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Abstract

Using a gridded array for real-time geostrophic oceanography (Argo) program float dataset, the features of upper-
ocean salinity stratification in the tropical Pacific Ocean are studied. The salinity component of the squared
Brunt-Viisild frequency N2 (N?2) is used to represent salinity stratification. Layer-max N2 (LMN), defined as the
N2 maximum over the upper 300 m depth, and halocline depth (HD), defined as the depth where the N2
maximum is located, are used to specifically describe the intensity of salinity stratification. Salinity stratification in
the Topical Pacific Ocean has both spatial and temporal variability. Over the western and eastern equatorial
Pacific, the LMN has a large magnitude with a shallow HD, and both have completely opposite distributions
outside of the equatorial region. An obvious seasonal cycle in the LMN occurs in the north side of eastern
equatorial Pacific and freshwater flux forcing dominates the seasonal variations, followed by subsurface forcing.
At the eastern edge of the western Pacific warm pool around the dateline, significant interannual variation of
salinity stratification occurs and is closely related to the El Nifo Southern Oscillation event. When an El Nifo
event occurs, the precipitation anomaly freshens sea surface and the thermocline shoaling induced by the
westerly wind anomaly lifts salty water upward, together contribute to the positive salinity stratification anomaly
over the eastern edge of the warm pool. The interannual variations in ocean stratification can slightly affect the

propagation of first baroclinic gravity waves.
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1 Introduction

The tropical Pacific Ocean (TPO) is an extremely important
component of the global ocean. Both the Intertropical Conver-
gence Zone (ITCZ) and the South Pacific Convergence Zone (SP-
CZ) are located in the TPO, and they together form the largest
rainfall center in the world. Precipitation can largely affect ocean
property by changing upper-ocean salinity. The associated vari-
ability in upper-ocean salinity and its impact on ocean-atmo-
sphere interactions have been studied extensively. As a crucial
property of ocean, salinity can be a good tracer for investigating
ocean dynamic processes. Additionally, as an important com-
ponent of the global water cycle, ocean salinity can act as a rain
gauge (Alory et al., 2012; Yu, 2011) and indicate the budget of
ocean freshwater.

Compared with the large number of temperature observa-
tions, field observation data of ocean salinity are relatively scarce,
which has led to the long-term lack of research on ocean salinity.
This situation has been substantially changed recently. With the
successful launch and operation of salinity exploration satellites,
such as Aquarius by the National Aeronautics and Space Admin-
istration (NASA) (Lagerloef et al., 2008), soil moisture and ocean
salinity (SMOS) by the European Space Agency (ESA) (Font et al.,

2010) and Soil Moisture Active Passive (SMAP) L-band mi-
crowave onboard radiometer by NASA (Entekhabi et al., 2010),
multiscale variations of sea surface salinity (SSS) now can be in-
vestigated in detail. Moreover, the Array for Real-time Geo-
strophic Oceanography (Argo) program, which began from the
early 21st century, collected ocean salinity from surface to deep
ocean and has been running for more than 16 years, which is
much longer than other satellite program (Roemmich et al.,
2009). With the extension of temporal and spatial distributions of
the Argo profiles, scientists now have a better opportunity to un-
derstand the 3D structures of ocean salinity.

Many previous studies have already described the sea surface
salinity (SSS) variability at seasonal, interannual and decadal
time scales in the TPO. A dramatic SSS front around the eastern
edge of the western Pacific warm pool has been discussed in pre-
vious studies (Bosc et al., 2009; Delcroix and Hénin, 1991; Del-
croix and McPhaden, 2002; Qu et al., 2014; Qu and Yu, 2014;
Singh et al., 2011). The SSS front moves zonally at interannual
timescales associated with the El Nifio Southern Oscillation (EN-
SO) (Bosc et al., 2009; Qu et al., 2014; Qu and Yu, 2014), and its
longitudinal location can capture the ENSO signal; thus, it can be
anew index to identify types of El Nifio events (Qu and Yu, 2014).
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Zhi et al. (2019c) showed that the salinity results differed between
two extreme El Nifio and one weak EI Nifio in the western-cent-
ral equatorial Pacific. Zhi et al. (2019b) revealed that the ob-
served mixed layer salinity tendency leads El Nifio by 12 months
due to the influence of freshwater flux. Guan et al. (2019) sugges-
ted that a dipole structure of mixed layer salinity in the western-
central equatorial Pacific is a characteristic of El Nifio-La Nifa
asymmetry. In addition to the western part of the equatorial Pa-
cific, salinity fronts also occur under the boundary of the ITCZ
and the eastern Pacific fresh pool (Kao and Lagerloef, 2015). The
long-term trend of the SSS has also been investigated by previ-
ous studies. Du et al. (2015) revealed that there is a significantly
increasing salinity trend in the western tropical Pacific during
2004-2014 based on Argo float data and they indicated that the
intensification of the Walker circulation accounted for this SSS
trend. Under a climate change background, Du et al. (2019) eval-
uated the close relationship between SSS and climate change un-
der the condition of global warming and its recent hiatus.

Vertical salinity stratification in the Pacific Ocean has been a
focus of ocean scientists as well. A number of studies have
demonstrated that strong salinity stratification exists on the west
side of the western Pacific warm pool SSS front, and it can gener-
ate a thick barrier layer (Luka and Lindstrom, 1991; Sprintall and
Tomczak, 1992; Vialard and Delecluse, 1998; Wang and Liu,
2016). The variability in barrier layer thickness (BLT) is a hot re-
search issue since it can influence air-sea interactions by trap-
ping both heat and momentum in a shallow layer (Godfrey and
Lindstrom, 1989). Salinity stratification can also be linked to
ocean dynamic processes. Chen et al. (2018) indicated that the
annual amplitude and phase of subsurface salinity show an obvi-
ous signal in the equatorial current system and wave propaga-
tion. Zhi et al. (2019a) investigated the warm “Blob” in the north-
eastern Pacific during the winter of 2013/2014 and they sugges-
ted that salinity variability accounted for about 60% of the mixed
layer depth (MLD) shoaling. Previous studies have also found
that subsurface salinity usually presents a similar response to El
Nifio events as SSS. The strong freshwater anomaly during the
2015/2016 El Nifo (Gasparin and Roemmich, 2016) and the reas-
on for the failed 2014/2015 El Nifio (Chi et al., 2019) can be prop-
erly explained by salinity under the surface.

Vertical stratification or vertical stability of the ocean was ori-
ginally quantified by the gradient of density. However, previous
researchers have noted that it is not suitable to define the vertical
stability of the water column by using only the vertical gradient of
potential density (e.g., McDougall, 1987). Currently, the squared
Brunt-Viisild frequency N? is primarily used to describe ocean
stratification, and it has been widely applied in many studies.
Helber et al. (2012) estimated the transition layer thickness as the
distance between the mixed layer depth and the deepest N?
value, which is equal to half of the maximum N? that occurs in
the profile. In Maes (2008), a method was proposed that makes
use of the dependency of the squared Brunt-Viisild frequency
N?(T, S). By separating the impact of temperature from N?, the
layer where salinity stratification plays a key role in N? can be
isolated. This method has been applied in other studies by divid-
ing N? into N2 and N%. Zheng and Zhang (2012) indicated that
during the 2007/2008 La Nifia event, the positive salinity anom-
aly in the western-central Pacific played a more significant role
than negative temperature anomaly in destabilizing the upper
layers. Maes and O'Kane (2014) identified global seasonal variab-
ility in ocean salinity stratification (OSS as defined by the upper-
300 m averaged positive N2) and illustrated that regions without
permanent barrier layer may also existing strong salinity stratific-

Duan Wei et al. Acta Oceanol. Sin., 2021, Vol. 40, No. 1, P. 113-125

ation (large OSS). Guimbard et al. (2017) explained that N2 can
better explain the shoal of pycnocline than N7 in the 2014/2015
rainy seasons over the central equatorial Pacific. Moreover, the
role of N? variability on the baroclinic Rossby radius (\) was
studied by Chelton et al. (1998), and they found that changes of
N? had a limited contribution toward A\(1%-2%) at seasonal time
scale.

The upper-ocean mixed layer is where air-sea interactions oc-
cur. At the base of the mixed layer, temperature or salinity
changes rapidly with depth, leading to a large vertical gradient.
Isothermal/isohaline layer depth, or the thermocline/halocline
depth, is defined as the depth where temperature/salinity
changes quickly. Many important oceanic physical processes oc-
cur in the thermocline, such as internal waves. The depth of the
thermocline has received much attention, but an accurate defini-
tion of thermocline depth is still disputed. Many previous studies
have been performed to determine the best method to define the
thermocline depth specifically and quantify the thermocline
depth. Luka and Lindstrom (1991) used a temperature gradient
criterion of 0.05°C/m for the top of the thermocline. Sprintall and
Tomczak (1992) fixed the thermocline depth as a temperature
threshold of 0.5°C. Lorbacher et al. (2006) used the curvature cri-
terion to define the thermocline depth. Chu and Fan (2011)
provided a maximum angle method to determine the mixed/iso-
thermal layer depth.

Compared to the thermocline, the isohaline layer depth (or
halocline depth) has received less attention. The lack of salinity
data and the view that salinity is not crucial to determining ocean
properties are responsible for the lack of research. Helber et al.
(2012) defined the isohaline layer depth as a salinity threshold
that is equal to a density increase of 0.2°C. This method is applic-
able when temperature and salinity data are sufficient, but com-
plexities make it difficult to be widely used.

It is well known that the salinity stratification in TPO play an
important role in the ocean dynamics and air-sea interaction.
However, most of previous studies on salinity stratification are
mainly focused on the barrier layer in the western Pacific warm
pool (Bosc et al., 2009; Godfrey and Lindstrom, 1989; Luka and
Lindstrom, 1991; Sprintall and Tomczak, 1992; Vialard and Dele-
cluse, 1998; Wang and Liu, 2016). Additional studies about vari-
ability in salinity stratification are focused on the upper-layer
averaged N% (Maes, 2008; Maes and O’Kane, 2014; O’Kane et al.,
2016), with either rare data or different regional extent. So to
date, the temporal and spatial variations in upper-ocean salinity
stratification in the TPO, as well as the related mechanisms, have
not been fully studied. 16 years of Argo observations are avail-
able, which can be used to reveal the variability in salinity strati-
fication accurately.

In this study, the magnitude and the depth location of the
maximum N3 over the upper layer are used to specifically de-
scribe the intensity of salinity stratification, which is believed to
be a new thought from previous studies. The main purpose of
this study is to describe the spatial and temporal variability of up-
per ocean salinity stratification in the TPO and mechanisms con-
trol these variations. The content of this manuscript is arranged
into five sections. Section 2 describes the data and methodology;
Section 3 describes the observed climatological features of sever-
al physical phenomena; Section 4 describes the salinity stratifica-
tion variations, summarizes the main seasonal-interannual fea-
tures of other relatively well-known climatic variables, identifies
their contributions to salinity stratification and shows the inter-
annual variability in 1st baroclinic gravity-wave phase speed; and
Section 5 summarizes and discusses the main results.
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2 Data and methodology

2.1 Data

The development of the Argo program in the early 21st cen-
tury provided us with a good opportunity to study ocean stratific-
ation, especially for salinity stratification. In this investigation, 14
years (January 2004 through December 2017) of gridded Argo
temperature and salinity data were obtained from the China Argo
Real-Time Data Center, and this dataset is named BOA_Argo (Lu
etal., 2020). There are 58 vertical layers in the dataset, and they
range from the sea surface to a depth of 2 000 m (vertical resolu-
tion ranging from 10 m between the surface and a depth of 200 m
to 100 m between depths of 1 700 m and 1 975 m), with an inter-
polated spatial resolution of 1°x 1° and a monthly temporal resol-
ution. An original PROVOR Argo float located at (2.4°S, 170.7°E)
on 26 September 2013 was employed. World Ocean Atlas 2013
(WOA13) version 2 seasonal climatology temperature and salin-
ity data are used as well.

The ERA-Interim synoptic monthly mean 10-m wind field
data from the European Centre for medium-range weather fore-
casts (ECMWEF) are used (Simmons et al., 2006). Precipitation
data are from the Global Precipitation Climatology Project (GP-
CP) version 2.3 (Adler et al., 2018). Evaporation data are derived
from the Woods Hole Oceanographic Institution (WHOI) object-
ively analyzed air-sea flux (OAFlux) version 3 monthly dataset
(Yu et al., 2008). Surface current data are from the ocean surface
currents analyses real-time (OSCAR) one third degree resolution
ocean surface currents dataset, version 2009 (Bonjean and Lager-
loef, 2002). All datasets are processed at a 1°x 1° spatial resolu-
tion and a monthly temporal resolution.

2.2 Analyses
2.2.1 Mixed-layer salinity budget
The mixed-layer salinity budget combines the works of Feng

et al. (1998), Yu (2011) and Hasson et al. (2013) and is used to
diagnose the variation in salinity:

S-S
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where S, represents the surface salinity, u and v represent the
surface zonal and meridional currents, i represents the mixed
layer depth, w, represents the Ekman pumping velocity, S_j, rep-
resents the salinity at the base of the mixed layer, and « repres-
ents the diffusion coefficient.

The left-hand side of Eq. (1) gives the temporal variation in
mixed layer salinity. The first term on the right-hand side is the
advection term or the salt transport term due to the surface cur-
rent. The second term on the right-hand side is the freshwater
forcing term due to precipitation and evaporation. The last two
terms on the right-hand side show the vertical entrainment and
diffusion terms, which are considered together as subsurface for-
cing (Hasson et al., 2013; Zhi et al., 2019b). Here, the mixed layer
depth (denoted by £) is defined as the minimum of the isopycnal
layer depth and the isothermal layer depth with a temperature
threshold of 0.5°C (Sprintall and Tomczak, 1992). In this mixed
layer salinity equation, the effect of river runoff is not considered.

2.2.2 Salinity stratification

In this study, temperature and salinity components in
squared Brunt-Viisili frequency N? were separated, following
Maes (2008), and attention was mostly focused on N%. The meth-
ods used to calculate N2 are as follows:

N = gaT, — gfS, = N>+ N&, ?)
N; = goTz, 3
N = —gps., )

where g represents the gravity acceleration; o represents the
thermal expansion coefficient, which expresses the change in
density for a given change in temperature; f represents the
haline contraction coefficient, which expresses the change in
density for a given change in salinity; T, represents the vertical
temperature gradient; S, represents the vertical salinity gradient.

05 (425,,05) @B _, +xVS, (1)
ot O0x oy h ) VS Figure 1 gives the profile of salinity, g, £, dS/dz and N2 by a
PROVOR Argo float located at (2.4°S, 170.7°E) on 26 September
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Fig. 1. Vertical profiles of salinity (a),g (b), 8(c), ? (d) and N% and N (e) from a single PROVOR Argo float located at (2.4°S, 170.7°E)

on 26 September 2013. Blue dotted line in e indicates the halocline depth (HD) and magnitude between two asteroidal marks in e

shows the layer-max N? (LMN).
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2013. Salinity is nearly uniform in the upper 135 m and then in-
creases to a maximum at a depth of 165 m and after that, salinity
begin to decrease with increases of depth (Fig. 1a). Both the grav-
ity acceleration g and haline contraction coefficient f increase
with increases of depth (Figs 1b and c). The vertical gradient of
salinity (dS/dz) shows substantial noises in the upper few meters
(Fig. 1d). To avoid diurnal salinity variations near the surface due
to precipitation or river discharge, in this study, the top reference
level of the computation is mostly fixed at a depth of 10 m. There
is a negative value of dS/dz between 130 m and 160 m, which in-
dicates a salinity-stratified layer, while a positive value of dS/dz
exists below 160 m, where salinity plays a role in destabilization.
The profile of N is basically opposite to that of dS/dz (Fig. 1e), so
positive N} (130-160 m) shows the salinity-stratified layer. Ac-
cording to the definition, the halocline depth (HD) is the depth
where salinity changes fastest vertically. Since N} can represent
the vertical gradient of salinity, the depth where N% reaches its
maximum is defined as HD. The magnitude of N2 at HD is named
as the layer-max N} (LMN) since it represents the maximum
value of N% in the upper-layer (0-300 m in this study).

N2 is consisting of three parts: the gravity acceleration g, the
haline contraction coefficient # and the salinity gradient (dS/dz).
Amplitude of variations in g and f in the upper 300 m is about
0.001 m/s? and 0.000 02 psu-!, respectively (Figs 1b and c).
Among them, only / is affected by temperature. The impact of
temperature variability on £ is very small, which indicates the
contribution of temperature to N can be neglected. The relation
between N and dS/dz is approximately linear. In Fig. 1e the pro-
file of N4 is shown as well. It can be observed that temperature
stratification is larger than salinity stratification, or to say that the
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150° 120° 90°
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temperature contributes more to the total stratification than sa-
linity. Their respective contribution can be estimated by the mag-
nitude of N2 and N%. Compared with dS/dz, N2 is more appropri-
ate to quantificationally describe the ocean salinity stratification,
which can be also used to estimate its contribution to total strati-
fication.

3 Climatology

3.1 Horizontal and vertical distributions of salinity

A salinity discrepancy between the southern and northern
tropical Pacific can be observed at all levels, with saltier water in
the south and fresher water in the north (Fig. 2). At the surface
level, the wind-evaporation-SST (WES) positive feedback pro-
cess maintains the climatological position of the ITCZ north of
the equator (Xie, 1999, 2004), and the accompanying heavy rain-
fall in the ITCZ reduces salinity at the ocean surface north of the
equator. Along the continental coasts of Central American con-
tinental coast, river runoff associated with coastal rains contrib-
utes approximately 30% of the freshwater inputs to the ocean (Al-
ory et al., 2012). For the subsurface ocean, the maximum salinity
center systematically migrates westward along with depth by the
joint role of subtropical gyres and mesoscale eddies (Chen et al.,
2018). South Pacific tropical water (SPTW) can subduct equator-
ward through the western boundary or through the interior path-
way and form salty water at surface and subsurface of equatorial
region (Qu et al., 2013).

Figure 3 shows the horizontal distribution of N} at different
depths during 2004-2017. There is a relatively weaker hemispher-
ic discrepancy than that of salinity. With the climatological posi-
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Fig. 2.

Long-term (2004-2017) mean salinity distribution at depths of 0 m (a), 50 m (b), 100 m (c), 150 m (d), 200 m (e) and 300 m (f).
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Fig.3. Long-term (2004-2017) mean N2 distribution at depths of 5 m (a), 50 m (b), 100 m (c), 150 m (d), 200 m (e) and 300 m (f).

tion of the ITCZ north of the equator, the N value in the North-
ern Hemisphere is larger than that in the Southern Hemisphere
at the surface layer. N} reaches its maximum at a depth of ap-
proximately 50 m in the eastern Pacific and approximately
50-100 m in the western Pacific (Figs 3b and c). The magnitude of
N%is particularly large in the western and eastern equatorial Pa-
cific compared to other regions. Outside the equator below the
maximum N2 depth, considerable negative N2 values exist, which
indicates the unstable salinity layer (Figs 3d-f).

The vertical distribution of salinity along the equator
(2.5°S-2.5°N) is shown in Fig. 4a. The maximum salinity is loc-
ated at approximately 150 m in the western equatorial Pacific and
gradually shoals to 100 m in the eastern region (black line in Fig. 4a).
In the western equatorial Pacific, a water mass saltier than 35.4 psu
exists under the surface fresh water. This salty water mass cre-
ates very strong salinity stratification upward and negative salin-
ity stratification below (Fig. 4b). In the central equatorial Pacific,
isohaline outcrops around the dateline and salinity stratification
are relatively weak. The isohaline outcrop is believed to have a
great impact on water mass exchange between the central and
western Pacific by subducting salty water from the central Pacific
to the subsurface of the warm pool (Bosc et al., 2009; Luka and
Lindstrom, 1991; Wang and Liu, 2016). In the eastern equatorial
Pacific, fresh water is limited to a shallower layer.

Figure 4b shows the vertical distribution of N2 along the
equator (2.5°S-2.5°N). Large N? exists in the upper 100 m of west-
ern equatorial Pacific and in the upper 50 m of eastern equatori-
al Pacific, which indicates very strong salinity stratification. Con-
tours of the ratio of Nz over N? are superimposed in Fig. 4b,

which indicates the significance of salinity stratification over the
total ocean stratification. Salinity stratification plays a very im-
portant role in the upper 100 m layer in the western equatorial Pa-
cific, where N%/N? is large. When N%/N? exceeds 50%, the contri-
bution of salinity stratification is larger than that of temperature
stratification in a sense.

Salinity has large amplitude of variations in the upper layer of
western equatorial Pacific and eastern equatorial Pacific, with
standard deviation of approximate 0.4 psu (Fig. 4c). The spatial
pattern of the standard deviation in N2 along the equator has
some discrepancy to that of salinity (Fig. 4d). For example, in the
upper layer (10-30 m) of western equatorial Pacific where salin-
ity has large STD, N% has relatively small STD compare with the
layer beneath it. The reason for this difference is that mixed layer
depth is mostly deeper than 30 m in this region. Salinity in the
mixed layer varies synchronously so its vertical gradient changes
slightly.

3.2 Climatological means of the LMN and HD

LMN and HD, which were defined in Section 2, were calcu-
lated using gridded Argo data. The climatological magnitude of
the LMN shows a strong spatial difference (Fig. 5a). In the east-
ern Pacific fresh pool (EPFP) and western Pacific warm pool
(WPWP) with small SSS, the LMN is larger than it is in other re-
gions. The LMN is extremely large in the EPFP, which is associ-
ated with very fresh surface water (<34 psu, Fig. 2). In the sub-
tropical gyre outside the rainfall zone, the LMN becomes very
small. In contrast, the HD is deep outside the equatorial region
and shallow within the equatorial region (Fig. 5c). In the north-
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Fig. 5. Spatial distributions of the long-term mean LMN (a), standard deviation of the LMN (b), long-term mean HD (c) and standard

deviation of HD (d) during 2004-2017.

east and southeast subtropical Pacific, the LMN is close to 0, and
HD can be deeper than 150 m.

Maes and O’Kane (2014) have revealed the seasonal variabil-
ity in positive upper-layer averaged N%, which is defined as OSS.
The variability in the LMN and the depth where the LMN is loc-
ated have received less attention. The standard deviations (STD)
of the LMN and HD are presented in Figs 5b and d, respectively.
STD of both LMN and HD are proportional to their long-term
mean values to a large extent, as the spatial patterns of their STD
are similar to those of long-term mean. The STD of the LMN is
approximately half of its mean value over the WPWP and EPFP.
With the existence of a thick barrier layer over the WPWP and
large freshwater input over the EPFP, the mechanism that con-
trols the variations in the LMN in the eastern and western sides
may be different. In the northeast and southeast subtropical
Pacific, the HD has a large magnitude of STD, and in these areas
associated with a very small LMN, a slight variation in salinity
accounts for a large fraction, resulting in a sensitive change in HD.

3.3 Climatological oceanic and atmospheric physics
Figure 6a shows the spatial distribution of climatological

mean evaporation (OAFlux) minus precipitation (GPCP). It is
evident that regions with large LMN and shallow HD fit well with
the positions of the ITCZ and SPCZ, where large amounts of pre-
cipitation exceed evaporation. Heavy rainfall stabilizes the upper
layer and increases the N4 in a shallow layer, so large precipita-
tion capacity in these regions is responsible for these distribu-
tions to a great extent. Over the EPFP, the coastal rain near the
Cordillera can flow along the coastal mountain slop and bring
freshwater to the ocean (Alory et al., 2012). Outside the rainfall
zone, evaporation instead of precipitation dominates the distri-
bution of salinity, thus forming salty surface water, weakening
the salinity stratification and then creating a region with small
LMN and deep HD, especially in the southeast and northeast
tropical Pacific (Fig. 5). Freshwater forcing term in Eq. (1)
- w shows the magnitude of ocean salinity variations
induced by freshwater flux. The climatological spatial pattern of
the freshwater forcing term is similar to that of E-P (Fig. 6b).
The spatial distribution of the climatological mean OSCAR
surface currents is shown in Fig. 7a. The main current system in
this region includes the westward North Equatorial Current,
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South Equatorial Current and eastward North Equatorial Coun-
tercurrent, which are well presented. Most of strong currents
with large velocity are limited in the equatorial region (10°S-

10°N). The horizontal advection term in Eq. (1) <— (u% + vZ—j) )
is shown in Fig. 7b. Generally, there is a latitude band with a
tendency of salinity to increase slightly north of the equator (near
5°N) and a tendency of salinity to decrease on both the north and
south sides of this latitudinal band. This latitudinal band coin-
cides well with the climatological position of the ITCZ (Fig. 6a). It
is evident from Fig. 2a that the meridional gradients of salinity
between this band and its northern/southern side are large. With
surface currents moving in a poleward direction in this latitudin-
al band, freshwater can be transported to the north and south
sides of the band. The magnitude of horizontal advection term is
comparable to that of the freshwater forcing term, indicating that
the advection term also plays an important role in the salinity
budget, especially around the equator.

Following Hasson et al. (2013), who considered the term on
the left-hand side of Eq. (1) to be zero for the mean state, the sub-
surface forcing term is then the residual value of the freshwater
flux term and advection term. The mean subsurface forcing term
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face forcing term in Eq. (1) (_we

other two terms (Fig. 8).
4 Seasonal-to-interannual variability

4.1 Seasonal cycle
A harmonic analysis is used to investigate seasonal variations
in the LMN during the period of 2004-2017 (Fig. 9). The annual
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amplitude is close to the standard deviation of the LMN, which
indicates the importance of annual variations among the total
variations in the LMN. The strongest annual variability is located
over the north side of eastern equatorial Pacific (Fig. 9a, Region
A, 6°-16°N, 145°-90°W) where both the mean value and standard
deviation of the LMN are significant. A moderate annual signal
can also be observed over the south side of eastern equatorial Pa-
cific Ocean (Fig. 9a, Region B, 10°-3°S, 118°-88°W). The semian-
nual amplitude of LMN is less than half of the annual amplitude
in most regions (Fig. 9b). It should be mentioned that both the
annual and semiannual amplitudes are especially large in the
Panama Bight (blue box in Figs 9a and b, 1°S-9°N, 88°-78°W).
With the existence of Panama gap wind (Xie et al., 2005), mon-
soon rainfall and river discharge (Alory et al., 2012), dynamics in
this region may be very complex and multiscale. These processes
are beyond the scope of this discussion and will be investigated
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in the future.

Figure 9c shows the annual phase of the LMN. There is an ob-
vious difference in the annual phase between the eastern and
western equatorial Pacific. The LMN reaches its peak value in
March-April over the eastern equatorial region and in Septem-
ber-December over the western equatorial region and the ITCZ.
In terms of the semiannual phase, a phase difference of approx-
imately 3 months between the western and eastern equatorial
Pacific can be well identified (Fig. 9d).

To better understand the specific seasonal evolution of salin-
ity stratification and its related physical mechanisms, April, July,
October and January are used to represent boreal spring, sum-
mer, autumn and winter, respectively. Figure 10 shows the spa-
tial distribution of LMN anomaly relative to its long-term mean
value in aforementioned four months. The most discernible fea-
tures of the LMN anomaly occur in boreal spring and autumn,
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Fig. 9. Amplitude of the annual (a) and semiannual variations (b) in the LMN, and phases of the annual (c) and semiannual
variations (d) in the LMN corresponding to the day of the year when the LMN is at a maximum for the period January 2004 to
December 2017. White boxes in a indicate Region A (6°-16°N, 145°-90°W) and Region B (10°-3°S, 118°-88°W), respectively. Blue box in

a and b indicate the Panama Bight region.
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January (d). Black boxes indicate Region A (6°~16°N, 145°-90°W) and Region B (10°-3°S, 118°-88°W), respectively.
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with a large negative (positive) LMN anomaly in April (October)
over Region A. There is an obvious seesaw pattern between the
Region A and Region B, with smaller amplitude in Region B.

Different physical processes may be responsible for the sea-
sonal evolution of salinity stratification. A mixed-layer salinity
budget was used to diagnose the processes that controlled the
seasonal variations. Seasonal cycles of each term in Eq. (1) in Re-
gion A are shown in Fig. 11 by removing their annual mean val-
ues. The mixed layer salinity tendency is negative during April
and October. The accumulative mixed layer salinity decreasing
forms a salinity minimum in October over Region A, which is well
represented in Fig. 10c as a large positive LMN anomaly. During
October to April, mixed layer salinity in Region A increases con-
tinually and gets it maximum in April. That explains why a
remarkable negative LMN anomaly exists in April over Region
A (Fig. 10a).

The most consistent tendency with the mixed layer salinity
tendency is the freshwater flux term, which has a negative anom-
aly from May to October (Fig. 11). The accumulated freshwater
inputs freshen the surface water continually in Region A and
form the large positive LMN anomaly in October. The freshwater
flux term shows a contrasting pattern from November to follow-
ing April, thereby salinizing sea surface and generating a negat-
ive LMN anomaly in April. These results indicate the direct role
of freshwater flux on the surface layer salinity, as described by Zhi
et al. (2015). The likely possible mechanism that accounts for the
seasonal variations of freshwater flux is the south-north immigra-
tion of the ITCZ and the accompanying movement of the rainfall
center in the North Hemisphere.

Previous studies have illustrated that freshwater flux forcing
can explain the variations in salinity to some extent but not com-
pletely (Qu et al., 2011; Du et al., 2019), ocean dynamics control
the rest of salinity variation. The subsurface forcing term has a
positive anomaly from June to October and negative anomaly
from January to April, which restrains the freshening effect of the
freshwater flux term (Fig. 11). Compared to the former two terms,
seasonal cycle of horizontal advection term in Region A is much
weaker.

4.2 Interannual variability

The global climate phenomenon, El Nifio Southern Oscilla-
tion, occurs in the study region, and it may have an impact on sa-
linity stratification. The spatial distribution of the correlation
coefficient between the LMN and the Nifio 3.4 index is provided
in Fig. 12a. The LMN has a positive correlation with Nifio 3.4 over
the western-central equatorial Pacific around the dateline and
negative correlations in the southwestern and northwestern trop-
ical Pacific. In the eastern Pacific, their correlation is not signific-

— 0S/0t — advection — freshwater flux ——subsurface_forcing
02 term term term
0 F
70.2 -

Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec.
Fig. 11. Seasonal cycles of the regionally averaged 0S/0¢
(psu/month), advection term, freshwater flux term and subsur-
face forcing term anomaly in Region A (6°-16°N, 145°-90°W) rel-
ative to their long-term mean value.

ant. This pattern is consistent with the regression coefficients of
SSS with the Nifio-S34.8 index in Qu and Yu (2014) (see their Fig. 4b),
which indicates the importance of SSS in regulating the upper-
ocean salinity stratification. Nevertheless, the relationship
between salinity stratification and ENSO events is somewhat dif-
ferent from SSS and ENSO. ENSO affects salinity stratification
only in the western-central Pacific, while ENSO influences SSS in
the eastern Pacific as well. The differences show the influence of
subsurface salinity on salinity stratification in the eastern Pacific
with relatively shoal halocline. Figure 12b shows the time series
of the normalized regionally averaged LMN and Niiio 3.4 index in
the western-central equatorial Pacific (Fig.12a, black box). Posit-
ive LMN anomaly exists in all El Nifio years (2004/2005,
2006/2007, 2009/2010, 2015/2016) and the correlation coefficient
between LMN and Nifio 3.4 index in this region can reach 0.72.

Figure 13a shows the Hovmoller diagram of the LMN anom-
aly with the seasonal cycle removed within the equatorial band
(2.5°S-2.5°N). In the western-central equatorial Pacific, the LMN
anomaly shows a good correlation with ENSO. During the win-
ters of 2004, 2006, 2009 and 2015, when El Nifio reached its ma-
ture phase (Fig. 13e), a large positive LMN anomaly occurred
along the eastern edge of the warm pool. In the mature phase of
the 2015/2016 extreme El Nifio, this positive salinity stratification
anomaly became more distinct. During La Nifia events, a negat-
ive anomaly of LMN occurred in the same region.

Figures 13b-d show the Hovmoller diagram of the E-P anom-
aly, thermocline depth (considered as 20°C isotherm depth, Z20)
anomaly and zonal wind anomaly with their seasonal cycle re-
moved within the equatorial band (2.5°S-2.5°N). During El Nifio
events, atmospheric convection center moves eastward so strong
freshwater anomaly is occurred in the western-central equatorial
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Fig. 12. Spatial distribution of the correlation coefficient

between Nifio 3.4 and normalized LMN (a), and time series of the
regionally averaged normalized LMN in western-central equat-
orial Pacific (4°S-10°N, 155°E-165°W; black box in a) and the
Nifo 3.4 index during 2004-2017 (b). In a, the correlation coeffi-
cients which are not significant at the 95% confidence level are
not shown.
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Pacific (Qu et al., 2014; Zhi et al., 2015), which freshened the up-
per ocean and increased the vertical salinity gradient (Fig. 13b).
In addition to the freshwater forcing, SSS front in this region will
move eastward and spread the fresh pool due to the horizontal
advection during El Nifio (Bosc et al., 2009). Moreover, thermo-
cline shoals during El Nifio in the western-central equatorial Pa-
cific and brought saltier water upward to the subsurface (Fig. 13c).
The joint role of surface freshening and subsurface salting caused
this strong positive salinity stratification anomaly. The westerly
wind anomaly in the central Pacific accounts for the thermocline
fluctuations during El Nifio by driving eastward downwelling
Kelvin waves and westward upwelling Rossby waves (Fig. 13d).

4.3 Interannual variability in the baroclinic gravity-wave phase
speed
The propagation velocity of gravity wave in the tropical Pa-
cific is well related to ocean stratification. The gravity wave speed

a b c
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140°E 170°W 120°W

Duan Wei et al. Acta Oceanol. Sin., 2021, Vol. 40, No. 1, P. 113-125

can be calculated as follows:

1 0
C, = N (z)dz,

=) &)
where C,, is the phase speed of the n-th baroclinic gravity wave
(Chelton et al., 1998; Cai et al., 2008), H is the water depth and N
is the Brunt-Vdisidld frequency. In this study, the first baroclinic
gravity wave phase speed Ci is derived using global Argo gridded
data and WOA13 seasonal climatology data.

Figure 14a shows the spatial distribution of long-term mean
C1, which shows a spatial difference in the tropical Pacific, with
faster speeds in the west and slower speeds in the east. Both ver-
tical stratification and water depth differences are responsible for
this spatial discrepancy. Since N can be separated into temperat-
ure and salinity, the salinity part of the first baroclinic gravity
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Fig. 13. Hovmoller diagrams of the LMN anomaly (a), E-P anomaly (b), 20°C isotherm depth anomaly (Z,,, c) and zonal wind
anomaly (d) during the period of 2004-2017 with seasonal cycles removed within the equatorial band (2.5°S-2.5°N), and Nifio 3.4

index for the period 2004 to 2017 (e).
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wave phase speed (Ci(S) hereafter) is also calculated (Fig. 14b).
C1(S) is only a fraction of C; in the equatorial region considering
the dominant temperature feature at low latitudes.

Interannual variability in C; and C;(S) are presented here by
considering their relationships with El Nifio. It is evident that the
propagation of the first baroclinic gravity wave is well influenced
by El Nino. Ci increases along the equatorial Pacific and de-
creases over the far western tropical Pacific during El Nifio events
(Fig. 14c). The correlation between C; (S) and Nifio 3.4 index are
similar to which between LMN and Niiio 3.4 index (Figs 12a and
14d), indicating that the interannual variation of LMN can affect
C:(S) to some extent.

Figure 15 gives the time series of phase speed in the western
Pacific (5°S-5°N, 140°-170°E), central Pacific (5°S-5°N, 170°-
140°W) and eastern Pacific (5°S-5°N, 110°-80°W) (black boxes in
Fig. 14). It can be observed that salinity stratification plays an im-
portant role in the interannual variability of gravity wave speed
over the western Pacific (Fig. 15a). With eastward progression,
temperature stratification gradually dominates this impact
(Figs 15b and c). In the central Pacific Ocean, a strong interannu-
al signal with an ENSO-like pattern is observed (Fig. 15b). During
the 2015/2016 El Nifio period, a relatively large positive anomaly
of C; (~0.15 m/s) and C;(S)(~0.1 m/s) occurs during the mature
phase of El Nifo. In the eastern TPO, the magnitude of the C;(S)
anomaly becomes very small, which means that the interannual
variations in temperature stratification instead of salinity strati-
fication dominate the variability of the first baroclinic gravity
wave (Fig. 15c). The amplitude of the C; anomaly is less than 5%
of the mean C;, which is similar to that derived from NODC and
LOC data in Chelton et al. (1998).
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Fig. 15. Time series of the C; (red bar) anomaly and C, (S) (blue
bar) anomaly in the western Pacific (a, left black box in Fig. 14)
central Pacific (b, middle black box in Fig. 14) and eastern Pacific
Ocean (c, right black box in Fig. 14). All seasonal cycles are re-
moved.

5 Summary

Long-term gridded Argo dataset provides a good opportunity
for us to describe the spatial and temporal variability in salinity
stratification in the tropical Pacific Ocean. From the point of
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views of climatology, seasonal variation and interannual vari-
ation, some interesting conclusions are obtained.

Generally, salinity is low in the northern TPO and high in the
southern TPO. The hemispheric discrepancy in salinity in the up-
per layer is primarily due to the difference in evaporation and
precipitation between the two hemispheres. Salinity has a vertic-
al maximum at the subsurface in the TPO with a depth of approx-
imately 100-150 m. The role of salinity stratification is especially
important among the total ocean stratification in the upper layer
of the western Pacific Ocean, where a thick barrier layer exists.

Salinity stratification is specifically quantified as the LMN and
HD in this investigation. LMN and HD have opposite spatial pat-
tern in climatology, with large LMN and shallow HD exist in the
western Pacific warm pool and eastern Pacific fresh pool. The
LMN varies significantly in the upper layer and shows an obvi-
ous seasonal cycle in the north side of eastern equatorial Pacific.
The freshwater flux forcing plays a crucial role in these seasonal
variations, followed by the subsurface forcing. Interannual vari-
ability in salinity stratification associated with ENSO is signific-
ant in the western-central equatorial Pacific. Precipitation anom-
aly associated with the thermocline shoaling by the westerly wind
anomaly lead to the salinity stratification anomaly. Interannual
variations in ocean stratification can slightly affect the first baro-
clinic gravity-wave phase speed.

Salinity are received more and more attentions recently. In
fact, there are many discrepancies between ocean temperature
and ocean salinity. Despite both salinity and temperature vary
with atmospheric forcing, their mechanisms are quite different.
The heat content and SST can interact with atmospheric convec-
tion through a coupled process. However, the change in salinity
stratification has no direct impact on the atmosphere, while feed-
back among salinity stratification, SST and precipitation does.
Therefore, the influence of atmospheric forcing on salinity strati-
fication is nonreversible, which is an important insight. There are
many potential discoveries in ocean salinity from both dynamic
and thermodynamic perspectives. Understanding the character-
istics of upper-ocean salinity stratification may help improving
the simulation of many other processes in ocean-atmosphere
coupled models in the foreseeable future.
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