity front of the WPWP divides low-salinity water in the trop-
ical Pacific from high-salinity water, but the interannual dis-
placement of the front is caused by precipitation changes in-
duced by changes of the ascending branches of the Walker and
Hadley circulations above the convergence belt of the southern
Pacific during the ENSO. This results in the interannual vari-
ations of the sea surface salinity distribution (Gouriou and Del-
croix, 2002). The interannual variations of the zonal currents may
also influence that distribution by the convergence and the diver-
gence. For example, in the latitudinal band of 17°S, the zonal cur-
rents are westward to the east of 175°E, and they are eastward
west of that longitude. The convergence of the zonal currents as
in this pattern could strengthen the salinity front. Therefore, the
zonal current anomalies may also alter the sea surface salinity
distribution. A westward anomaly of the zonal current speed
would be 2-3 months earlier than westward movement of the sa-
linity front, and an eastward anomaly of zonal current speed
would be consistent with eastward movement of the salinity
front. Under the influence of various factors, the salinity front in
the southwest tropical Pacific would move westward and the sa-
linity front in the equatorial Pacific would move eastward during
the El Nino, The situation during the La Nifia would be opposite.
Therefore it is also reasonable to consider that the OSC vari-
ations are induced by the ENSO through precipitation and ocean
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current advection.

The OSC transport by the zonal currents was investigated (fig-
ure not shown). OSC was mainly transported westward from
March through August by the NEC. There was also weak east-
ward transport around the NECC and the SEC, but the transport
capacity was small. The westward transport by the NEC de-
creased substantially from September through January. The east-
ward transport by the NECC and the SEC increased slightly and
maximized in December, but the transport capacity was still
much smaller than the maximum capacity of westward transport
in summer. During the El Nifio, the OSC in the WPWP region was
mainly transported westward, with the opposite situation during
the La Nifia. One study suggests that a westward geostrophic cur-
rent in the western Pacific is intensified during the El Nifio (Del-
croix et al., 1998). As seen from Figs 6 and 7, the OSC distribution
in the WPWP region (specifically, during both the 2009/2010 El
Nifio and 2010/2011 La Nina events) generally had a negative-
positive-negative tripole pattern. That is, the OSC of the north
and south parts of the WPWP region continued decreasing, while
the OSC of the middle and west parts continued increasing. The
amplitudes of the increases in the middle and west regions were
different over the years. For example, the amplitude of the OSC
increase in 2007/2008 was greatly reduced, while that amplitude
during the El Nifio in 2010 was relatively large. The above analys-
is indicates that though the influence of the zonal currents is lim-
ited, it still has a positive feedback on the OSC.

The interannual variations of the freshwater flux in the WP-
WP region were further analyzed (Fig. 12). The time series of the
first mode from the EOF analysis for freshwater flux shows that it
is 6 months ahead of the OSC, and its correlation coefficient is
the maximum, at -0.71. As seen from Fig. 11, the largest variation
area of freshwater flux was in the middle of the WPWP region,
presenting a negative-positive-negative tripole pattern, similar
to that of the OSC. A positive anomaly of the freshwater flux
means that a sea area is losing water, and a negative anomaly
means the opposite. By combining the pattern and time series of
the fresh water flux, we found that OSC increase in the central
part of the study area, and the decrease in the northwest and
south parts that occurred 6 months later, lost freshwater and the
latter gained freshwater. It can thus be inferred that the sea sur-
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Fig. 12. Spatial pattern and temporal component of Mode 1 in the EOF analysis for sea surface fresh water flux. PC component shows

the weight of the spatial mode (LV component) varied with time.
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face freshwater flux may also have a positive feedback effect on
the OSC.

6 Conclusions

On the basis of Argo data, spatiotemporal variation of the up-
per OHC and OSC in the WPWP region was studied using the
CSEOF and spectral analysis plus other methods. The probable
mechanisms for the variations were addressed, and the following
results were obtained.

(1) The OHC variations in the subsurface layer of the WPWP
region are much greater than those in the surface layer. On the
contrary, the OSC variations are mainly in the surface layer, with
the subsurface layer having little OSC variation. Compared with
the OSC, the OHC in the WPWP region is more affected by the
ENSO events.

(2) There are significant seasonal and interannual variations
of the upper OHC and OSC in the WPWP region, and the main
periods of their interannual variations are both 3 a. The spatial
distribution of the OHC’s first mode has an oscillating pattern,
with the east and west parts opposite to each other in phase. The
OSC distribution has a positive-negative-positive tripole pattern.
The time series analysis shows that the OHC has three phase ad-
justments after 2007, which were related to the ENSO events. The
OSC only had one phase adjustment during the same period.

(3) The OHC variations in the WPWP are closely correlated
with the ENSO events. During the El Nifio, the OHC in the east
part of the WPWP increases, while that in the west part decreases.
The situation during the La Nifia was opposite. In addition, the
OHC in the WPWP is affected by local wind and zonal current.

(4) The zonal current anomalies and the freshwater flux an-
omalies have a positive feedback effect on the OSC in the WPWP
region.
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