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Abstract Pronounced intraseasonal variability (ISV; 20–90 day) of sea surface salinity (SSS) with a stand-
ard deviation of 0.12–0.20 psu is detected in the western tropical Pacific Ocean (PO) from measurements of
Aquarius/SAC-D satellite. These variations are not spatially uniform but show distinct regional features. The
Hybrid Coordinate Ocean Model (HYCOM) well simulated the observed SSS variations, and a suite of parallel
experiments were performed to understand the underlying physical processes. Surface forcing by atmos-
pheric intraseasonal oscillations which are dominated by the Madden-Julian oscillation (MJO) is largely
responsible for producing the SSS ISV, while ocean internal variability plays a secondary role. Impact of
atmospheric forcing is primarily through precipitation and wind stress-driven oceanic processes. Their rela-
tive importance shows spatial variations. They have approximately equal importance in the western equato-
rial PO west of 1558E and the southwestern tropical PO. Wind stress effect dominates SSS ISV in the
equatorial PO east of 1558E, while precipitation effect is larger in the northwestern tropical PO. In compari-
son, the effect of evaporation induced by wind speed change is smaller. The SSS ISV also shows evident sea-
sonality in some areas, particularly in the far western equatorial basin and southwestern tropical PO. During
boreal summer (winter), SSS ISV is enhanced (weakened) in the northwestern PO and weakened (enhanced)
in the southwestern PO. Comparing with the strength of atmospheric forcing, seasonal variation of the
ocean state, especially the mixed layer depth, is generally more important in causing such seasonality.

1. Introduction

Ocean salinity is a fundamental physical property of sea water, which influences the stratification and circu-
lation of the world ocean. It also serves as a potential indicator of the global water cycle [e.g., Lagerloef
et al., 1995; Yu, 2011]. Ocean salinity plays a vital role in the tropical ocean dynamics and air-sea interaction.
Particularly, the large vertical salinity gradient in the western tropical Pacific Ocean (PO) gives rise to a bar-
rier layer which inhibits vertical entrainment cooling and helps to maintain the high heat content of the
western Pacific warm pool [Lukas and Lindstrom, 1991; Sprintall and Tomczak, 1992]. Variability of the upper-
ocean salinity and barrier layer can significantly affect the local mixed layer heat budget and thereby influ-
ence the evolution of El Ni~no–Southern Oscillation (ENSO) [e.g., Picaut et al., 1996; Maes et al., 2005; Zhu
et al., 2014]. Consequently, investigating ocean salinity variability in the western tropical PO will contribute
to our understanding of tropical climate variability.

Previous studies on sea surface salinity (SSS) variations in the western tropical PO were primarily based on
in-situ observations. On seasonal timescale, large SSS variations were seen in the inter-tropical convergence
zone (ITCZ) and South Pacific convergence zone (SPCZ) regions, which are mainly controlled by rainfall
changes [e.g., Delcroix and Henin,1991; Delcroix et al., 1996, 2014; H�enin et al., 1998]. On interannual time-
scale, SSS variations have larger amplitudes with more complicated spatial patterns than seasonal variabili-
ty, and they are closely related to ENSO variability through changes in freshwater flux and wind-driven
ocean current advection [e.g., Delcroix and Picaut, 1998; Maes, 2000; Delcroix and McPhaden, 2002; Singh
et al., 2011; Hasson et al., 2013]. Recent studies also reveal decadal and multidecadal SSS fluctuations with a
freshening trend in the western tropical PO, which are likely caused by freshwater flux that is linked to the
slow change of the global water cycle [Delcroix et al., 2007; Cravatte et al., 2009; Skliris et al., 2014]. In com-
parison, intraseasonal variability (ISV) of SSS in this region is rarely investigated due to the lack of observa-
tional data and difficulties in model simulation. Particularly, the lack of high-quality precipitation and
surface wind data makes the simulation of SSS challenging for existing ocean general circulation models
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(OGCMs) [Ioualalen et al., 2003; Wang and Chao, 2004; Felton et al., 2014]. The western tropical PO is how-
ever subjected to strong impact of atmospheric intraseasonal oscillations, such as the Madden-Julian oscilla-
tions (MJOs) [Madden and Julian, 1971], which can induce large ISV in upper-ocean salinity. For example,
pronounced salinity ISV was detected in the moored buoy records [Ueki et al., 2002; Kashino et al., 2011]
and Argo float data [Matthews et al., 2010].

The space-borne SSS measurements of the Soil Moisture Ocean Salinity (SMOS) [Font et al., 2010] and
Aquarius/SAC-D (Satellite de Application Cientificas-D) [Lagerloef et al., 1995, 2008] satellites in the past sev-
eral years have provided a revolutionary ability for monitoring and understanding basin-wide SSS variability.
These satellite SSS data have been successfully utilized in investigating surface water masses [e.g., Bingham
et al., 2014; Dohan et al., 2015; Sabia et al., 2014; Yu, 2014], salinity structures in marginal seas [Grodsky et al.,
2014; Gierach et al., 2013; Kim et al., 2014; Zeng et al., 2014], salt stratification near the sea surface [Felton
et al., 2014; Moon and Song, 2014; Song et al., 2015], evolution of ENSO events [Hasson et al., 2014; Qu and
Yu, 2014; Qu et al., 2014], salinity signatures of the tropical instability waves [Lee et al., 2012, 2014], ocean
salinity fronts [Kao and Lagerloef, 2015; Yu, 2015], and western boundary currents [Reul et al., 2014]. These
researches have effectively integrated our knowledge of salinity-related ocean phenomena. More impor-
tantly, Aquarius SSS data are capable of capturing intraseasonal anomalies of SSS in the tropical Oceans. Shi-
noda et al. [2013] found that Aquarius data can well represent the SSS variations during three MJO events
occurred in the 2011–2012 winter. Grunseich et al. [2013] identified well-organized MJO signals in Aquarius
SSS data across the equatorial Indo-Pacific Ocean following the MJO precipitation fluctuations. Guan et al.
[2014] showed that Aquarius-measured SSS is out of phase with freshwater flux in the western equatorial
PO between 1558E and 1658E during MJO events. They argued that ocean dynamics might be important in
causing the observed SSS variations. Li et al. [2015] investigated SSS ISV in the equatorial (58S–58N) Indo-
Pacific Ocean through OGCM experiments and found that external forcing by atmospheric intraseasonal
oscillations, which are dominated by the MJO, is the primary cause for SSS ISV. They also demonstrated that
in most of the equatorial Indo-Pacific basin wind stress-driven ocean processes play a more important role
than precipitation.

The standard deviation (STD) of the 20–90 day band-pass filtered SSS in Figure 1a is based on Aquarius
Combined Active-Passive (CAP) data from October 2011 through October 2014, as a measure of the over-
all intensity of SSS ISV. Large STD values of �0.20 psu occur in the western equatorial PO and extend in
three directions, northwestward to the Philippine Sea, eastward to a slanted zonal band across Pacific
basin between 28N and 108N which is roughly along the ITCZ, and southeastward to the SPCZ region. As a
result, the entire 108S–108N region of the western tropical PO is characterized by pronounced SSS ISV
with STDs> 0.12 psu. These variations are however not spatially uniform, as indicated by the leading two
empirical orthogonal function (EOF) modes of 20–90 day SSS in the high-STD region (Figures 2a and 2b).
The first mode displays a zonal dipole pattern along the equator, with out-of-phase anomalies between
the far western equatorial PO (west of 1508E) and the area east of 1608E (Figure 2a). The second mode has
positive anomalies along the equator and negative ones in the northwestern tropical PO (Figure 2b).
Although these two modes, which explain 10.9% and 8.9% of the total variance, are not significantly sepa-
rated from each other and from the remaining variance (the third mode explains 7.4%) according to the
North’s significant test [North et al., 1982], they do imply a complicated spatial structure of intraseasonal
SSS variability in the western tropical PO. Variations in different areas could be generated by different
mechanisms. Note that Guan et al. [2014] and Li et al. [2015] mainly studied the box area of 1558E–1658E,
58S–58N. A comprehensive investigation of SSS ISV for the entire western tropical PO has not yet been
done.

In this study, we expand the work of Li et al. [2015] to the entire western tropical PO and focus on two
issues. First, we study the spatial variation of SSS ISV. We will describe and compare the characteristics and
mechanisms of ISV in different areas. Second, we investigate the seasonality of SSS ISV. We will quantify the
seasonal variation of ISV amplitude and explore its causes. To achieve these objectives, we analyze Aquarius
SSS data and perform OGCM experiments. The rest of the paper is organized as follows. Section 2 describes
the data and model. Section 3 presents the results of our analyses. Specifically, section 3.1 evaluates HYCOM
performance in the western tropical PO, section 3.2 explores the mechanisms of SSS ISV by assessing
effects of different processes, and section 3.3 examines the seasonality of SSS ISV. Finally, section 4 provides
a summary and discussion.

Journal of Geophysical Research: Oceans 10.1002/2015JC011413

LI AND HAN SSS ISV IN WESTERN TROPICAL PACIFIC 86



2. Data and Model

2.1. Observational Data
The Aquarius satellite was launched on the SAC-D spacecraft in June 2011 [Lagerloef et al., 1995, 2008]. It
provides SSS estimates with a spatial resolution of 150 km and a target retrieval accuracy of 0.2 psu on
monthly timescale. In this study we mainly analyze the Version-3.0 Aquarius Combined Active-Passive
retrieval (CAP) Level 3 product [Yueh et al., 2013, 2014] from August 2011 through November 2014. The CAP

Figure 1. Standard deviation (STD) maps of the 20–90 day band-pass filtered SSS (psu) based on (a) Aquarius CAP data during October
2011 to October 2014, (b) HYCOM MR output during February 2002 to October 2011, and (c) Aquarius CAP-RC data during October 2011
to October 2014. (d) The difference in 20–90 day SSS STD (psu) between Aquarius CAP and CAP-RC data. The dashed lines mark the high-
STD area (1308E–1808E, 108S–108N).
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algorithm simultaneously retrieves salinity, wind speed, and wind direction by minimizing the sum of
squared differences between the retrieval model and observations [Yueh et al., 2014]. This product provides
18 3 18 gridded, 7 day running-mean SSS data at daily intervals. Another version of Aquarius product, the
Version-3.0 CAP Level 3 SSS with rain correction (CAP-RC) [Yueh et al., 2013; Tang et al., 2014], is recently
released. Comparing with CAP SSS, CAP-RC SSS tends to be closer to the surface salinity from in-situ obser-
vations and model results. However, as the rain correction issue is still an area of continuing research, the
difference between CAP-RC and CAP is considered as ‘‘uncertainty’’ rather than an improvement in the
retrieved SSS value [Tang et al., 2014]. Here we use CAP-RC data to evaluate the rain-induced uncertainty in
SSS ISV in the heavy-rainfall western tropical PO.

Other observational data sets used in our analyses are the 18318 Grid Point Value of the Monthly Objective
Analysis (MOAA GPV) [Hosoda et al., 2008] of temperature and salinity based on Argo data and other in-situ
observations, the 0.25830.258 daily Cross-Calibrated Multi-Platform (CCMP) 10 m wind vector data [Atlas
et al., 2008], the 0.25830.258 daily Tropical Rainfall Measuring Mission (TRMM) Multi-Satellite Precipitation
Analysis (TMPA) level 3B42 precipitation product [Huffman et al., 2007], and the 1/38 3 1/38, 5 day satellite-
based ocean surface current estimate from Ocean Surface Current Analysis-Real time (OSCAR) product
[Bonjean and Lagerloef, 2002] during 2002–2011.

2.2. Ocean Model and Experiments
The Hybrid Coordinate Ocean Model (HYCOM) combines isopycnal, sigma (terrain-following), and z-level
coordinates to optimize the representation of oceanic processes [Bleck, 2002]. The version-2.2.18 HYCOM
has been successfully utilized to investigate intraseasonal oceanic variations in the tropical Indian and

Figure 2. (a) The first and (b) the second EOF modes for the 20–90 day SSS from Aquarius CAP data for the October 2011 to October 2014 period, which explain 10.9% and 8.9% of the
total variance. The EOF analysis is performed for the high-STD region identified in Figure 1. (c and d) similar to Figures 2a and 2b but based on HYCOM MR output for the February 2002
to October 2011 period. The black rectangles in Figures 2c and 2d denote the western, the eastern, the northern, and the southern boxes.
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Pacific Oceans [e.g., Li et al., 2013,
2014, 2015]. In this study HYCOM is
configured to the tropical and sub-
tropical PO basin (1108E–708W, 488S–
488N) with 1/3831/38 horizontal reso-
lution. Three 58 sponge layers are
applied to the western, southern, and
northern open-ocean boundaries,
where model temperature and salin-
ity are relaxed to WOA09 climatology
[see Antonov et al., 2010; Locarnini
et al., 2010; Li et al., 2015, Figure 1b].
The model has 26 vertical layers, and

the top layer thickness is �2.6 m. Realistic bathymetry from the National Geophysical Data Center (NGDC)
20 digital data are used after a 1.5831.58 smoothing. No-slip condition is applied along continental bounda-
ries. The diffusion and mixing parameters are specified in Li et al. [2013].

Surface forcing fields include 2 m air temperature and humidity, surface net shortwave radiation (SWR) and
longwave radiation (LWR), precipitation, 10 m wind speed, and surface wind stress. Evaporation and turbulent
(latent and sensible) heat fluxes are calculated with the model sea surface temperature (SST), wind speed, air
temperature, and specific humidity using the Coupled Ocean-Atmosphere Response Experiment (COARE) 3.0
algorithm [Kara et al., 2005]. Consequently, evaporation and turbulent heat fluxes in the model include the
SST feedback effects. The 2 m air temperature and humidity are from the European Centre for Medium-Range
Weather Forecasts (ECMWF) Re-analysis Interim (ERA-Interim) product [Dee et al., 2011] with a 0.758 horizontal
resolution available since 1979. For surface net SWR and LWR, we use the geostationary enhanced 18 product
from Clouds and the Earth’s Radiant Energy System (CERES) [Wielicki et al., 1996; Loeb et al., 2001] for the
period of March 2000 to November 2011. The precipitation forcing is taken from the 0.25830.258 TRMM
TMPA level 3B42 product. The surface winds are from the 0.25830.258 CCMP 10 m vector wind data, which
are available during July 1987 to December 2011. Zonal and meridional surface wind stress, sx and sy, are cal-
culated using the standard bulk formulae. Noted that in HYCOM, wind speed and wind stress are separate
inputs into the model as surface forcing fields. They affect the ocean through different processes. While wind
stress directly drives ocean dynamical processes and vertical entrainment, wind speed affects SSS mainly
through evaporation. Such model setting allows us to separately evaluate the effect of wind stress-driven oce-
anic processes and that of wind speed-controlled evaporation on SSS ISV (see below).

The model is spun-up from a state of rest for 30 years under monthly climatologic atmospheric forcing,
using WOA09 climatology as the initial condition. Starting from the already spun-up ocean state, HYCOM is
integrated forward using daily atmospheric forcing from March 2000 to November 2011. The starting and
ending dates are determined by the availability of CERES radiation data at the time when the model experi-
ments were performed. Six parallel experiments are performed to quantify the effects of different processes
(Table 1). The main run (MR) is forced with the original daily forcing. Its solution contains the complete proc-
esses, and is therefore used as the reference solution and compared with observations to evaluate the
model performance. In the NoMJO experiment, all the forcing effects of MJOs are removed by low-pass fil-
tering the forcing fields with a 105 day Lanczos digital filter [Duchon, 1979]. In this study we do not distin-
guish the MJOs from other types of atmospheric intraseasonal oscillations, such as convectively coupled
intraseasonal Kelvin and Rossby waves [e.g., Wheeler and Kiladis, 1999; Kiladis et al., 2009]. Given that the
MJO is the most influential intraseasonal mode in the western tropical PO [e.g., Zhang, 2005], here we use
the ‘‘MJO effect’’ to represent the total effect of atmospheric intraseasonal variability on the ocean. Without
intraseasonal atmospheric forcing, SSS ISV in NoMJO arises only from the ocean internal processes [e.g., Joc-
hum and Murtugudde, 2005; Zhou et al., 2008]. The solution difference, MR – NoMJO, measures the overall
MJO forcing effect on the ocean.

In the NoP experiment, precipitation is low-pass filtered at the 105 day period, and the other forcing fields
are the same as in MR. The difference, MR – NoP, isolates the intraseasonal precipitation effect. In NoWND,
the wind forcing, including both wind speed and wind stress, is 105 day low-pass filtered, and MR – NoWND
measures the total wind forcing effect on the ocean. In the NoTAU experiment, only wind stress is low-pass

Table 1. A Summary of HYCOM Model Experimentsa

Solution Forcing Description

MR daily forcing complete solution
NoMJO (105 day) low-passed forcing remove all MJO effects
NoP low-passed precipitation remove MJO precipitation effect
NoWND low-passed wind speed/stress remove MJO total wind effect
NoTAU low-passed wind stress remove MJO wind stress effect
NoSeason (120 day) high-passed forcing remove seasonal and

interannual variability

aAll these experiments are performed for the period of March 2000 to Novem-
ber 2011. See the text of Section 2.2 for details. Note that the forcing fields for
the NoSeason experiment contain the climatologic annual-mean values and the
120 day high-pass filtered anomalies.
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filtered. The difference, MR – NoTAU, quantifies the MJO wind stress effect through oceanic processes (e.g.,
horizontal advection, upwelling and entrainment). On the other hand, NoTAU – NoWND, measures the MJO
wind speed effect through evaporation.

The above five experiments are identical to those described in Li et al. [2015]. Li et al. [2015] also discussed a
NoSWR experiment, in which SWR is low-pass filtered to assess the effect of intraseasonal SWR on SSS through
changing SST and thus evaporation. This effect, however, is much smaller than effects of precipitation and
winds. Thus no further discussion for SWR effect is provided in this study. To explore the seasonality of SSS
ISV, we perform another experiment. Two major factors determine the amplitude of SSS ISV: the strength of
the MJO forcing and the ocean background state (such as surface mixed layer thickness). Both undergo prom-
inent seasonal variations and therefore induce seasonal variations of the SSS ISV amplitude. To examine the
relative importance of the two factors, we perform a no-seasonality (NoSeason) experiment, in which all the
forcing fields are 120 day high-pass filtered anomalies (intraseasonal fluctuations) plus the annual-mean clima-
tology of 2000–2011. In this experiment, the seasonal and interannual variations in the forcing fields are
removed. Therefore, the seasonality of SSS ISV in NoSeason is predominantly caused by the seasonality of the
MJO, and that in the MR – NoSeason is caused by seasonal variation of the oceanic background state. Some
seasonal oceanic variations may arise from the rectification of MJOs [e.g., Duncan and Han, 2012] and ocean
internal instability, which are still contained in the NoSeason experiment. These variations are expected to be
much smaller than those induced by seasonal external forcing and will not significantly affect our results.

Output data from all the experiments are stored in 3 day-mean resolution for the period of March 2000 to
November 2011. To suppress the transient effect from the spin-up, the output data in 2000 and 2001 are
discarded. The 10 year data of 2002–2011 are used for our analysis. We analyze the 20–90 day band-pass fil-
tered anomalies to explore SSS ISV. To remove the ending-point effect of the filter, we discard 45 days of
data from the beginning and the end of the data time series.

3. Results

3.1. HYCOM Performance in the Western Tropical PO
Li et al. [2015] provided a detailed comparison between HYCOM MR solution and observations (both satel-
lite and in-situ) and demonstrated that HYCOM is able to realistically simulate the mean state and intrasea-
sonal variability of the tropical Indo-Pacific Ocean (their Figures 2–8). Here we provide further validations
but only for the western tropical PO. Figure 1b shows the STD of 20–90 day SSS from HYCOM MR. Its overall
structure is consistent with Aquarius observation (Figure 1a). The simulated ISV STD is weaker than Aquarius
data by 0.02–0.03 psu, accounting for �20% of the total ISV. One major cause of the underestimation is
likely the difference in SSS definition. While HYCOM SSS is the bulk salinity value of the top 2.6 m (thickness
of the top model layer), Aquarius SSS is the top-centimeter ocean salinity, which is more sensitive to surface
forcing. HYCOM-simulated SSS ISV is evidently weaker in the region north of 158N, which may be due to the
underrepresentation of the strong mesoscale eddy variability there [e.g., Qiu, 1999] in our 1/38-resolution
simulation. The STD of 20–90 day SSS in Aquarius CAP-RC data (Figure 1c) is generally smaller than that of
Aquarius CAP data. Their difference reaches as large as 0.02–0.05 psu in the western tropical PO (Figure 1d),
accounting for 10–30% of the total SSS ISV in CAP data. The rain-induced uncertainty is likely a considerable
issue for the Aquarius-measured SSS ISV in the heavy-rainfall western tropical PO region.

Albeit with some quantitative discrepancies, the leading two EOF modes of MR 20–90 day SSS (Figures 2c
and 2d) exhibit similar spatial patterns to those of Aquarius SSS. To explore the ISV characteristics in differ-
ent areas, we define four boxes based on the spatial patterns of the two EOFs. The western box covers the
far western equatorial PO (1408E–1558E, 2.58S–2.58N); the eastern box covers the eastern part of the western
equatorial PO (1558E–1708E, 2.58S–2.58N); the northern and southern boxes represent the northeastern trop-
ical PO (1358E–1508E, 38N–88N) and southwestern tropical PO (1608E–1758E, 98S–48S). Figure 3 shows the
20–90 day SSS from HYCOM MR and Aquarius CAP data averaged over the four boxes. Since we have dis-
carded 45 days from the beginning and end of the band-pass filtered data, there is little overlapping
between Aquarius and HYCOM. Consistent with Figure 1, the HYCOM-simulated SSS ISV is weaker than
Aquarius observation by �20% as measured by STD values. For both the Aquarius and HYCOM data, the
amplitude of SSS ISV shows evident seasonal variation. This aspect will be discussed in section 3.3.
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The surface mixed layer depth (MLD) is a key factor for the amplitude of SSS ISV. A thinner mixed layer
favors stronger salinity variability in response to various forcing processes. The MLD in the western tropical
PO undergoes prominent seasonal variation (Figures 4a–4d). Here the MLD is defined as the depth at which
the potential density increase Dr from the 10 m value is equivalent to temperature decrease by DT 5 0.58C
[de Boyer Mont�egut et al., 2004],

Dr5r T102DT ; S10; P10ð Þ2r T10; S10; P10ð Þ; (1)

where T10, S10, and P10 are temperature, salinity, and pressure at 10 m, respectively. In boreal winter (Decem-
ber, January, and February; DJF), the MLD is thick (thin) in the northern (southern) hemisphere due to
reduced (increased) surface heat flux. The pattern is reversed in boreal summer (June, July, and August;
JJA), as the solar heating center moves to the southern hemisphere. Such seasonal transition is well repro-
duced by HYCOM MR. Comparing with the observed MLD, the HYCOM-simulated MLD is thicker by �10 m
in the high-STD region of the western tropical PO in both seasons. This could be another reason for the
underestimated SSS ISV in HYCOM (Figures 1 and 3).

Since ocean advection is potentially important in causing SSS ISV, it is necessary to further examine the HYCOM-
simulated surface ocean current and its seasonality. The OSCAR current is an estimate of 0–30 m ocean current
based on satellite observations [Bonjean and Lagerloef, 2002] (Figures 4e and 4g). Here we also compute the
mean U of the top 30 m of MR to obtain a fair comparison (Figures 4f and 4h). The structures of the major cur-
rents, such as the westward flowing North Equatorial Current (NEC) between 88N and 178N, the eastward North
Equatorial Countercurrent (NECC) at 28N–78N, and the westward South Equatorial Current (SEC) near the equator,
are all well represented in MR, except that the westward flows are stronger in HYCOM. Primary features of the
seasonal variation in the western tropical PO circulation include the strengthening of the NEC and weakening of
the NECC in boreal winter [e.g., Johnson et al., 2002; Yaremchuk and Qu, 2004], the southward shift of the NECC in
boreal summer [Hsin and Qiu, 2012], the appearance of the eastward South Equatorial Countercurrent in boreal
winter (at �108S) [Gouriou and Toole, 1993], and the seasonal reversal of the New Guinea Coast Current (NGCC)
northeast of the New Guinea island [e.g., Lindstrom et al., 1987; Kuroda, 2000; Ueki et al., 2003]. These features are
faithfully reproduced by HYCOM. We have also compared the ISV of surface current (figures not shown). The
20–90 day U in MR compares favorably with OSCAR data [see Li et al., 2015, Figure 7], indicating that HYCOM is
capable of realistically represent the horizontal advection process associated with intraseasonal SSS variability.

Figure 3. Time series of the 20–90 day SSS from Aquarius CAP data (red) and HYCOM MR (blue) averaged over the (a) the western box, (b) the eastern box, (c) the northern box, and
(d) the southern box. See Figure 2 for the boxed regions.
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3.2. Mechanisms of SSS ISV
STD of the 20–90 day SSS from MR, representing the total modeled SSS ISV, is largest in the western box
and smallest in the northern box (Table 2). As discussed in section 2.2, the ‘‘MJO effect’’ can be measured by
MR – NoMJO, which refers to the total forcing effect by atmospheric intraseasonal variability that is domi-
nated by the MJO. The STDs of SSS ISV produced by MJO forcing are 0.074, 0.061, 0.053, and 0.055 psu in

Figure 4. Compare the climatologic DJF MLD (m) from (a) MOAA-GPV data and (b) HYCOM MR for 2002–2011, while (c) and (d) compare the JJA MLD maps. (e–h) Same as Figures 4a–4d
but for the surface-layer U (m s21) from OSCAR data and HYCOM MR averaged in the top 30 m.
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the western, eastern, northern and southern boxes, respectively, which are very close to the STD values
from MR (Table 2). The correlations between MR and MR – NoMJO are between 0.82 and 0.93 for the four
boxes (Table 2). These results demonstrate that most of the SSS ISV in the western tropical PO is forced by
atmospheric intraseasonal variability. As a comparison, the effect of ocean internal (unforced) variability is
apparently smaller, with STDs of 0.020–0.037 psu. Its relative magnitude to the total ISV STD is largest in the
northern box (�58%) and smallest in the southern box (�35%). Its correlation with the total ISV is quite low,
ranging between 0.02 and 0.10. It is likely that ocean internal processes can induce considerable SSS varia-
tions, but these variations do not constructively contribute to the total SSS ISV signals dominated by atmos-
pheric forcing effect.

Passage of a MJO event involves multivariate atmospheric fluctuations at the sea surface. Among others,
precipitation, wind stress, and wind speed are important in causing SSS variability. Below, we quantify each
effect using the hierarchy of HYCOM experiments described in section 2.2. Overall, effects of wind stress-
driven oceanic processes and precipitation have much higher correlation with the total SSS ISV than the
effect of wind speed-induced evaporation, with correlation coefficients ranging from 0.42 in the northern
box to 0.70 in the eastern box (> 95% significance) for wind stress, and from 0.34 in the eastern box to 0.56

Figure 5. Left two columns show MJO composite maps of the 20–90 day CCMP wind stress (vectors) and 20–90 day TRMM precipitation (color shading; in 1028 m s21), while right two
columns show MJO composite maps of 20–90 day SSS (color shading; in psu), 20–90 day surface current (vector), and the unfiltered SSS (black contours; in psu; with 0.2 psu intervals)
from HYCOM MR. Surface currents smaller than 0.04 cm s21 are not plotted. MJO composites are based on the RMM index. Note that right columns are for only for the high-STD region
(indicated by the grey rectangle in the left columns).
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Figure 6. MJO composites of 20–90 day SSS from HYCOM MR (black), precipitation effect (blue; MR – NoP solution), wind stress effect (red; MR – NoTAU), and wind speed effect
(cyan; NoTAU – NoWND) averaged for the (a) western box, (b) eastern box, (c) northern box, and (d) southern box. MJO composites are based on the RMM index (see Figure 5).
Composite values above (below) 95% confidence level are shown by the curves with solid (blank) circles, determined by a two-tailed students’ t-test.

Figure 7. (a) Anomaly of 20–90 day SSS STD for DJF relative to the all-season STD of 20–90 day SSS (in psu) from HYCOM MR during 2002–2011. (b) Same as Figure 7a but for the JJA
STD anomaly.
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in the southern box for precipitation (Table 2). In contrast, the effect of wind speed is negatively correlated
with the total SSS ISV in all boxes, with the maximum value being 20.26 in the southern box. The STD mag-
nitudes, however, are comparable for all three effects (Table 2). These results indicate that evaporation
induced by wind speed change generally damps the SSS signals produced by precipitation and wind stress
forcing. The relative importance of precipitation and wind stress-driven oceanic processes varies among the
four areas. In the eastern box, wind stress dominates precipitation in causing SSS ISV, with STD being 0.069
psu and correlation being 0.70 comparing to 0.047 psu and 0.34 for precipitation. This result agrees with Li

Figure 8. Seasonal cycle of the amplitude of SSS ISV (AMP) from MR (black), NoMJO (green), precipitation effect (blue; MR – NoP solution), wind stress effect (red; MR – NoTAU solution),
and wind speed effect (green; NoTAU – NoWND solution) in the (a) western box, (b) eastern box, (c) northern box, and (d) southern box. The grey curves denote MLD from MR solution.
Black bars denote the one STD range of the MR SSS AMP.

Table 2. STD values of 20–90 Day SSS (psu) From Different Processes in the Four Regionsa

Process (solution) Western Box Eastern Box Northern Box Southern Box

Total SSS (MR) 0.073 psu 0.061 psu 0.051 psu 0.058 psu
MJO forcing (MR - NoMJO) 0.074 psu (r50.86*) 0.061 psu (r50.86*) 0.053 psu (r50.82*) 0.055 psu (r50.93*)
Ocean internal variability (NoMJO) 0.037 psu (r50.08) 0.031 psu (r50.09) 0.030 psu (r50.10) 0.020 psu (r50.02)
Precipitation effect (MR - NoP) 0.071 psu (r50.54*) 0.047 psu (r50.34*) 0.065 psu (r50.38*) 0.056 psu (r50.56*)
W. Stress effect (MR - NoTAU) 0.065 psu (r50.64*) 0.069 psu (r50.70*) 0.061 psu (r50.42*) 0.049 psu (r50.57*)
W. Speed effect (NoTAU - NoWND) 0.064 psu (r520.10) 0.064 psu (r520.07) 0.060 psu (r520.10) 0.055 psu (r520.26*)

aTheir correlation coefficients with the MR 20–90 day SSS are shown in the brackets, and those significant at 95% confidence level
are written bold and marked with asterisks.
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et al. [2015], given that our eastern box largely overlies their ‘‘western PO box’’ (1558E–1658E, 58S–58N). In
the western, northern and southern boxes, the two effects are comparable, with precipitation effect having
somewhat larger STDs and wind stress effect having higher correlations.

To further understand the relationship between different processes, we conduct a composite MJO analysis
based on the real-time multivariate MJO (RMM) index [Wheeler and Hendon, 2004]. The RMM index is based
on the first two EOFs of the combined fields of near-equatorial 850 hPa and 200 hPa winds and the out-
going longwave radiation from observational and reanalysis data. Projecting atmospheric fields onto the
two EOFs yields two principal components, defined as the RMM time series 1 (RMM1) and RMM time series
2 (RMM2). Here we use the phase (varying between 1 and 8) and magnitude (RMM12 1 RMM22)1/2 of the
RMM index for our composite. For each of the eight MJO phases, the 20–90 day band-pass filtered variables
over the days with RMM magnitude> 1.5 (indicating large atmospheric perturbations associated with the
MJO) are averaged. Left two columns of Figure 5 display the precipitation and wind stress anomalies at
each phase of the composite MJO during 2002–2011. Phase 1 is characterized by suppressed precipitation
in the western tropical PO with the dry-condition center at �1508E along the equator. Suppressed convec-
tion is accompanied with surface wind divergence, with easterly winds to the west and westerly winds to
the east of the dry-condition center. The negative precipitation anomalies gradually decay and spread to
the off-equatorial regions from Phase 2 to Phase 3, during which strong easterly winds prevail. Enhanced
precipitation anomalies occupy the equatorial region in Phase 4 accompanied by surface wind conver-
gence, as indicated by the southwesterly (northwesterly) winds to the northeast (southeast) of the precipita-
tion center. Variations of precipitation and surface winds during Phases 5–8 are basically opposite to those
during Phases 1–4, with similar spatial structures but a reversed sign.

In comparison, SSS variations from HYCOM MR during the composite MJO phases (right two columns of Fig-
ure 5) exhibit much more complicated spatial structures than those of precipitation and winds. Note that
SSS anomaly map is shown only for the high-STD region of Figure 1. Even though precipitation is not a
dominant process in any of the four areas (Table 2), signatures of MJO precipitation on SSS can be identified
in some areas. For example, the dry condition during Phases 8–3 corresponds to positive SSS anomalies in
the northern box during phases 8–3 and southern box during phases 3 and 4. Similarly, the enhanced MJO
precipitation during Phases 4-6 corresponds to negative SSS anomalies in the western and northern boxes.
In the eastern box, however, precipitation signatures are not evident, because the SSS anomalies in this
region are dominated by wind-driven oceanic processes as discussed above. The prevailing westerly winds
during Phases 6–8 lead to eastward currents along the equator during Phases 7–1, which transport fresher
water from the west and produce negative SSS anomalies in the eastern box during Phases 8–3. Likewise,
easterly winds during Phases 2–4 lead to westward flows along the equator during Phases 3–5, producing
positive SSS anomalies during Phases 4–7 by bringing saltier water from the central PO to the eastern box.
In addition, anomalous meridional Ekman advection induced by zonal wind anomalies can affect SSS varia-
tions in the off-equatorial regions. For example, equatorial easterly winds during Phases 2–4 induce meridi-
onal current divergence particularly in the western box, which contributes to the positive SSS anomalies in
off-equatorial areas by carrying higher-salinity water poleward. Consistent with Table 2, these composite
maps suggest that the MJO causes SSS variations through both precipitation and wind stress-driven ocean
current advection, and the latter is particular important in the eastern box.

We further assess the effects of precipitation, wind stress, and wind speed during the evolution of the com-
posite MJO for each box (Figure 6). The composite cycles are plotted twice to better visualize the evolution
from Phase 8 to Phase 1. In the western box (Figure 6a), the precipitation effect has the largest amplitude
but it is out of phase with the wind stress and wind speed effects. The latter two are in phase. The offsetting
between precipitation and wind effects leads to weak total SSS anomaly (black), and only the maximum of
the total SSS anomaly during Phase 8 is statistically significant at 95% confidence level. The negative SSS
anomalies during Phases 4–6 are mainly produced by precipitation, and their magnitudes are greatly
reduced by the effect of winds. By contrast, in the eastern box (Figure 6b), the total SSS anomalies are domi-
nated by wind stress effect. Effects of precipitation and wind speed generally acts to attenuate the total SSS
anomaly, although wind speed effect contributes to the positive SSS anomaly in Phase 7 and the negative
one in Phase 3. The situation is reversed in the northern box (Figure 6c), where precipitation effect is most
important in producing SSS anomalies, while the total effect of winds acts to attenuate SSS anomalies pro-
duced by precipitation. In the southern box (Figure 6d), the total SSS anomalies are contributed from both
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wind stress and precipitation effects, leading precipitation effect by one phase and lagging wind stress
effect by one phase. Wind speed effect is relatively small here.

In summary, results from Table 2 and Figure 6 suggest that precipitation and wind stress are the two major
drivers of SSS ISV in the western tropical PO. Their relative importance shows significant spatial variations.
While wind stress-induced oceanic processes are the dominant forcing for the equatorial PO east of 1558E,
precipitation produces larger SSS anomalies in the northwestern tropical PO. In the far western equatorial
PO and southwestern tropical PO, they are of roughly equal importance. It should be noted that due to the
complex interaction among different processes, the sum of each effect does not exactly equal to the total
SSS ISV.

Wind stress effect on mixed layer salinity is mainly through horizontal advection and vertical entrainment.
Li et al. [2015] evaluated their relative contributions for 1558E–1658E, 58S–58N region and found that hori-
zontal advection is more important than vertical entrainment. Here we compute the two terms together
with the mixed layer salinity tendency @[S]/@t with MR output but for each of the four regions. Here bracket
[•] denotes the mean value of the surface mixed layer. Mixed layer advection (ADV) can be calculated as

ADV52½u ��S�; (2)

where u 5 (u, v) is the horizontal current vector, and �S 5 (@S/@x, @S/@y) is the horizontal gradient of
salinity.

Vertical entrainment term ENT is calculated as [Stevenson and Niiler, 1983],

ENT52
½S�2S2H

H
3ðw2H1

@H
@t

1u2H � rHÞ; (3)

where S-H and w-H are the salinity value and vertical velocity at the mixed layer base, @H/@t is the local MLD
tendency, and u-H��H is the MLD change induced by horizontal advection. The STDs of the 20–90 day ADV,
ENT, and @[S]/@t averaged in each of the four boxes are summarized in Table 3. While ADV has a significant
correlation with @[S]/@t in all the four areas, ENT is significant only in the western and eastern boxes. ADV
contribution is much larger than ENT in the eastern and southern boxes, where its magnitude accounts for
�90% of @[S]/@t, and its correlation with @[S]/@t is high (0.75 and 0.69). In the western and northern boxes,
ADV magnitude is below 50% of @[S]/@t and only slightly larger than ENT. Given that wind stress effect on
SSS ISV is more important in the eastern and southern boxes (Figure 6), we conclude that in the western
tropical PO wind stress effect on SSS ISV is primarily through ocean current advection, and to a lesser
degree through vertical entrainment, similar to the situation in the equatorial Indian Ocean [Li et al., 2015].

3.3. Seasonality of SSS ISV
The western tropical PO is subjected to strong influence of the East Asian Monsoon. Seasonal variation of
the ocean state can modulate the ocean response to MJO forcing. In addition, the amplitude, structure, and
propagation behaviors of the MJO also exhibit evident seasonality [e.g., Zhang, 2005], which can also leave
to the seasonality of SSS ISV. Figure 7 shows the seasonal anomaly of STD of 20–90 day SSS in DJF and JJA,
i.e., the deviation of STD value in a season from the all-season STD value. In DJF SSS ISV is reduced in the
northern hemisphere and enhanced in the southern hemisphere (Figure 7a), and the pattern is reversed in
JJA (Figure 7b). Aquarius SSS data during 2011–2014 show basically similar seasonal transition but with
many small-scale structures, which reflect mesoscale eddies that cannot be averaged out with the 3 year
Aquarius records (figures not shown). The seasonal variation of SSS ISV in Figure 7 reminisces that of MLD in

Table 3. STD Values of 20–90 Day Mixed Layer Salinity Tendency @[S]/@t, Salinity Advection Term ADV, and Vertical Entrainment ENT
Calculated With MR Outputa

Process Western Box Eastern Box Northern Box Southern Box

@[S]/@t 0.0091 psu/d 0.0074 psu/d 0.0065 psu/d 0.0071 psu/d
ADV 0.0044 psu/d (r50.49*) 0.0063 psu/d (r50.69*) 0.0032 psu/d (r50.31*) 0.0068 psu/d (r50.67*)
ENT 0.0036 psu/d (r50.64*) 0.0029 psu/d (r50.61*) 0.0025 psu/d (r50.19) 0.0025 psu/d (r50.16)

aCorrelation coefficients with @[S]/@t are shown in the brackets, and those significant at 95% confidence level are written bold and
marked with asterisks.
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Figures 4a–4d. Deeper (shallower) MLD in the northwestern tropical PO in DJF (JJA) leads to weaker (stron-
ger) SSS responses to various forcing processes. Likewise, local MLD change can also well explain the sea-
sonality of SSS ISV in the southwestern tropical PO. MLD is likely an important factor regulating the
seasonality of SSS ISV amplitude.

The amplitude (AMP) of SSS ISV can be quantified by the moving-window STD of the 20–90 day SSS,

AMP ðtÞ5
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
<½SSS20290ðt260 : t160Þ�2 > =n

q
; (4)

where SSS20–90(t - 60: t 1 60) is the 20–90 day SSS anomaly time series within the 121 day window between
t - 60 day and t 1 60 day, <•> denotes summation, and n 5 41 is the data sample number within the 121
day window. AMP can be computed for 20–90 day SSS from MR and from other solutions that isolate differ-
ent processes (Figure 8). The seasonal variation of AMP from MR (black) is large in the western and southern
boxes with a seasonal difference of 0.03–0.04 psu, which exceeds 50% of the annual-mean AMP value. AMP
variation is relatively weaker in the northern box with a 0.02 psu seasonal difference and is the weakest in
the eastern box where the seasonal cycle is within one standard deviation range.

In the western box (Figure 8a), SSS ISV is enhanced during May–August and weakened during December–
February. Such seasonal variation can be caused by both the seasonality of MJO forcing (precipitation, wind
stress, and wind speed) and that of the ocean state. During May–August MLD (grey line; scaled by the right
axis) is thinner than the winter value by �5 m, which might be one of the causes for the seasonal difference

Figure 9. Seasonal cycles of AMP of precipitation (blue), wind speed (green), and zonal wind stress (red). All variables are shown as normalized anomalies to achieve better comparison.
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in SSS ISV. Checking the AMPs of forcing fields suggests that ISV of local precipitation is enhanced during
summer months (Figure 9a), which may serve as another cause. Seasonal variation of MLD is much larger in
the other three areas and able to explain the SSS AMP seasonal cycle by a larger extent. In the eastern box
(Figure 8b), the thick MLD from December through March reduces AMP of total SSS, which is dominated by
wind stress effect (red). In the northern box (Figure 8c), large MLD during January–March also leads to small
AMP of total SSS. In the southern box (Figure 8d), MLD is thick (64–67 m) during July–September and thin
(< 55 m) during March–May, which is consistent with the variation in AMP of total SSS. Note that the impact
of MLD is not only on AMP of the total SSS but also on all the processes. On the other hand, ISVs of precipi-
tation and winds have strong seasonal variations (e.g., enhancement in boreal winter and reduction in
boreal summer in the southern box), which can also contribute to the seasonality of SSS ISV.

To separate the effects of seasonal variations of MJO forcing and the ocean state, we compute AMP of SSS
of the NoSeason experiment in which most of the seasonal ocean variations are removed, and seasonality
of SSS ISV arises primarily from the seasonality of MJO strength. Figure 10 compares the SSS AMP seasonal
cycles from MR (black) and NoSeason (pink). In all the four areas, AMP seasonal cycle of NoSeason is differ-
ent from that of MR, especially in the western and southern boxes. In these two boxes (Figures 10a and
10d), AMP seasonal cycle of NoSeason is similar in shape to that of MR, but its amplitude is much smaller. In
the eastern and northern boxes (Figures 10b and 10c), AMP exhibits weak semiannual variations, mimicking
AMPs of precipitation and winds (Figures 9b and 9c). The large difference between MR and NoSeason sug-
gests that seasonal variation of the ocean state is more important in regulating the seasonality of SSS ISV
than the strength of MJO forcing, particularly in the western and southern boxes. In the eastern and north-
ern boxes, the seasonality of SSS ISV is weaker and both factors have significant contributions.

Figure 10. Seasonal cycles of SSS AMP from MR solution (black) and NoSeason solution (pink). Grey (green) curves denote the MLD from MR (NoSeason) solution.
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The impact of the ocean state is largely through MLD changes, which is obvious in the eastern, northern,
and southern boxes. AMP difference between MR and NoSeason can be well explained by MLD. Thinner
(thicker) MLD always leads to an increase (decrease) in SSS AMP in MR. However, this relationship does not
seem to work well for the western box (Figure 10a). AMP of NoSeason is smaller than that of MR in all sea-
sons. Particularly, the huge difference during May–August is not likely due to MLD, given the small MLD dif-
ference between MR and NoSeason. Note that there are still some month-to-month changes in MLD in
NoSeason (green), which arise from ocean internal variability and rectification from MJOs [e.g., Duncan and
Han, 2012]. The enhancement of SSS ISV during these months may be induced by other ocean variations
besides MLD or the interaction between the ocean state and atmospheric forcing. One possible explanation
is that some of SSS ISV is generated out of the western box and thus not influenced by local MLD changes.
The major ocean currents around this area, such as the eastward NECC and the northwestward NGCC, are
all strengthened during boreal summer [e.g., Kuroda, 2000; Johnson et al., 2002; Yaremchuk and Qu, 2004]
(see also Figure 4). They can transport SSS anomalies from other areas to the western box. For instance, SSS
ISV is very pronounced in the Celebes Sea and New Guinea coastal area (Figure 1), and the two regions are
connected with the western equatorial PO via the NECC and NGCC. To test this hypothesis, we calculate the
20–90 day ADV using the NoSeason output. Its STD in May–August is 0.0033 psu/d, which is smaller than
the corresponding 0.0047 psu/d value in MR, and the difference is statistically significant at 95% confidence
level according to a two-tailed F test. In addition, enhanced regional circulation also gives rise to stronger
ocean internal instabilities, which may also enhance SSS ISV. Therefore, seasonal variation of ocean circula-
tion is likely one of the origins of SSS ISV seasonality. The complicated situation in this region demands fur-
ther investigation.

4. Summary and Discussion

In this study, we investigate intraseasonal (20–90 day) SSS variability in the western tropical PO by analyzing
Aquarius/SAC-D SSS data and performing HYCOM experiments. Strong SSS ISV with a STD of 0.12–0.20 psu
is detected in the western PO between 108S and 108N (Figure 1). In the high-STD region, SSS variations are
not spatially uniform but exhibit complex spatial structures. Characteristics and mechanisms of SSS ISV
show evident spatial variations. The observed SSS variations are well simulated by HYCOM forced by the
high-quality satellite atmospheric data for the 2002–2011 period. Comparisons with satellite and in-situ
observational data suggest that HYCOM can reasonably represent the upper-ocean processes associated
with SSS ISV in the western tropical PO.

Six parallel HYCOM experiments were performed to isolate effects of different processes. Surface forcing by
atmospheric intraseasonal oscillations, referred to as the MJO forcing because of its dominance, is responsi-
ble for most of the SSS ISV. The MJO-forced SSS variability has similar amplitude to, and is highly correlated
with, the total SSS ISV. The effect of ocean internal (unforced) variability plays a minor role. The MJO forcing
effects through precipitation, wind stress, and wind speed are separately evaluated. The results suggest
that precipitation and wind stress-driven oceanic processes (horizontal advection and vertical entrainment)
are the two major drivers of SSS ISV. They have comparable influence in the equatorial PO west of 1558E
and in the southwestern tropical PO. Wind stress effect dominates SSS ISV in the equatorial PO east of
1558E (eastern box of Figure 2), while precipitation effect is larger in magnitude in the northwestern tropical
PO (northern box). Wind speed effect through evaporation also has large magnitude, but it is negatively
correlated with the total SSS ISV. Further analysis suggests that wind stress affects mixed-layer salinity vari-
ability mainly through horizontal advection and to a lesser degree through vertical entrainment. Advection
is especially important in the equatorial PO east of 1558E, where wind stress effect dominates precipitation
effect due to the strong wind-driven anomalous currents and large mean SSS gradient.

The SSS ISV also exhibits strong seasonality in some areas, particularly in the western and southern boxes.
In boreal winter, SSS ISV is reduced in the northern hemisphere and enhanced in the southern hemisphere,
while in boreal summer the pattern is reversed. There are mainly two factors influencing this seasonality,
i.e., the strength of MJO forcing and the ocean background state. Effects of the two factors are separated by
the HYCOM NoSeason experiment in which seasonal and interannual variations in the ocean state are
removed. The SSS ISV seasonality in NoSeason is much smaller than that in HYCOM MR, indicating that sea-
sonal variation of ocean state plays a more important role in regulating the seasonality of SSS ISV.
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Particularly, the seasonal variation of MLD can explain much of the ISV amplitude changes. A thinner
(thicker) mixed layer leads to stronger (weaker) SSS ISV in response to various forcing processes. This effect
however does not work in the western box, particularly for the large intensification of SSS ISV during May–
August. The seasonality of SSS ISV during this season is likely affected by seasonal intensification of ocean
currents and the interactions between ocean variation and atmospheric forcing.

Our results suggest that at seasonal timescale, amplitude of SSS ISV is more sensitive to the ocean state
rather than to the MJO strength. This result indicates that realistic representation of the ocean background
state, such as the MLD, thermocline, and upper-ocean circulation, is crucial for the model simulation of the
mixed layer variability (e.g., SSS and SST) in response to the MJO. At present, the state-of-the-art climate
models still have difficulties in realistically simulating and forecasting the MJO behaviors and the related
SST variability [e.g., Lin et al., 2006; Xavier, 2012; Hung et al., 2013]. A more realistic ocean state will probably
improve the representation of intraseasonal variability of SST and SSS and their feedbacks to the MJO.
Strong SSS variability at intraseasonal timescales described in this study also implies variability in the upper-
ocean salt stratification. The existence and variability of the salt-stratified barrier layer play a vital role in the
mixed layer heat budget of the western PO warm pool region [e.g., Sprintall and Tomczak, 1992; Maes et al.,
2005]. Intraseasonal variability of barrier layer in the western tropical PO has not yet been explored. How
the barrier layer thickness varies during the MJO, what processes govern its variability, and to what extent it
influences SST variability are interesting themes for our future research.
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