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Abstract This paper finds a north‐south contrast of subsurface salinity trend during 2002–2013 in the
northwestern Pacific. Both Argo float data and long‐term repeat hydrographic measurements along the
137°E section show that salinity anomalies along the isopycnals of 24.5–25.4 kg/m3 exhibit a pronounced
decreasing trend north of 15°N and an increasing trend south of 15°N. We perform a quantitative analysis
based on satellite‐derived data and a qualitative analysis that used a lower‐order isopyncal salinity model
that represents key balance terms (i.e., evaporation E, precipitation P, and wind forcing advection). Both of
the analyses consistently show that the subsurface salinity anomalies in the north and south of 15°N are
induced by different physical processes. Fresher surface waters in the northwestern subtropical outcrop
region due to an excess freshwater supply (E− P < 0) contribute to the freshening of subsurface waters north
of 15°N. In contrast, saltier surface waters in the northeastern subtropical subduction region induced by a
deficit of freshwater (E − P > 0) and anomalous ocean circulation associated with the recent accelerated
trade winds of the tropical Pacific cause the saltiness of subsurface waters south of 15°N. The results imply
that the salinity north‐south contrast may play an important role in changing ocean thermocline structure
and upper ocean stratification in the northwestern Pacific.

Plain Language Summary Salinity, along with temperature and density, is a fundamental
variable for seawater and can be considered as a tracer of ocean circulation. Additionally, as an important
indicator of freshwater flux, salinity change is an essential measure of the hydrological cycle. The
observations show a north‐south contrast of salinity trends in the northwestern Pacific. This north‐south
contrast features will change upper ocean structure such as mixed layer depth and oceanic barrier layers and
ocean heat budget in the northwest Pacific, thus affecting the tropical cyclone and climate variability.

1. Introduction

Salinity is a fundamental variable for seawater and can be considered as a tracer of ocean circulation (e.g.,
Fedorov et al., 2007; Heffner et al., 2008). Additionally, as an important indicator of freshwater flux, salinity
change is an essential measure of the hydrological cycle (Boyer et al., 2007). Previous studies have shown
that a significant freshening of surface waters has been detected in the western tropical Pacific since the
1950s (Cravatte et al., 2009; Delcroix et al., 2011). This freshening might be a consequence of an increase
of the global hydrological cycle and a weakening of oceanic and atmospheric circulations (Chou et al.,
2007; Cravatte et al., 2009; Vecchi & Soden, 2007).

However, a remarkable intensification of surface winds in the tropical Pacific has been observed since 2001
(England et al., 2014; Medhaug et al., 2017), which has led to a cooling of surface waters and an enhanced
subsurface heat storage as well as rapid sea level rise in the western Pacific. However, because of the lack
of salinity observations, the salinity variability (especially subsurface salinity variability) and its response
to the recent intensification of surface winds in the tropical Pacific is still unclear.

Ocean salinity observations, in particular subsurface salinity observations, are recently made available from
Argo profiling floats (Roemmich & Steering, 2009). The growth of Argo observations in terms of spatial‐
temporal coverage, combined with more than 50 years of repeating hydrographic observations along the
137°E section from the Japan Meteorological Agency, allows to resolve the subsurface salinity variability
in the North Pacific (e.g., Li et al., 2012; Nagano et al. 2015; Nan et al., 2015; Ren & Riser, 2010; Sasaki
et al., 2010; Yan et al., 2012, 2013, 2017). For instance, based on Argo salinity from 2001 to 2008, Sasaki
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et al. (2010) found the salinity anomalies along the isopycnals were generated and subducted in the north-
eastern subtropical North Pacific (120–150°W), and these anomalies could then be advected southwestward
to the western boundary and equatorial regions by the mean geostrophic current. Using Argo‐based Grid
Point Values of the Monthly Objective Analysis (MOAA GPV) data set, Li et al. (2012) and Kolodziejczyk
and Gaillard (2012) also found that the pronounced salinity anomalies were generated in the outcrop areas
of the northeastern subtropics and were advected to the western boundary and equatorial regions and then
affected thermal variations in the equatorial Pacific.

Similarly, using Argo‐observed salinity, Yan et al. (2013, 2017) and Nan et al. (2015) analyzed the subsurface
salinity variability in the northwestern subtropical Pacific. Their results showed that the subsurface salinity
variability in the northwestern subtropical Pacific exhibited a pronounced freshening trend. This freshening
is remotely connected to the surface salinity anomalies in the northwestern subtropical outcrop region (30–
35°N, 130–160°E) by subduction and thermocline advection. Based on 50‐year‐long observations along
137°E in the western North Pacific subtropical gyre, Oka et al. (2017) observed freshening trend and decadal
salinity variability in the western North Pacific subtropical gyre and found this variability was originated in
the winter mixed layer in the Kuroshio Extension region and was transmitted to 137°E 1–2 years later in
association with the subduction and advection of subtropical mode water.

Although the salinity anomalies in the northwestern subtropical Pacific and their advected characteristics
have been investigated by Yan et al. (2013, 2017), Nan et al. (2015), and Oka et al. (2017), variability of sub-
surface salinity in the northwestern tropical Pacific is still unclear, especially for the recent intensification of
surface winds in the tropical Pacific. In addition, does the subsurface salinity variability in the northwestern
tropical Pacific show a similar change to that in the northwestern subtropical Pacific? If not, what controls
the different variations? The purpose of this paper is to answer these questions. The paper is organized as
follows. Section 2 provides a description of the data used in this study. Section 3 presents the results, which
include the main pattern of salinity variability in the northwestern Pacific and its dynamical mechanism. A
summary is given in Section 4.

2. Data

The monthly mean 1° × 1° temperature and salinity fields, known as the MOAA GPV based mainly on Argo
observations, were compiled by Hosoda et al. (2008). In this study, we used the updated MOAA GPV tem-
perature and salinity for the period 2002–2013. The accuracies of temperature and salinity data of Argo floats
are 0.005 °C and 0.01 psu, respectively (Hosoda et al., 2008). In addition, in situ observations by conductivity‐
temperature‐depth along 137°E repeat hydrographic section provided by the Japan Meteorological Agency
are also used. The ship‐based hydrographic observation along the 137°E meridian across the western
North Pacific from 34°N south of Japan to 3°N off New Guinea since 1967 for winter and since 1972 for sum-
mer has been providing an unprecedented body of periodical observation data covering more than 50 years.
Temperature and salinity data from the section are widely used to clarify long‐term changes of currents and
water masses in relation to climate variability. Evaporation (E) from the Objectively Analyzed air‐sea Fluxes
project was provided by the Woods Hole Oceanographic Institution (Yu &Weller, 2007), while precipitation
(P) came from the Global Precipitation Climatology Project. The 10‐m winds from the European Centre for
Medium‐Range Weather Forecasts (ECMWF) are used, as are sea surface height and geostrophic velocity
anomalies provided by Archiving Validation and Interpretation of Satellite Oceanographic Data on a
0.25° × 0.25° resolution, which were produced and distributed by the Copernicus Marine and
Environment Monitoring Service (http://www.marine.copernicus.eu). In addition, the Ocean Surface
Current Analysis of Real‐time (OSCAR) near‐surface ocean currents is used, which is generated by the
Earth and Space Research. OSCAR near‐surface ocean currents are derived using quasi‐linear and steady‐
flow momentum equations (Bonjean & Lagerloef, 2002). The horizontal velocity is directly estimated from
sea surface height, surface vector wind, and sea surface temperature. In order to study subduction mechan-
isms, we use the velocity outputs from an eddy‐resolving Ocean General Circulation Model for the Earth
Simulator (OFES; Sasaki et al., 2004). The OFES covers most of the oceans (75°S–75°N), with a horizontal
resolution of 0.18° in longitude and latitude and 54 levels in the vertical direction. Here the monthly mean
hindcast outputs from 2002 to 2013 were used. All data sets were interpolated to the same resolutions, and
the anomaly in each month is defined as the deviation of climatologic mean over the period of 2002–2013.
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Being a function of the ranks of the observations rather than their actual values, theMann‐Kendall trend test
is not affected by the actual distribution of the data and is less sensitive to outliers. Thus, the Mann‐Kendall
test is more suitable for detecting significant trends in hydrological time series (Hamed & Rao, 1998) and is
used for trend analysis in this study.

3. Results
3.1. North‐South Contrast of Subsurface Salinity Anomalies

To investigate the temporal and spatial variability of salinity anomalies in the northwestern Pacific, we per-
form the empirical orthogonal function (EOF) analysis for salinity anomalies at the sea surface and at the
subsurface. The subsurface of 24.5‐ to 25.4‐kg/m3 isopycnals, corresponding to ~50‐ to 100‐m depth north
of 15°N and ~150‐ to 300‐m depth south of 15°N, is chosen because it is associated with a level of strong sali-
nity variability and subduction (Nan et al., 2015; Yan et al., 2013; Yan et al., 2017). Figure 1 shows the first
EOF (EOF1) of salinity anomalies and its corresponding time series. As shown in Figure 1a, the first EOF,
which explains 53% of the total variance, exhibits a significant north‐south contrast distribution with a
negative sign north of 15°N and a positive sign south of 15°N. The corresponding time series shows an
increasing trend from 2002 to 2013 (see black curve of Figure 1c), suggesting that the subsurface waters
are getting fresher north of 15°N. This freshening is consistent with those of Li et al. (2012), Yan et al.
(2013), Sugimoto et al. (2013), and Nan et al. (2015). On the contrary, south of 15°N, there is a saltier trend
with subsurface salinity increasing from 2002 to 2013. This north‐south contrasting trend is also found at
the surface, but with freshening extending a little bit to the equator along the western boundary
(Figures 1b and 1c).

To further illustrate this contrasting behavior, the linear trend of salinity anomalies along the meridional
section of 137°E is also analyzed (Figure 2). The choice of the 137°E section is made because it is a repeat
hydrographic observation section. In addition, it exactly passes through these contrasting regions (see
Figure 1, green line). The surface waters become fresher north of 15°N, and this freshening further extends
southward and penetrates to the deep ocean (Figure 2; see the blue contour). In the south, the waters become
saltier in the upper ~300 m, with maximum increase at the subsurface (~150 m), in contrast to the maximum

Figure 1. (a) The spatial patterns of the first empirical orthogonal function mode (EOF1; 53% of the variance) of salinity anomalies averaged over the 24.5‐ to 25.4‐
kg/m3 isopycnals (SALσ); (b) same as (a) but for sea surface salinity (SSS) anomalies; and (c) the corresponding time coefficients of EOF1 for SALσ and SSS
anomalies. The averaged isopycnals Montgomery geostrophic streamlines (in unit of m2/s2) over 24.5–25.4 kg/m3 are shown by the black curves. The 137°E section
is shown by the dashed green line.
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freshening that occurs at the surface (Figure 2). This result is consistent with that of Figure 1 and indicates a
robust north‐south contrast of subsurface salinity trend in the northwestern Pacific.

3.2. Observed Causes of the North‐South Contrast

What causes the prominent north‐south contrast of subsurface salinity trend in the northwestern Pacific? To
answer this question, we consider the factors that control the salinity distribution. In general, the salinity
distribution in the ocean is influenced by evaporation, precipitation, isopycnal advection, eddy diffusion,
and double diffusion (Bauer & Siedler, 1988). Because this study focuses on O (1,000 km) scale variations,
the salinity variability due to eddy diffusion and double diffusion are not discussed although it may be large
for submesoscale ocean processes. Thus, evaporation, precipitation, and the isopycnal advection are
considered here.

Figure 3a shows the trends of evaporation (E) minus precipitation (P) and surface winds. During the period
of 2002 to 2013, an excess freshwater supply (E − P < 0) was observed along the western boundary of the
Pacific from 30°S to 30°N, including the South China Sea and eastern part of the Indian Ocean. In addition,
an excess freshwater supply was also found in the southeastern Pacific and the northwestern subtropical
Pacific (north of 15°N and west of 180°E; Figure 3a, shaded). In the rest of the Pacific, E − P did not exceed
0.2 cm/year, and a deficit of freshwater (E − P > 0) was seen in the tropical Pacific and the northeastern
Pacific. This E − P trend pattern is consistent with that of sea surface salinity (SSS) anomalies (see
Figure 1b) and that of freshwater forcing (Du et al., 2015), suggesting that air‐sea freshwater exchange is
indeed a dominant contributor for the SSS anomalies in the northwestern Pacific.

The subsurface salinity anomaly has also been changed in the northern Pacific, but its trend pattern does not
match well with that of surface freshwater (see Figures 1a and 3a). The mismatching of surface freshwater
(E − P) and the subsurface salinity trend implies the potential impact of ocean dynamics such as wind for-
cing and subduction processes. A careful examination of surface wind, which is closely related to ocean
advection and subduction, showed that the surface wind in the Pacific increased substantially in both the
tropics and the northeastern Pacific (Figures 3a and 4a, vectors). The increase of surface wind in the tropics

Figure 2. Linear trends (psu/10 years) of salinity anomalies along the 137°E section for (a) Argo‐based Grid Point Values
of the Monthly Objective Analysis and (b) the oceanographic observation obtained by Japan Meteorological Agency
research vessels from 2002 to 2013. The climatological potential density and salinity are shown by the cyan and pink
curves, respectively. The dots indicate that the trend is statistically significant at the 95% level.
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Figure 3. (a) Trends of E − P (cm/year) and surface wind (m·s−1·year−1; vectors); (b) trend of sea‐level anomalies (SLAs; cm/year) and climatological mean of winter
(December, January, and February) surface wind stress curl (N/m3; contours) with positive and negative values in black and cyan curves, respectively; (c) trends of
ocean surface zonal current (U, cm·s−1·year−1); and (d) meridional current (V, cm·s−1·year−1) from the Ocean Surface Current Analysis of Real‐time (OSCAR) during
2002–2013. The regions with dots and vectors in (a) and (b) and the shaded regions in (c) and (d) are statistically significant at the 95% significance level.

Figure 4. Trends of (a) mixed layer depth (MLD; m/year); and (b) subduction rate (m/year2) and the Montgomery geos-
trophic streamfunction referred to 2,000 dbar (gray contours) along the 24.5‐ to 25.4‐kg/m3 isopycnals based on the Argo
observations during 2002–2013. The annual subduction rate (Rann), which is calculated by tracing water parcels released

at the base of the winter mixed layer for 1 year in a Lagrangian framework, is expressed as: Rann ¼ − 1
T ∫

t2

t1wmbdt− 1
T

hm t2ð Þ−hm t1ð Þ½ �, where T represents the time period of integration; t1 and t2 are the end of the first and second winter,

respectively; hm is the MLD; and wmb is the vertical velocity at the base of the mixed layer. The dots indicate that the trend
is statistically significant at the 5% level. The subduction zones of the northeastern and northwestern subtropics are
shown by the green box (18–30°N, 150–120°W) and red box (30–35°N, 130–160°E), respectively.
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and the northeastern Pacific is consistent with that of England et al. (2014, their Figure 2a) and Du et al.
(2015, their Figure 1d).

The increase of surface winds in the tropics leads to the changes of sea‐level anomalies (SLAs; Figure 3b) and
that of ocean circulation (Figures 3c and 3d). SLA drops in the eastern central Pacific but rises in the western
Pacific. At the same time, there is an increase of eastward oceanic zonal flows in the tropical North Pacific
(Figure 3c) at the sea surface, suggesting an acceleration of ocean circulation in the tropical Pacific.

The increase of tropical surface winds also drives the increase of mixed layer depth (MLD; Figure 5a) in the
subduction zone of the northeastern subtropics (18–30°N, 150–120°W; green box) and northwestern tropics
(0–10°N, 120–160°E). At the same time, a deeper MLD is also found in the northwestern subtropical subduc-
tion zone (30–35°N, 130–160°E; red box) although the local surface winds are not accelerated there (see
Figure 3a). A change in the strength of subsurface stratification caused by a convoluted path of the
Kuroshio Extension and by a shallowing of the main thermocline depth due to oceanic Rossby waves may
be the main reason for the deeper MLD in this region, as suggested by Sugimoto and Kako (2016) who used
observational data and simulation outputs from a one‐dimensional turbulent closure model.

The deep MLD is favorable for the winter mixed layer waters to subduct into the thermocline (Qiu & Huang,
1995). The increasing MLD leads to higher rate of subduction in the northeastern and northwestern subtro-
pical subduction regions (Figure 4b). The higher rate of subduction thus causes the fresher surface water in
the northwestern subtropics (see Figure 3a) to subduct into the thermocline and be advected toward the east-
ern Luzon Strait along the southwestward thermocline pathway, as suggested by Yan et al. (2013, 2017) and
Nan et al. (2015). This result is also consistent with that of Oka et al. (2017) who showed that the freshening
trend and decadal salinity variability observed in the western North Pacific subtropical gyre were originated
in the winter mixed layer in the Kuroshio Extension region and were transmitted to 137°E 1–2 years later in
association with the subduction and advection of subtropical mode water. At the same time, the increase of
MLD in the northeastern subtropics also favors an increase of subduction (Figure 4b), leading to saltier sur-
face waters subducted here (see Figure 3a). These saltier waters are advected southwestward below the sur-
face to the western boundary and equatorial regions along the mean geostrophic current (see also the

Figure 5. Time‐longitude plot of sea‐level anomalies (SLAs; cm) averaged along 13–14°N latitudinal band from (a) the
1½‐layer reduced‐gravity model and (b) from Archiving Validation and Interpretation of Satellite Oceanographic Data
(AVISO) observations.
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streamlines south of 10°N in Figure 4b), as suggested by Sasaki et al. (2010), Li et al. (2012), and
Kolodziejczyk and Gaillard (2012).

In summary, the qualitative analyses suggested that SSS anomalies induced by anomalies of E – P and sea
surface wind (and ocean circulation) during the period of 2002–2013 will contribute to the north‐south con-
trast of subsurface salinity trends via two different southwestward thermocline pathways in the
northern Pacific.

3.3. A Dynamical Explanation for the North‐South Contrast

FollowingMcDougall (1987) and Kilpatrick et al. (2011), salinity anomaly on a constant σθ isopyncal surface
can be written as

∂S
0
=∂t þ uσθ ⋅∇σθS

0 þ u0σθ ⋅∇σθS ¼ FS
0 þℜ (1)

where S', denoted with a prime, and S, denoted with an overbar, are anomaly and climatologic mean of sali-
nity, respectively; t is time;uσθ andu

0
σθ are the climatological mean and anomaly of oceanic circulation along

the isopycnal surface, respectively;∇σθ ¼ ∂
∂x þ ∂

∂y is taken along σθ isopycnal surfaces; FS
' is the surface fresh-

water flux forcing; andℜ ¼ u0σθ ⋅∇σθS
0
−u0σθ ⋅∇σθS

0 . For the small and mesoscale eddies in the ocean, the sali-
nity variance due to ℜ may be large and cannot be neglected. Because this study focuses on the scales of O
(1,000 km), ℜ can be neglected when the subsurface salinity is calculated.

To evaluate the role of oceanic circulation variability in the salinity variability, we adopt in this study the
1½‐layer reduced‐gravity model that governs the baroclinic ocean response to surface wind forcing. This
model has been used extensively in investigating the SLA or equivalently the upper ocean circulation varia-
bility in the tropical and midlatitude Pacific Ocean (e.g., Capotondi et al., 2003; Kessler, 1990; Qiu, 2003;
White, 1977). The model dynamics are governed by the linear vorticity equation under the long‐wave
approximation

∂η
∂t

−cR
∂η
∂x

¼ g′

ρg
∇×

τ!
f

� �
−εη (2)

where η is the SLA; cR = − βg′H/f2is the speed of long baroclinic Rossby waves; x is the longitudinal coordi-
nate, g′ is the reduced gravity; ρ is the reference density; τ!is the wind stress; f is the Coriolis parameter; and ε
is the Newtonian damping rate. Integrating equation (2) from the eastern boundary (xe) along the baroclinic
Rossby wave characteristic, we have (Qiu, 2003)

η x; y; tð Þ ¼ η xe; y; t−
x−xe
cR

� �
exp −

ε x−xeð Þ
cR

� �

þ g′

ρ0gfcR
∫
x

xe
k
!
⋅∇×τ x′; y; t−

x−x′

cR

� �
exp −

ε x−x′
� �
cR

� �
dx′

(3)

The first term on the right‐hand side of (3) represents the influence of SLAs propagating from the eastern
boundary as Rossby waves; the second term represents the sea surface height anomalies due to the surface
wind forcing.

Since the first baroclinic mode dominates the large‐scale geostrophic motion in the thermocline, the long‐
wavelength approximation is justified and the horizontal currents are in geostrophic balance (Qiu, 2003):

u0 ¼ g
f
k
!
×∇η (4)

Then equation (1) can be rewritten by replacing u' as

∂S0adv=∂t þ uσθ ⋅∇σθS
0
adv ¼ FS

0
−

g
f
k
!
×∇η

0
� �

⋅∇σθS (5)

where k
!

is the unit vector in the vertical direction; FS
' = [SSSA(t − t0) − dy⋅|∇SSS| (t − t0)]/dt with dy

¼ −SSD t−t0ð Þ−SSD t−t0ð Þ
∣∇SSD t−t0ð Þ∣ . Here dy is the displacement of the isopycnal outcrop, which is frequently influ-

enced by local heat and freshwater flux variability; t0, the delay time, is defined as the advection time from
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subduction to the focus region (Li et al., 2012; Oka et al., 2017; Sasaki et al., 2010; Yan et al., 2013, 2017), for
example, 1–2 years for the region north of 15°N and 4–5 years south of 15°N; and SSD is the surface density.

The magnitude of SSS gradient is defined as ∇SSS ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∂S=∂xð Þ2 þ ∂S=∂yð Þ2

q
. Note that equation (5) only

applies to long‐wavelength variability generated in the thermocline away from the surface where u'

includes higher‐frequency Ekman currents. Then equation (5) can be rewritten as

∂S0adv
∂t

¼ FS
0|{z}

SSSA forcingð Þ

−
g
f
k
!
×∇η0

� �
⋅∇σθS|fflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

U0
adv

forcingð Þ

−uσθ ⋅∇σθS
0
adv|fflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflffl}

Uadv forcingð Þ
(6)

The first term on the right‐hand side of equation (6) represents the influence of surface freshwater flux for-
cing (FS

'); the second and third terms represent the contribution of oceanic circulation anomalies
(U'adv_forcing) and ocean mean circulation (Uadv forcing) along the isopycnal surfaces.

Using equation (6), we can calculate the relative contribution of surface freshwater flux forcing and oceanic
circulation anomalies to the salinity changes on the isopycnal surface. However, before doing this, we need
to first assess the skill of equation (3) in describing variability in the focus region. In evaluating equation (3),
we set g′ = 0.03 m/s2 (Qiu, 2003). The wave speed of the first baroclinic long Rossby wave (cR) is calculated
based on Chelton's first baroclinic Rossby radius of deformation data (Chelton et al., 1998). The dissipation
rate ε is 1/(6 years) according to Qiu (2003). The eastern boundary sea level, h(xe, y, t), is determined by the
monthly altimetric SLA in the grid cells closest to the eastern boundary. Wind stress curl is calculated using
wind stress derived from ECMWF‐Interim sea surface wind speed.

Figure 5 shows time‐longitude diagrams of observed and modeled SLAs (period >1 year) averaged from
13°N to 14°N. Both observed and simulated SLAs show a westward extension. In addition to the good agree-
ments near the eastern boundary, sea‐level signals in the west are also similar to that of observation. Figure 6
shows the point‐to‐point correlation coefficients between sea level from satellite observations and 1½‐layer
reduced‐gravity model during 2002–2013. Except the narrow bands located at the northeastern subtropical
Pacific and tropical Pacific along ~0°N, correlations are positive and significant with r > 0.4, indicating
the capability of the model to simulate large‐scale and low‐frequency sea‐level fluctuations in the
North Pacific.

The relative role of surface freshwater flux forcing (FS
') and oceanic circulation (U'adv_forcing and Uadv

forcing) to the salinity variability along isopyncals is now quantitatively analyzed. From Figure 7a, we can
see that the prominent negative FS

' trends are shown in the subduction zone of the northwestern

Figure 6. Point‐to‐point correlation coefficient between low‐frequency (period >1 year) sea level from satellite observa-
tions and the 1½‐layer reduced‐gravity model during 1993–2013.
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subtropics (25–30°N, 150–180°E), while positive FS
' trends are seen in the

northeastern subtropics (18–30°N; 180–140°W). The largest positive sali-

nity trends induced by U'
adv_forcing (U 0

σθ ⋅∇σθS ) occur in the tropical

Pacific (south of ~10°N; Figure 7b). This region corresponds to the maxi-
mum acceleration of sea surface winds as found above (Figure 3a).
Compared with that south of ~10°N, the salinity variability induced by

U'
adv_forcing (U 0

σθ ⋅∇σθS) in the region north of ~15°N is much smaller

and almost equal to 0. These results are consistent with those of qualita-
tive analyses (Figure 3a), implying that the surface wind anomalies play
a significant (insignificant) impact on the subsurface water variability
south (north) of ~15°N. Differing from that of wind anomalies, the salinity

anomalies, which are advected by ocean mean circulation (Uadv forcing:

Uσθ ⋅∇σθS
0
), plays an important role in modulating the isopyncal salinity

anomalies north of ~15°N (Figure 7c).

Because many previous studies have indicated that the surface salinity
anomalies generated in the outcrop areas of the northeastern (northwes-
tern) subtropics can be advected to the regions south (north) of 15°N via
southwestward geostrophic current and then affect subsurface salinity
variations by using the Hovmöllor diagram (e.g., Li et al., 2012; Sasaki
et al., 2010; Yan et al., 2013, 2017), in this section, we only show the time
variability of observed isopyncal salinity anomalies (SALAσθ) for the north
(south) of 15°N (see box of N and S) and that of the simulated anomalous

ocean circulation advection (U 0
σθ ⋅∇σθS) and mean oceanic circulation (Uσθ

⋅∇σθS
0
) calculated along the paths of southwestward mean current (see

Figure 9, Paths 1 and 2). In the regions north of 15°N (Figure 8a), the sali-
nity anomaly induced by anomalous ocean circulation (Figure 8a, blue
curve) is far smaller than that of observation (Figure 8a, black curve).
Compared with that of anomalous ocean circulation, salinity anomalies

Figure 7. The trends of salinity anomalies induced by (a) sea surface salinity
anomalies forcing (the first term on the right‐hand side of equation (6));
(b) wind‐induced ocean circulation anomalies forcing (the second term);
and (c) ocean mean circulation forcing (the third term) along the isopycnal
surfaces for the period of 2002–2013.

Figure 8. (a) The time variability of isopyncal salinity anomalies (SALAσθ ; black line) for the box N, which is shown in
Figure 7a, and that of anomalous ocean circulation advection (U 0

σθ ·∇σθS; blue line) and surface salinity anomalies in
the subduction region advected by the mean oceanic circulation (Uσθ ·∇σθS

0
; red line) along Path 2 (see Figure 9, blue

arrow). (b) Same as (a) but for the box S along Path 1 (see Figure 9, red arrow).
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induced by the mean oceanic circulation (Figure 8a, red curve) are more larger with its magnitude almost
equivalent to that of observations, although some discrepancy with observation is also shown. This result
suggests that salinity anomalies induced by the mean oceanic circulation may be the dominant factor of
the subsurface waters in the north of 15°N. In the region south of 15°N (Figure 8b), in addition to mean ocea-

nic circulation contribution (Uσθ ⋅∇σθS
0
; red line), the wind‐induced ocean circulation anomalies (U 0

σθ ⋅∇σθS;

blue line) also play an important role in the saltiness of subsurface water in the region south of 15°N.

4. Summary

The observations fromArgo and the repeat hydrographic section along 137°E show a north‐south contrast of
salinity trend along the isopycnals of 24.5–25.4 kg/m3 in the northwestern Pacific. The north‐south contrast
is characterized by the pronounced subsurface water freshening north of 15°N and saltiness south of 15°N.

Both qualitative and quantitative analyses suggest that the subsurface salinity anomalies north and south of
15°N are induced by different mechanisms. In the region north of 15°N, the freshening of subsurface water is
mainly dominated by the salinity anomalies of the subduction region via mean ocean circulation. In the
region south of 15°N, the subsurface salinity anomalies are not only related to saltier surface waters in the
northeastern subtropical subduction region but also related to the ocean circulation anomalies induced by
the recent acceleration of surface trade winds. As summarized in the schematic plot of Figure 9, anomalous
freshening surface water, which was induced by an excess freshwater supply (E− P < 0) in the northwestern

subtropical Pacific and was subducted and advected by mean ocean circulation (U, blue arrow), contributed
to the subsurface salinity freshening in the region north of 15°N. On the contrary, the saltier surface water
was induced by a deficit of freshwater (E − P > 0) in the northeastern subtropics and was subducted and

advected by a mean ocean circulation (U , red arrow). This saltier water, combined with anomalous ocean
circulation (U'), which was generated by the recent acceleration of surface trade winds during the period
of 2002–2013, made contribution to the subsurface water saltiness in the region south of 15°N.

In summary, this paper finds a trend pattern of the north‐south contrast of subsurface salinity in the north-
western Pacific andmechanisms for causing it. Since salinity variability in the western Pacific changes upper
ocean structure such asMLD and oceanic barrier layer, it thus can affect ocean heat budget (Kolodziejczyk &
Gaillard, 2012; Li et al., 2012). Further investigations of the north‐south contrast of subsurface salinity
anomalies and its possible relationships with ocean heat budget and tropical cyclones may help us improve
the forecast of the tropical cyclone intensity in the northwest Pacific.

Figure 9. Schematic diagram of physical processes that contribute to the subsurface salinity anomalies in the region north
and south of 15°N. The contour represents the trends of E − P (cm/year); the vectors show the trends of surface wind
(cm·s−1·year−1); the orange vertical dashed line shows the 137°E section; the horizontal yellow dashed line shows the
boundary north and south of 15°N; and the colors denote the trend of E − P. The salinity anomalies in the northwestern
(northeastern) subduction region were advected by the mean circulation along Path 2 in blue (Path 1 in red).
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