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Recent satellite observations reveal that the annual cycles of tropical sea surface salinity (SSS) minimum (Smin)
and subtropical SSS maximum (Smax) are phased locked, with the former leading the latter by six months. The
evidence suggests an interconnected nature between the salinity extrema, motivating an investigation into the
underlying mechanisms. It is found that the poleward Ekman transport, driven by trade winds, stands as a pivotal
conduit linking the influence of tropical freshwater to high salinities in the subtropical oceans. Two key aspects
are central to the operation of this advective oceanic pathway. One is the annual formation of the near-equatorial
Smin zones by Ekman convergence of the freshwater sourced from the double Intertropical Convergence Zones.
The other is the advection time taken by Ekman transport traveling at an average speed of approximately 7 cm
s™1. This speed allows the near-equatorial salinity anomalies to be carried to the subtropical Smax fringes in six
months, aligning closely with the observed semi-annual phase shift between Smin and Smax. During El Nino -
Southern Oscillation (ENSO) warm and cold episodes in recent decade, poleward propagation of near-equatorial
low salinity anomalies was particularly prominent, leading to substantial surface freshening in the subtropical
Pacific. Interestingly, the latitudinal spread of the ENSO-triggered SSS anomalies is confined within the domain
of the poleward Ekman transport. This confinement reaffirms the inherent connection between the tropical Smin
and subtropical Smax regions, shedding light on the intricate interplay between oceanic processes, the water
cycle, and SSS distributions.

A Plain Language Summary

Traditionally, tropical salinity minima (Smin) and subtropical
salinity maxima (Smax) are considered as separate entities due to their
distinct characteristics and geographical separation. However, recent
analysis of satellite sea surface salinity (SSS) observations reveals that
the two SSS extrema are phase connected on an annual basis, with the
tropical Smin leading the subtropical Smax by six months. Motivated by
this compelling evidence, the present study sets to explore the inter-
connected nature of tropical and subtropical salinities and to identify the
underlying mechanisms that govern this connection. The study found
that the poleward Ekman transport, driven by the prevailing tropical
trade winds, serves as an essential oceanic pathway, tying the influence
of tropical freshwater to the subtropical oceans. The rainfall associated
with the double Intertropical Convergence Zones provides the essential
freshwater source for the formation of a Smin zone in each basin. Once
formed, these near-equatorial salinity anomalies are transported pole-
ward by Ekman currents, reaching the equatorial flanks of the sub-
tropical Smax centers in about six months. The time required for Ekman
salinity advection aligns closely with the observed six-month phase shift
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in the seasonal cycles between Smin and Smax. By elucidating this
oceanic pathway, the study expands our understanding of the intrinsic
connection between tropical low salinities and subtropical high salin-
ities. These insights suggest the need to reevaluate methodologies for
deriving information about changes in the ocean water cycle from SSS
observations.

1. Introduction

One of the most striking features of global sea surface salinity (SSS)
patterns is the contrast between the minimum SSS (hereafter Smin) in
the tropical ocean and the maximum SSS (hereafter Smax) in the sub-
tropical ocean. Excessive evaporation in subtropical high-pressure belts
leads to salt build up at the surface, forming five subtropical Smax
centers, one in each open basin (Gordon et al. 2015; Johnson et al.
2016). Conversely, excessive precipitation in the tropical ocean freshens
surface waters, creating east-west aligned tropical Smin zones parallel to
the Intertropical Convergence Zone (ITCZ) and South Pacific Conver-
gence Zone (SPCZ) (Delcroix et al., 1996; Kao and Lagerloef, 2015; Yu
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2014; Martins and Stammer 2015; Guimbard et al. 2017). There exist
also a regional Smax in the highly evaporative northern Arabian Sea
(Rochford, 1964), and a Smin in the northern Bay of Bengal resulting
from high riverine freshwater discharge (Rao and Sivakumar 2003).
However, due to the influence of the seasonally reversing monsoon
circulation (Schott and McCreary 2001; Phillips et al., 2021), the salinity
extrema in the North Indian Ocean have seasonal characteristics
different from those of open-ocean Smax and Smin (Yu et al. 2021) and
hence, they are not included in the present study of the open-ocean
salinity extrema.

Long-term change and variability of the Smin and Smax have been
intensely studied, as salinity extrema and contrasts are not only useful
proxy indicators of the global water cycle but also a major driver of the
density-driven ocean circulation (Dickson et al. 1988; Schmitt, 2008;
Durack et al., 2012). Over the last half-century, ocean salinity obser-
vations have revealed that salty subtropical regions have become saltier,
while fresh tropical regions become fresher (Boyer et al. 2005; Durack
and Wijffels 2010). This change pattern is regarded as oceanic evidence
supporting the wet-gets-wetter and dry-gets-drier paradigm, showing
that the water cycle’s patterns of evaporation, water vapor transport
through the atmosphere, and precipitation have been amplifying under
the rising global temperatures (Held and Soden, 2006). However,
despite salinity’s potential as a proxy rain gauge (Zika et al., 2015;
Cheng et al. 2020), questions still remain as to to what extent salinity
“memorizes” the long-term water cycle changes (Terray et al. 2012;
Vinogradova and Ponte, 2017; Yu et al. 2020).

Salinity variability is profoundly modulated by ocean advection and
diffusion (mixing and vertical entrainment) (Kolodziejczyk and Gaillard
2013; Camara et al. 2015). One best example is the perpetual
displacement of Smax on the poleward side of the net evaporation
maxima. This location mismatch is attributed to the needed balance
between the E-P flux and the rate at which SSS is redistributed by ocean
advection and diffusion (Walin 1982; Schanze et al. 2010; Zika et al.
2015). Ponte and Vinogradova (2016) examined this balance in a global
ocean state estimate produced by the consortium for Estimating the
Circulation and Climate of the Ocean (ECCO) to understand the pro-
cesses shaping mean SSS patterns. They found that although salinity
anomalies induced by surface freshwater forcing can be mostly
compensated by diffusion through mixing and vertical entrainment,
ocean advection is quantitatively important for balancing the salinity
budget. They showed that ocean advection is manifested by the west-
ward and poleward displacement of peak SSS regions relative to the E-P
maxima, consistent with various studies that identify Ekman salt
transport as a primary vehicle for redistributing high-salinity surface
waters away from their formation site near net evaporation maxima (e.g.
Yu 2011; Bingham et al., 2012; Vinogradova and Ponte, 2013; Johnson
et al. 2016; Melzer and Subrahmanyam 2017). Gordon et al. (2015)
estimated the mean latitudinal position for all five open ocean Smax
using the location of coinciding low SSS gradient bands. They showed
that the Smax regime in the North Pacific and North Atlantic spreads
between 20°N-30°N with a core at about 26°N. The Smax regime in the
South Pacific and South Atlantic is about 5-6° of latitude closer to the
equator, lying between 15°S-22°S around a core at 18°S. The Smax in
the South Indian Ocean is the furthest from the equator among the five
Smax regimes, falling between 26°S and 32°S around a center near 30°S.
Several studies have speculated that differences in the latitudinal posi-
tion of the five Smax centers may reflect the influence of ocean basin
configuration on the interaction between surface waters and the
regional water cycle (Nilsson et al. 2013; Jones and Cessi 2017). How-
ever, despite the position differences, the seasonal SSS cycle for all five
Smax centers is surprisingly consistent, attaining a maximum in local fall
and minimum in local spring (Gordon et al. 2015; Johnson et al. 2016).
This complex set of characteristics suggest that the factors influencing
Smax may include both internal dynamics and external forcing. None-
theless, the internal governing processes have been less mentioned and
studied.
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The role of Ekman salt advection in poleward distribution of the
tropical low salinity anomalies has garnered increasing attention
recently. Using two-year satellite SSS observations from Aquarius/SAC-
D, Yu (2014; 2015) showed that there is an annual formation of the
salinity minimum zones of 50-80 m deep during August-September,
induced by Ekman convergence of the freshwater sourced from the
ITCZ. After formation, the salinity minimum zones do not remain near
the ITCZ rain bands but are advected poleward by Ekman currents. Yu
(2015) noted that the progression of the Smin zones is monotonically
poleward, contrasting sharply to the seasonal north/south migration of
the ITCZ. Several studies that analyzed observational datasets with
longer records or used ocean model simulations have yielded a similar
result, supporting the poleward propagation of the low-salinity anom-
alies of near-equatorial origin (e. g. Ren and Riser 2009; Bingham et al.
2012; 2019; Qu et al. 2011, 2013; Hasson et al. 2013; Tchilibou et al.
2015; Melnichenko et al. 2019; Aubone et al. 2021). Camara et al.
(2015) examined the processes controlling the mixed layer salinity
(MLS) seasonal budget in the tropical Atlantic Ocean using a regional
ocean general circulation model (OGCM). They argued that the pole-
ward transport of near-equatorial low-salinity waters is a way of the
ocean to counterbalance the excessive high-salinity anomalies produced
in the subtropical evaporative region. They also showed that the sea-
sonal cycle of the dominant processes for the MLS budget, including the
surface E-P flux, Ekman advection, vertical diffusion of salt at the base of
the mixed layer, are all phased by the seasonal cycle of surface winds.
The model-based results of Camara et al. are intriguing, as the phase
locking of salinity generation, distribution, and dissipation to winds
would imply that the trade winds are the ultimate driver of ocean
adjustment to seasonal E-P forcing in the tropical-subtropical region.

The subtropical higher-salinity regime is receptive to salinity inter-
annual variability of near-equatorial origin. Hasson et al. (2018)
investigated the unexpected freshening event in 2014-2015 in the
subtropical Pacific around the Hawaiian archipelago between 15°N and
25°N. They found that this persistent freshening was a superposition of
SSS anomalies sourced from two El Nino events: the weak 2014 episode
and the stronger 2015-2016 event. Both anomalies were advected
northward in the tropical current system by the mean Ekman currents
and, hypothetically, by instabilities in the zonal currents patterns, a
process they termed the northward pathway for equatorial anomalies to
reach the extratropics. Hasson et al. further analyzed the analogous
structures in the past 20 years and suggested that the northward
displacement of SSS anomalies is not specific to El Nino years, even
though their advection is enhanced during El Nino events. These find-
ings raise the question of whether the tropical salinity influence on the
subtropical region is a result of internal dynamical feedback.

Recent annual harmonic analysis of satellite and Argo SSS observa-
tions (Yu et al. 2021) suggests that the tropical Smin and subtropical
Smax may be intrinsically connected on an annual basis, as the analysis
reveals a distinct six-month shift between the annual phases of the two
SSS extrema in all five open basins. This study aims to explore the
interconnected relationship between tropical and subtropical salinities.
It will show that the primary mechanism governing this connection is
the poleward Ekman advection of salinity anomalies originating near
the equatorial latitudes. The presentation is organized as follows. Sec-
tion 2 provides a brief description of data and methods used in the study.
Section 3 presents the analysis of the connection pattern between Smin
and Smax, the oceanic pathway enabled by the poleward Ekman trans-
port, and the lagged phase synchronization in the annual cycles between
Smin and Smax. Section 4 discusses the dynamical implications of the
Ekman-enabled oceanic pathway. Summary and conclusion are included
in section 5.
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2. Data
2.1. Salinity datasets

Salinity observations has increased rapidly in recent decades, thanks
to the advent of satellite salinity missions (Vinogradova et al. 2019; Reul
et al. 2020) and the evolving capacities of the Argo profiling float
network (Roemmich et al. 2019). Both satellite SSS and Argo subsurface
salinity observations are used in the study. The SSS dataset is the sat-
ellite Multi-Mission Optimally Interpolated Sea Surface Salinity (OISSS)
Global Dataset V1 (Melnichenko, 2021), which is a Level-4 product with
a 0.25° spatial resolution and 4-day temporal resolution, covering the
period from September 2011 to March 2022. The product is constructed
from blending Level-2 swath data sourced from two satellite missions:
the Aquarius/SAC-D (September 2011 - June 2015) and Soil Moisture
Active Passive (SMAP; April 2015 to present). Measurements from ESA’s
SMOS mission (November 2009 to present) are used to fill in data gaps
when the SMAP satellite was in safe mode without data delivery during
June-July 2019. OISSS applies an optimally designed large-scale bias
correction to reduce small-scale noises in SMAP SSS fields and enhance
their spatial consistency with the Aquarius retrievals that have a coarser
footprint resolution. The product is evaluated against in situ salinity
from Argo floats and moored buoys, showing that the collocated OISSS
and in situ measurements have a near-zero bias and a mean root-mean-
square difference (RMSD) of 0.19 Practical Salinity Scale 1978 (here-
after pss).

Gridded Argo temperature and salinity products from Roemmich and
Gilson (hereafter RG) (2009) are used for cross-validating the identified
SSS patterns and providing the subsurface information needed in the
analysis. The RG Argo products are constructed from more than 3,000
autonomous profiling floats over the global ocean. Time-mean field was
first constructed using a weighted local regression fit to several years of
Argo data and optimal interpolation was then applied to the mean-
subtracted monthly residuals to obtain the interpolated anomaly fields
on 1°x1° grids. The salinity data of the topmost layer at a depth of 2.5 m
is regarded as SSS when comparing with satellite products.

2.2. Harmonic analysis

Harmonic analysis is a useful approach for identifying periodic pat-
terns in time series data, particularly for capturing dominant charac-
teristics of seasonal variability. This method has been used in various
studies, such as Boyer and Levitus (2002), Rao and Sivakumar (2003),
Bingham et al. (2012), Reagan et al. (2014), Kohler et al. (2015), Mel-
nichenko et al. (2019), and Yu et al. (2021), to extract seasonal patterns
from the salinity data. This method is applied here to aid the analysis of
the SSS phase connection in the tropical-subtropical region.

At each grid location (x, y), the harmonic analysis decomposes the
SSS time series into a series of sinusoidal functions, which can be
expressed in the following form:

S(0.3.) = 569) + 3 (o vgeos () e ) m

where A is the amplitude of the seasonal component, ¢ is the phase angle
determining the timing when the seasonal harmonic amplitude reaches
its maximum, k represents the harmonic modes ranging from 1 to T/2. T
is the annual periodicity, set to 365 days, while t varies from 1 to 10
(years) x 365 days, corresponding to the current 10 full-year OISSS data
record (2012 — 2021). The February 29 leap year day was excluded to
simplify computation. The weekly OISSS was interpolated linearly to a
daily resolution. Amplitude and phase are obtained from a least-squares
fitting of the harmonic modes to the SSS daily time series.
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2.3. The mixed-layer salinity budget

The mixed-layer salinity budget is performed to identify the primary
mechanisms governing the connection between tropical and subtropical
salinities. The mixed layer refers to the upper-ocean layer where phys-
ical parameters, such as temperature, salinity, and density, are consid-
ered well-mixed and therefore homogeneous from the surface down to
the defined mixed-layer depth. By definition, salinity is constant within
the mixed layer, and as such, SSS is treated as the mixed-layer salinity
(MLS) in the analysis of the salinity budget equation. Following the
approach of Mignot and Frankignoul (2003), the vertically integrated
equation for MLS can be expressed as follows:

gz So(E—P) —U e VS~ (S—8,)T(w,)w, +KkhV>S (2)

where S is salinity, Sp the mean surface salinity, E evaporation, P pre-
cipitation, U the horizontal transport in the mixed layer, h the mixed-
layer depth, w, the entrainment velocity at depth z = h, and S}, the
salinity chosen as the salinity 20 m below the mixed layer depth h. The
Heaviside function I” is introduced to represent the different effects of
the entrainment (I" (w,) = 1) and detrainment (I" (w,) = 0) on the MLS.
This means that the entrainment of subsurface stratified water in-
fluences the MLS when the mixed layer deepens, while the detrainment
of the mixed-layer water into the subsurface does not alter the MLS when
the mixed layer shoals (Kraus and Turner, 1967). The last term on the
right-hand side of Eq.(2) is diffusion, where «, the horizontal mixing
coefficient, is set to 500 ms™2.

The horizonal transport (U) is decomposed into the wind-driven
Ekman component Ugg and the geostrophic component Ug, which can
be expressed as follows:

k
Up = ’;. 3)
hgVin x k
U, =-41"% 4
f ; )

where 7 denotes wind stress, g the gravity acceleration, f the Coriolis
frequency, and 7 the sea surface elevation. The entrainment velocity w,
in Eq. (2) consists of vertical Ekman velocity wgg and the h tendency:

we:wEK+<%+VohU):lVX<}>+<%+VohU> 5)
ot p ot

The Ekman vertical velocity wgk corresponds to the upwelling/down-
welling generated by the convergence/divergence of the horizontal
Ekman transport. The h tendency term reflects the integrated effects of
wind, surface buoyancy flux, and turbulent dissipation on the mixed-
layer depth (Niiler and Kraus, 1977).

Each variable in Eq.(2) can be decomposed into a mean (denoted by
an overbar) and the departure from the mean (denoted by a prime). The
first order approximation for the MLS anomalies is expressed as:

oS So(E-P) — -
ENOT—(UEKJFUJ

o VS — (Up +U,) o VS— W+ kV2S (6)

The left-hand-side denotes the rate of change of the MLS (or the MLS
tendency). The seven terms on the right-hand side are: the effective
surface freshwater flux forcing (FWF), advection of the MLS by mean
Ekman currents (ADV_mEK), advection of the MLS by mean geostrophic
currents (ADV_.mGEO), advection of the MLS by anomalous Ekman
currents (ADV_aEK), advection of the MLS by anomalous geostrophic
currents (ADV_aGEO), entrainment/detrainment of the MLS through the
base of the mixed layer (ADV_ENT), and lastly, horizontal mixing.

To compute the terms in Eq. (5), six datasets are required: S, P, E, 7, h,
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and 7. S is taken from the OISSS product, h is computed from the RG
Argo monthly temperature and salinity products using a density crite-
rion that sets h as the depth where density is 0.125 kg m > higher than
the surface density (de Boyer Montegut et al., 2004). P is sourced from
the Level 3 Daily 0.5° v3.2 product of the Global Precipitation Clima-
tology Project (GPCP) (Huffman et al. 2020). E and 7 are taken from the
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second generation, 0.25° gridded, satellite flux analysis produced by the
Objectively Analyzed air-sea Fluxes (OAFlux) project (Yu 2023; in
preparation). n has two components, the mean geostrophic component
(U,), which is computed using the time-averaged global mean sea sur-
face height (Maximenko et al. 2009), and the geostrophic current
anomalies (U;,), which are computed from the altimeter sea surface
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Fig. 1. (a) mean SSS and (b) mean E-P patterns averaged over the period of 2011-2021. In (a), the enclosed dashed black contours represent the Smax centers and
the enclosed solid magenta contours represent the (E-P)max (or net evaporation) centers. In (b), the zero E-P isopleths are highlighted by solid black contours and
the Smax centers are denoted by enclosed dashed black contours. (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)
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height (https://www.aviso.altimetry.fr/).

The datasets have different spatial and temporal resolutions. The
spatial resolution ranges from 0.25° (S, E, 7, and ), to 0.5° (P), and to 1°
resolution (1), and the temporal resolution varies from daily (P, E, 7), to
weekly (S), and to monthly (h and 7). To ensure consistency in
computing Eq. (6), the datasets of coarser resolution (e.g. P and h) were
interpolated onto 0.25° grid boxes and the monthly datasets were
implemented. The analysis focused on the 10 full years from January
2012 to December 2021, defined by the availability of the OISSS data
record at the time of writing.

3. Results and discussion
3.1. SSS mean pattern and the annual harmonic mode

The marked contrast between the tropical low SSS and subtropical
high SSS is clearly shown in the global mean SSS pattern averaged over
the OISSS data record from January 2012 to December 2021 (Fig. 1). To
highlight the geographic relationship between the subtropical Smax and
the corresponding (E-P)max centers, the isohaline contour bounding the
Smax center (thin dashed black contour) is drawn along with the
isopleth contour bounding the (E-P)max.

center (thin solid magenta contour) for each open basin. The selected
isohaline values (Table 1) are similar to those used in Gordon et al.
(2015), Johnson et al. (2016), and Yu et al. (2021). Consistent with
Gordon et al. (2015), the Smax centers in the North Pacific and Atlantic
are situated near 26°N, the Smax centers in the South Pacific and
Atlantic are near 18°S, and the Smax center in the South Indian Ocean is
the farthest from the equator, at about 30°S. All of these Smax centers
are displaced poleward relative to the (E-P)max centers.

Fig. 2 shows the spatial distribution of the annual amplitude and
phase estimated from the harmonic analysis (k = 1 in Eq.(1)), with the
Smax centers highlighted by the enclosed isohalines (black dashed
contours). The annual harmonic amplitude describes the range of annual
SSS variability (Fig. 2a). Consistent with previous studies (Yu et al. 2021
and references therein), substantial annual amplitudes (greater than0.3
pss) occur in areas affected by strong freshwater input, such as conti-
nental freshwater discharge and the ITCZ and SPCZ rainbands. In the
subtropical Smax regions, annual amplitudes are generally weaker
(~0.1 pss) at the center but noticeably larger (~0.2 pss) near the
poleward edge of the Smax center.

The phase of annual harmonic represents the date of the year when
the peak annual amplitude occurs. The peak amplitudes fall predomi-
nantly into two periods: March-April and September-October (Fig. 2b).
In the mid latitudes (20-40°N/S) of the Pacific and Atlantic, the phases
between the eastern and western basins differ by roughly six months.
This east-west seesaw pattern is also observed in the South Pacific
(Hanson et al. 2013) and Indian Oceans between latitudes of 20 — 35°S,
but is much less apparent in the South Atlantic Ocean. Seager et al.
(2003) suggested that the E-P flux in the western basin of the Northern
Hemisphere is governed by the regional monsoonal circulation, while
the E-P flux in the eastern basin is influenced by the subtropical high-
pressure centers (Rodwell and Hoskins 2001). These two regulatory
systems have contrasting annual cycles, which lead to opposing SSS
annual patterns across the basin.

Table 1
Isohaline and E-P isopleth contours used to bound the Smax and (E-P)max
centers in the five subtropical basins.

Variable North South North Atlantic South Atlantic South
Pacific Pacific Indian
Smax 35.1 36.1 37.0 36.8 35.6
(pss)
(E-P)max 3.2 4.5 3.2 4.5 4.5
(mm/day)
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Of all features in Fig. 2, the zonal phase bands spanning the tropical-
subtropical regions of the Pacific and Atlantic Oceans are of particular
interest. Across the latitudes from the equatorward edge of the southern
subtropical Smax at about 20°S to the equatorward edge of the northern
subtropical Smax at around 20°N, there exist six zonal bands that have
alternating phase shifts of six months. The phase band near the ITCZ is
most pronounced, extending east-west across the basin. These zonal
bands with opposite annual phases can also be identified in previous
studies that used either in situ-based climatology (Boyer and Levitus
2002; Bingham et al. 2012) or satellite SSS observations (Yu et al. 2021).
Collectively, they generate a captivating seasonal rhythm in the tropical-
subtropical region.

It is worth noting that Smax center in the North Pacific and Atlantic
comprises three phase signals rather than just one, with two being
largely in phase and one out of phase. Taking the Smax in the North
Pacific as an example. The center of Smax is dominated by SSS phases in
March-April, while the north and south edges of Smax are reigned by
two distinctive SSS phase bands, both in September-October. In the
South Pacific and Atlantic, this three-band structure is also observed. It
consists two March-April bands, one narrow centered around 15S and
one wider stretching the southeast-northwest direction, and one Sep-
tember-October coming from the west of the basin, If one phase band
represents the annual progression of a single physical process, then the
three phase signals suggest that the annual cycle of Smax might be
influenced by three different processes.

3.2. Poleward propagation of near-equatorial SSS anomalies

To investigate the tropical-subtropical seasonal rhythm in SSS, the
evolution of climatological monthly SSS anomaly fields is shown. These
monthly anomalies were constructed from the 10-year OISSS clima-
tology with the annual-mean field subtracted. It is worth mentioning
that the annual harmonic assumes the annual cycle to be a perfect cosine
wave, while the climatological monthly-mean anomalies may contain
signals that are not necessarily harmonic in nature. Nonetheless, Yu
et al. (2021) showed that the annual harmonic is the predominant signal
of the seasonal SSS cycle and accounts for more than 90 % of observed
variances in the tropical-subtropical ocean. Hence, the evolution of
climatological monthly anomalies should reflect the essence of annual
SSS harmonic mode.

3.2.1. Tropical North Pacific

Fig. 3a-1 shows the monthly SSS monthly anomaly evolution in the
tropical North Pacific. Negative SSS anomalies indicate sea surface
freshening, while positive anomalies represent sea surface salinification.
Multiple zonal SSS anomaly bands with a slight northeast- southwest tilt
can be seen, and the most prominent band is located near the ITCZ at
approximately 5-10°N.

The ITCZ is known to migrate seasonally (Waliser and Gautier 1993),
causing the wet and dry seasons at latitudes of 5-10°N. The wet season
occurs during summer and early fall when the ITCZ shifts to its north-
ernmost position, bringing increased rainfall to the region. The dry
season takes place in winter and early spring when the ITCZ rainfall
band is closer to the equator, resulting in drier conditions at latitudes of
5-10°N. Yu (2014; 2015) showed that during the wet season months in
August-September, the Ekman convergence zone collocates with the
ITCZ rainfall band (see Fig. 9 in Yu 2014). The convergence of the ITCZ-
induced fresh surface water leads to the formation of a salinity minimum
zone of 50-80 m deep under the ITCZ. After the formation, the Ekman
transport, driven by tropical trade winds, advects the salinity minimum
zone poleward away from its generation site. To track the progression of
the ITCZ-induced SSS anomaly band from its first appearance to its final
disappearance, two sequences of anomaly bands are numbered: the
sequence of positive (saltier) anomaly bands is marked in red-circled
numbers and the sequence of negative (fresher) anomaly bands are in
blue-circled numbers. During the dry season in January-April, positive
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Fig. 2. Annual harmonic mode for SSS and E-P analyzed for the 10-year period from 2012 to 2021. (a) Amplitude and (b) phase for SSS. (c) amplitude and (d) phase
for E-P. In all panels, the gray shaded area with dashed black outlines represents the Smax centers.

(saltier) SSS anomalies first appear around 5-8°N in January (Band @ in
Fig. 3a), intensifying rapidly in February (Band ® in Fig. 3b), and
reaching maximum intensity in March-April (Bands ® and ® in Fig. 3c-
d). A subsequent northward migration follows (Bands @ and ® in
Fig. 3d-e). By June (Band ® in Fig. 3f), the entire anomaly band be-
comes weaker and more contracted as it moves northward, and the
eastern portion of the band between 140°W and 90°W displays a
northeastward tilt, clearly different from its previous southeastward
orientation in January-March.

During the wet season in July-October, the positive anomaly band
continues to weaken and contract while progressing further northward,
reaching 12-14°N (Bands @ and ® in Fig. 3g-h). The latitudes of 5-8°N,
where the positive anomaly band first appears in January, are now
occupied by a negative SSS anomaly band (Bands @ and @ in Fig. 3g-h),
coinciding with the northward displacement of the ITCZ rain band. The
negative anomaly band reaches its seasonal maximum in September and
October (Bands ® and @ in Fig. 3i-j). Meanwhile, the positive anomaly
band shrinks to a narrow area with its center displaced near 20°N (Bands
® and in Fig. 3i-j), more than 10° of latitude northward from its
original position in January-February. In the following months from
November to December, the negative anomaly band weakens and moves
northward (Bands ® and ® in Fig. 3k-1), while the positive anomaly
band remains weak near 23°N (Bands @ and ® in Fig. 3k-1).

In January-February of the next year, the positive anomaly band
from the previous cycle dissolves (Bands ® and @ in Fig. 3a-b), and a
new positive SSS anomaly band starts to form (Bands @ and @ in
Fig. 3a-b), with the same course of evolution repeating over another 12
months. The negative anomaly band continues its northward movement
and contraction (Bands @ and ® in Fig. 3a-b), reaching 20°N in March-
April (Bands ® and ®@ in Fig. 3c-d) and staying at the position for a
couple of more months in May-June (Bands @ and ® in Fig. 3e-f) before
disappearing near 23°N in July-August (Bands ® and @ in Fig. 3g-h). By

then, a new negative SSS anomaly band forms (Bands @ and @ in
Fig. 3g-h) and persists through another annual cycle. The northward
advancement of the low sea surface salinity (SSS) band originating from
the ITCZ region aligns with findings reported by Yu (2014; 2015) and
others (Hasson et al. 2018; Melnichenko et al. 2019), but those studies
were confined primarily to tropical areas spanning from 20°S to 20°N.

The SSS anomaly bands that originate from the 5°~10°N are distin-
guished by their extensive zonal scale across the entire basin, consid-
erable magnitude, and their distinct sign reversal every six months. It is
worth mentioning that there are significant negative SSS anomalies (<-1
pss) in the far eastern Pacific, specifically between 2°-5°N (Fig. 3a-c).
This region is a central part of the eastern Pacific fresh pool (EPFP;
Delcroix and Henin 1991; Alory et al. 2012), with mean SSS usually
lower than 33 pss (Fig. 1). The EPFP is influenced by strong regional and
seasonally varying ocean—atmosphere-land interactions, including ITCZ
seasonal migration, monsoon rain, trade and gap winds, and strong
currents, which result in significant seasonal and interannual variability
in SSS (Alory et al. 2012; Giumbard et al. 2017). SSS anomalies in the
region have a distinct seasonal pattern. For instance, from September to
December (Fig. 3i-1), the EPFP’s negative (fresh) SSS anomalies are
confined between Panama’s west coast and 85°W. At this time, the
basin-scale negative SSS anomaly band, associated with the northern-
most position of the ITCZ, is located at 5°~10°N. From January to April
(Fig. 3a-d), the EPFP’s negative SSS anomalies increase in intensify and
extend westward to 95°W. In the west, they merge with the broader SSS
anomaly band located just north of the equator, which is associated with
the equatorward position of the ITCZ. In the south, they join with the
negative SSS anomalies of the equatorial cold tongue during its warm
season (Maes et al. 2014). As a result, the EPFP achieves its maximum
freshness and largest spatial extent from January to April.

The SSS anomalies in the EPFP do not appear to directly contribute to
the SSS anomaly band formed at 5°-10°N when the ITCZ is at its
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Fig. 3. Depiction of the monthly evolution of the SSS anomalies originating in the near-equatorial latitudes from January to December (a)-(i). In the North Pacific,
the sequence of positive (negative) anomaly bands labeled by red-circled (blue-circled) numbers denotes the northward displacement of saltier (fresher) SSS
anomalies. The monthly anomalies were relative to the 10-year (2012-2021) mean. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)

strongest and northernmost position. Nonetheless, these anomalies may
influence the development of the SSS anomaly bands in the tropical
South Pacific, as shown in the subsequent sections.

3.2.2. Tropical South Pacific

Fig. 4a-1 shows the annual progression of the SSS anomaly bands in
the tropical South Pacific. Similar to the analysis of Fig. 3a-1, two se-
quences of anomaly bands are chosen: the positive (saltier) SSS anomaly
bands are labeled by red-circled numbers and the negative (fresher) SSS
anomaly bands are labeled by blue-circled numbers. It is noteworthy

that, unlike the tropical North Pacific where the northward propagating
anomaly bands originate from the latitudes of 5-10°N, the southward
propagating anomaly bands initiate near the equator, on the southern
flank of the eastern equatorial cold tongue region.

In January, the negative SSS anomaly band in the eastern equatorial
Pacific consists of two regional features, as discussed in the previous
subsection: the seasonal SSS freshening of the equatorial cold tongue
during its warm season (Band @ in Fig. 4a) and the seasonal enhance-
ment of the EPFP north of the equator (e.g. the enhanced low SSS
anomalies on the northeast of Band ® in Fig. 4a). In February, the
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equatorial anomaly band intensifies and expands southward (Band @ in
Fig. 4b). Martin and Stammer (2015) reported that the observed surface
current pattern during this period suggests an influence of the EPFP on
the occurrence of these low SSS anomalies.

By March and April, a negative SSS anomaly band with a magnitude
of 0.5 pss is identifiable near 5°S, extending across the longitudinal span
from 150°W to 90°W (Bands ® and @ in Fig. 4c-d). Moving into May to
July, the band gradually weakens while shifting further southwestward,
with its southernmost end reaching 10°S (Bands ®, ®, and @ in Fig. 4e-
g). Between August and November, the southward propagation of this

band merges with a larger negative anomaly band that expands from a
center near 20°S (Bands ®-@ in Fig. 4h-k). Finally, the band dissolves
near 18°S in December-January (Band ®@-® in Fig. 41-a), concluding its
presence.

Positive anomalies start to appear in March, in the far eastern
equatorial Pacific, just off the coast of Ecuador (Band @ in Fig. 4c),
which is approximately three months following the emergence of the
negative SSS anomalies. The evolution pattern of the positive anomaly
band in the subsequent months is similar to that of the negative anomaly
band. The positive anomaly band expands both westward and
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southward (up to 5°S) from April to June (Bands @, ®, and @ in Fig. 4d-
f). By July, the positive band in the eastern equatorial Pacific (150°W —
90°W) splits into two, with one on each side of the equator (Band ® in
Fig. 4g). The band south of the equator continues its southward move-
ment over the subsequent six months, from August to January of the
following year (Bands ®-@ in Fig. 4h-l1 and 4a), merging with the
positive anomaly band from the south of 20°S before dissolving near

18°S in February (Band ® in Fig. 4b).

3.2.3. Subsurface

To gain further understanding of the subsurface salinity structures
associated with the SSS anomaly bands from their emergence to dissi-
pation, Fig. 5a-1 present the salinity monthly anomalies for the upper
150 m along the 140°W meridional section over a climatological year.
These subsurface anomaly fields were constructed from the gridded RG
Argo products using the same 10-year period (2012-2021). To be
consistent with the SSS fields, red- and blue-circled numbers are

assigned to the respective positive and negative anomaly sequence.

The subsurface salinity anomaly bands also exhibit a similar 14-
month duration to the SSS anomaly bands, with a positive anomaly

Progress in Oceanography 219 (2023) 103172

band initiating near 5°N in January (Band @ in Fig. 5a) and a negative
anomaly band in July (Band @ in Fig. 5g). Consistent with Yu (2014;
2015), these anomalies of the salinity minimum zone are shallow,
confined to a depth of 50 — 80 m below the surface. Once formed, the
anomaly bands steadily progresses northward over the next several
months until reaching approximately 23°N a year later (e.g., Band ® in
Fig. 5a or Band ® in Fig. 5g). After that, the bands begin to dissipate (e.
g., Band @ in Fig. 4b or Band @ in Fig. 5h). The positive anomaly band
undergoes significant enhancement between 10 and 15°N as it migrates
northward, reaching its maximum intensity and width in May (Band ®
in Fig. 5e). The negative anomaly band follows a similar evolution, with
its maximum intensity and width reached in November (Band ® in
Fig. 5k). It is noteworthy that the salinity anomaly maxima at depths
below the surface tend to occur approximately 1-2 months later than the
anomaly maxima observed at the sea surface.

The salinity minimum zone in the tropical South Pacific is found to
be slightly shallower than its northern counterpart. Martin and Stammer
(2015) analyzed Argo profiles in the tropical South Pacific and
confirmed the presence of the salinity minimum zone around 5°S,
extending from the surface to a depth of approximately 30 m.
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Fig. 5. Northward movement of the salinity anomalies in the upper 150 m along the 140°W meridional section in the north tropical Pacific ocean. Same as Fig. 3, the
sequence of positive (negative) anomaly bands labeled by red-circled (blue-circled) numbers denotes the northward displacement of saltier (fresher) salinity
anomalies. The monthly anomalies were relative to the 10-year (2012-2021) mean. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)
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Additionally, they found that the salinity minimum is accompanied by
warmer water, with its maximum development observed during April,
and the zone disappears during August. The propagation pattern is
similar to that in the northern basins and is not shown here.

3.2.4. Time-latitude evolution

A Hovmoller diagram depicting the evolution of SSS anomalies
averaged over the selected longitudes within the latitudinal range of
40°S and 40°N is constructed for all three basins (Fig. 6). The longitu-
dinal sections are 140°W-100°W for the Pacific, 40°W-30°W for the
Atlantic, and 70°E-90°E for the Indian Ocean. The isohaline contours
that encircle the mean Smax in each basin are superimposed to indicate
the Smax location. Two annual cycles are drawn to provide a fuller
depiction of the poleward progression of SSS anomaly bands that have a
duration of 12 — 14 months (Figs. 3-5).

The poleward propagation of SSS anomalies is evident in the Hov-
moller diagram. These anomalies originate from near-equatorial lati-
tudes and propagate to the equatorial flank of the Smax center in both
the Northern and Southern Hemispheres. This feature has also been
documented in previous studies (Yu 2014; 2015; Bingham et al. 2014;
Melnichenko et al. 2019). In the northern tropical basins, the SSS
anomaly bands (i.e., the blueish colors in Fig. 6) become more pro-
nounced near 5-8°N during their northward progression from the
equator. The SSS anomaly bands in the southern tropical basins are
comparably weaker. The band in the South Indian Ocean extends
beyond 25°S, which is the furthest among the three southern basins. The
propagation speed of tropical salinity anomalies is estimated to be ~ 7
cm/s.

At mid latitudes poleward of Smax, a stationary wave-like structure
is present, featuring alternating negative and positive patches occurring
in roughly six-month successions. The Smax centers are located at or
near the junction of these standing oscillation bands and the equatorial-
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originated poleward propagation bands. The evidence suggests that the
subtropical Smax synchronizes with the near-equatorial Smin on sea-
sonal timescales. Thus, the Smin and Smax in a basin are connected
through a time lag.

3.3. Double ITCZs as the genesis of near-equatorial SSS anomalies

The genesis of the SSS anomalies north of the equator is relatively
clear, as it is primarily associated with the formation of a salinity min-
imum zone at a depth of approximately 50-80 m beneath the sea surface
(Yu 2015; Martins and Stammer 2015). This zone is created by the
Ekman convergence of freshwater from the collocated ITCZ rainfall band
during August and September (see Fig. 9 in Yu 2014). On the other hand,
the cause of the SSS anomalies located south of the equator is not yet
fully understood, as there are only a limited number of studies that have
addressed this phenomenon. In this context, we present evidence (Fig. 7)
to highlight that the southern ITCZ, which is a seasonal rainfall band
located south of the equator around 3 — 10°S, is the source of the SSS
anomalies in the south tropical Ocean.

Fig. 7a-c is a Hovmoller (time-latitude) diagram that displays the
evolution of the equatorial rainfall monthly anomalies averaged over the
longitudinal range of 140°W-100°W for the Pacific, 40°W-30°W for the
Atlantic, and 70°E-90°E for the Indian Ocean. Two annual cycles are for
the latitudinal range between 20°S and 20°N. In the eastern equatorial
Pacific (Fig. 7a), a short-lived rainfall band emerges south of the equa-
tor, between 3° — 10°S, in January and intensifies during March and
April. Concurrently, the predominant ITCZ north of the equator is
weakest and also closest to the equator compared to other months of the
year. This phenomenon, characterized by the simultaneous presence of
twin ITCZs flanking the equator, is referred to as the double ITCZ
(hereafter dITCZ) (Hubert et al.1969; Waliser and Gautier 1993; Zhang
2001; Halpern and Hung 2001; Liu and Xie 2002). The dITCZ is also
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Fig. 6. Poleward progression of near-equatorial SSS anomalies averaged over the selected longitudes within the latitudinal range of 40°S to 40°N. (a) Pacific
(averaged over 140°W — 100°W), (b) Atlantic (averaged over 40°W — 30°W), and (c) Indian Ocean (averaged over 70°E — 90°E). Two annual cycles are drawn. The
isohaline contours encircling the mean Smax in each basin are superimposed. Positive anomalies denote higher SSS (saltier surface waters), while negative anomalies

denote lower SSS (fresher surface waters).
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construct time series plots in Fig. 8. The ITCZ bifurcates into two ITCZs north and south of the equator during boreal spring in the eastern Pacific and Atlantic, and
during boral spring and fall (monsoon transitions) in the Indian Ocean. (For interpretation of the references to color in this figure legend, the reader is referred to the

web version of this article.)

evident in the western equatorial Atlantic, albeit with slightly different
characteristics (Fig. 7b). In this region, a bimodal pattern, most identi-
fiable from May to July, evolves from an ITCZ rainband that was pre-
viously positioned on the equator between December and April. Lastly,
in the central-eastern equatorial Indian Ocean (Fig. 7c), the dITCZ is less
distinguishable and unlike that in the Pacific and Atlantic Oceans, the
emergence of the northern ITCZ characterizes the dITCZ in the Indian
Ocean (Waliser and Gautier 1993). The subsequent discussion will focus
on the dITCZ pattern in the Pacific and Atlantic Oceans.

Compared to its northern counterpart, the southern ITCZ is generally
weaker and highly dependent on the seasons. Two conditions have been
identified as essential for the formation of the southern ITCZ: a narrow
surface equatorial cold tongue caused by upwelling-favorable south-
easterly trade winds, and a warm water band within 3° — 10°S that re-
sults from the annual procession of insolation (Lietzke et al. 2001;
Halpern and Hung 2001; Masunaga and L’Ecuyer 2010). The meridional
SST gradient resulting from this warm-cold contrast generates suffi-
ciently large pressure gradient in the marine boundary layer, which
drives a southward flow from the equator to converge with northward
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winds from the cooler Southern Ocean. This leads to the formation of the
southern ITCZ over the SST warm band at 3° — 10°S and hence the
rainfall in the region (Masunaga and L’Ecuyer 2010).

The bimonthly variations of tropical rainfall between 20°S and 20°N
in Fig. 7d depict the spatial distribution of the double ITCZ rainfall bands
over time. In January, the northern ITCZ is positioned close to the
equator in both the eastern equatorial Pacific (120° — 80°W) and the
western equatorial Atlantic (50° — 30°W). However, the subsequent
development differs in the two regions. In the eastern equatorial Pacific,
rainfall patches initially appear between 3° — 10°S in January, which
intensify and expand westward by March, forming a significant rainfall
band that extends up to 150°W and connects with the SPCZ. The
southern ITCZ reaches a peak intensity of around 8 mm d~!, which
together with the northern ITCZ, forms a dITCZ on both sides of the
equator. By May, the southern ITCZ mostly disappears, leaving only
some remnants near 150°W in the western end. The characteristics of the
dITCZ in the Pacific, as presented here, are consistent with those
observed in previous studies (Waliser and Gautier 1993; Lietzke et al.
2001; Zhang 2001; Halpern and Hung 2001; Liu and Xie 2002).
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In the western equatorial Atlantic, the southern ITCZ develops by the
southward expansion of the southern edge of the ITCZ from January to
March. By May, a weak and elongated rainfall band separates from the
southern edge of the ITCZ and lingers around 3° - 10°S, while the
northern ITCZ strengthens and moves northward. As July approaches,
this band detaches from the northern ITCZ and contracts toward the
west of 30°W, settling just off the northeast Brazilian coast. The
maximum intensity of this band slightly exceeds 6 mm d™'. As a result,
the dITCZ in the Atlantic is mostly present during May-July (Fig. 7b),
and the southern branch rapidly dissolves thereafter. Compared to the
Pacific basin, the southern ITCZ in the Atlantic basin has a shorter zonal
scale and a later formation. Grodsky and Carton (2003) analyzed the
southern ITCZ in the Atlantic using satellite and ship-based observations
for SST, winds, and rainfall. Although their analysis period (1998-2001)
differs from the 10-year period (2012-2021) covered in this study, the
pattern they derived for the southern ITCZ is similar to that shown in
Fig. 7d.

The effects of southern ITCZ rainfall on local SSS have been exam-
ined in a few studies. Grodsky and Carton (2003) conducted a correla-
tion analysis between satellite-derived rainfall data and in situ SSS
measurements in the southwest Atlantic between 8° — 2°S. They found a
seasonal freshening that coincided with the southern ITCZ rainfall, with
an average reduction of 0.2 pss in SSS. Martins and Stammer (2015)
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investigated the role of rainfall variability in the seasonal occurrence of
a low salinity zone around 8°-2°S from February to May/June using
monthly observations over the period of 2005-2013. They showed that
the salinity minimum zone of about 30 m deep was associated with
higher temperatures and a shallow mixed layer depth, which together
with the strong pycnocline in the region allows the weak precipitation to
have a noticeable impact on SSS fields (Masunaga and L’Ecuyer 2010).
They further showed that the response of the monthly-mean sea surface
salinity (SSS) to the southern ITCZ rainfall was almost simultaneous,
suggesting the predominance of freshwater forcing in the formation of
the salinity minimum zone.

The connection between the southern ITCZ rainfall and SSS is
examined here using 10-year monthly-mean time series of SSS and
rainfall (P) constructed in two index regions: the southeast Pacific
(145°-110°W, 8°-2°S) and the southwest Atlantic (50°-35°W, 8°-2°S),
as shown in Fig. 7d (the March panel). Fig. 8 shows the two time series
superimposed, with the 10-year mean removed from each dataset.
Strong correlations between SSS and P are evident in both southern ITCZ
index regions, with seasonal low (fresh) SSS anomalies corresponding to
each seasonal high P event. The correlation coefficients in both basins
are around —0.67, which is statistically significant at a 95 % confidence
interval.

It is worth noting that the magnitude of surface freshening does not
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Fig. 8. Time series of SSS monthly anomalies averaged over selected areas within the southern ITCZ region. (a) South Pacific (110°W-85°W, 8°S-2°S), (b) South
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always correspond proportionally with high P anomalies. Additionally,
the duration of the seasonal freshening may not overlap with that of the
P anomalies. Martins and Stammer (2015) suggested that the low
salinity water advected from the EPFP (Alory et al., 2012; Guimbard
et al. 2017) could influence the SSS in the southeast Pacific index region.
The likely intrusion of the low-salinity EPFP water from the north may
explain the disparity in magnitude and duration between SSS and P.
Over the 10-year analysis period, the peak low SSS anomalies in both the
Pacific and Atlantic index regions occurred in March-April, with a mean
of —0.31 £ 0.16 pss in the Pacific, and —0.16 + 0.13 pss in the Atlantic.

3.4. Seasonal synchronization between Smin and Smax

Seasonal variations in the spatial extent of the five Smax centers are
shown in Fig. 9a. Each Smax center is encircled by its respective iso-
halines in 12 climatological months, with each isohaline color-coded
based on month. It can be seen that these Smax centers expand and
contract in both zonal and meridional directions throughout the year. To
see how these variations are related to seasonal changes of the low sa-
linities near the equator, the annual cycles of Smax and Smin are
depicted in Fig. 9b-f.

Unlike the Smax centers that can be enclosed by an isohaline, the
Smin zones undergo annual formation and subsequent propagation
(Fig. 2). Hence, a fixed area around the Smin formation latitudes is
selected to characterize the annual variability of Smin. In Fig. 9a, these
areas in the South Indian Ocean, North Pacific and Atlantic are denoted
by blue-shaded rectangle boxes around the Smin locations (solid black
lines; taken from Yu (2014; 2015)). The areas in the South Pacific and
Atlantic are the same as those used in Fig. 8. There are a total of five
pairs of Smax and Smin, one for each ocean basin. A numeric number is
assigned to each of the selected Smax and Smin regions, starting from the
South Indian Ocean. The first set of graph (the upper panel in Fig. 9c&e
and lower panel in Fig. 9b,d&f) shows the monthly evolution of the
zonally averaged SSS values over the enclosed Smax area. The second set
(the lower panel in Fig. 9c&e and upper panel in Fig. 9b,d&f) shows the
annual cycle of SSS (red solid line) averaged over the enclosed Smax
areas and its comparison with the annual cycle of SSS (blue solid line)
averaged over the selected rectangle areas around the Smin formation
sites.

There are two noteworthy features in Fig. 9a-f. The first one is the
relationship between the intensity and the meridional displacement of
the Smax centers. Specifically, the Smax centers are equatorward dis-
placed during December-January in the Northern Hemisphere (NH) and
during June-July in the Southern Hemisphere (SH) (Fig. 9a). The in-
tensity of the Smax centers changes accordingly: the SSS values of the
Smax centers are lower (higher) when the centers are displaced equa-
torward (poleward). The second feature is the out-of-phase relationship
in the annual cycles of Smax and Smin. In the North Pacific and Atlantic,
the box-averaged SSS values (boxes 4 & 8) have a seasonal low in the
late summer and fall (September-October) following the northward
displacement of the ITCZ and a seasonal high in winter and early spring
(March-April) following the equatorward displacement of the ITCZ. In
the South Pacific and Atlantic, the annual cycle of the box-averaged SSS
values (boxes 5 & 9) are predominated by a seasonal low in February-
April when the southern ITCZ is present. In the South Indian Ocean,
both seasonal low (March-April) and seasonal high (September-October)
are featured in the annual cycle of the box-averaged SSS (box 1).
Notably, the timing of the seasonal peaks for the SSS over the near-
equatorial boxes (boxes 1, 4, 5, 8, & 9) is approximately six months
opposite to that of SSS over the enclosed Smax areas (areas 2, 3, 6, 7, &
10) in the basin. It is important to mention that the seasonal progression
of Smin in the tropical South Pacific and Atlantic is predominated by a
pronounced low during its formation in the fall (March-April), but the
seasonal high is less obvious. Nonetheless, the annual cycles of the SSS
averaged over the Smax and Smin areas have a nearly perfect out-of-
phase relationship.
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The six-month time lag in the annual cycles between Smin and Smax
appears to be associated with the time needed for the tropical SSS
anomalies to propagate from their near-equatorial formation sites to the
equatorward edges of the Smax centers from (Fig. 6). To further examine
the lagged phase synchronization between these two SSS extrema, a
phase-lagged correlation was conducted on the selected Smin and Smax
location pairs for each basin (Fig. 9a). The correlation between each pair
within the respective basin at various time lags, ranging from month 0 to
month 12, is represented in Fig. 10. The results shows that the maximum
correlation, reaching approximately 0.7, is observed at a six-month lag
for all five pairs. Consistent with Fig. 9b-f, the seasonal variability of
tropical and subtropical SSS has a nearly perfect six-month antiphase
relationship.

Upon integrating Fig. 2b, 9, and 10, it becomes clear that the annual
cycle of subtropical SSS maxima is phase locked to the tropical SSS
minima. Specifically, the seasonal low of the Smax centers in the spring
corresponds with the arrival of lower (fresher) SSS anomalies generated
in the wet fall season when the ITCZ is displaced at its furthest poleward
position (Fig. 7). In contrast, the seasonal high of the Smax centers in the
fall aligns with the arrival of higher (saltier) SSS anomalies occurring
during the dry spring season when the ITCZ is at its furthest equatorward
position.

3.5. Ekman transport as oceanic pathway

The terms on the left-hand-side of the salinity budget equation (6)
represent the atmospheric and oceanic contributions to changes in the
mixed-layer salinity. These terms are analyzed to understand the pri-
mary mechanisms responsible for the observed seasonal synchronization
between Smin and Smax centers. SSS is used here to represent the mixed-
layer salinity, assuming a well-mixed upper layer. The horizontal mixing
term is not displayed, as the effect is generally weak in the open ocean,
especially away from western boundary currents and the equator (Roach
et al. 2018).

3.5.1. Poleward propagation

To gain insight into the SSS propagating pattern shown in Fig. 6, we
performed zonal averaging of the terms in Eq. (6) over the longitudinal
span of 140°W-120°W, which is the same region used in Fig. 6a but for
the northern basin between the equator and 40°N (Fig. 11). The
observed salinity tendency, denoted by 0S/dt OBS (Fig. 11a), is
computed as the differences in SSS between two consecutive months
using monthly-mean SSS observations. The salinity tendency calculated
from summing the terms on the right-hand side of Eq. (6) is referred to as
0S'/0t SUM (Fig. 11b). The six contributing processes in Eq.(6) are also
shown in Fig. 11c-h.

Two distinct sectors are featured in the dS'/dt OBS and SUM patterns.
One sector encompasses the latitudes from the equator to 26°N, char-
acterized by SSS northward propagation. The other sector covers the
latitudinal range between 26°-40°N, showing a standing alternation
between positive and negative anomaly bands within one annual cycle.
These two sectors intersect near 26°N. Among the six contributing terms
to 0S'/0t SUM, three terms are predominant. The first term is the surface
freshwater flux forcing (FWF; Fig. 11c), which leads to the ITCZ-induced
SSS anomalies near 10°N and net evaporation-induced SSS anomalies
near 35°N. Although these anomalies set the annual phase of dS'/dt, they
appear as a stationary oscillation with no obvious propagation feature.
The second term is the advection of mean SSS by anomalous Ekman
transport (ADV_aEK; Fig. 11d). It influences primarily the salinity ten-
dency in the subtropical latitudes of 20°-40°N. The third term is the
advection of anomalous SSS by mean Ekman transport (ADV_mEK;
Fig. 11e), which is the mechanism allowing the northward propagation
of SSS anomalies from near the equator up to 35°N. The salinity
advection by anomalous and mean geostrophic currents (Fig. 11f-g),
ADV_AGEO and ADV_mGEO, respectively, also contribute to the
northward propagation of SSS anomalies. However, the effect of
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Fig. 9. Synchronization of the annual cycles in SSS over the selected Smin and Smax areas. (a) Monthly variations in the location of the isohaline contour encircling
the Smax center in each basin, color-coded for each month. During the winter (summer) season of each hemisphere, the Smax centers are displaced toward (away
from) the equator. Blue-shaded rectangle boxes near the Smin formation sites serve as the reference sites for SSS variability relating to Smin. These boxes in the North
Pacific and Atlantic as well as the South Indian Ocean are within the mean Smin zones (solid black line), and the boxes in the South Pacific and Atlantic are the same
as those used in Fig. 8. A numeric number is assigned to each of the selected Smax and Smin regions, starting from the South Indian Ocean to facilitate the depiction
of the annual cycles of Smin and Smax in (b) South Indian Ocean, (c¢) North Pacific, (d) South Pacific, (e) North Atlantic, and (f) South Atlantic. (b)-(f) consists of two
panels. One panel displays the monthly evolution of the zonally averaged SSS values over the enclosed Smax area. The other panel shows the annual cycles of SSS
averaged over the enclosed Smax areas (red solid lines) and over the selected rectangle areas around the Smin formation sites (blue solid lines). (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)

ADV_aGEO is primarily confined within 10°N, although the impact of
ADV_mGEO spans the entire basin. The vertical entrainment term
(Fig. 11h), ADV_ENT, has a more significant impact on SSS increase in
tropical latitudes during the late fall when the MLD deepens and entrains
water from deeper layers.

The seasonal variations of dS/dt OBS and SUM along with the six
contributing terms in Eq. (6) to the SSS tendency in the South Pacific
between 40°S and the equator are shown in Fig. 12. All the terms are
averaged over the longitudinal section from 140°W to 120°W. The 9S'/dt
SUM captures well the propagating pattern shown in dS/dt OBS
(Fig. 12a-b). Particularly, it indicates that ADV_mEK has a significant
role in the southward propagation of SSS anomalies originating near the
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equator, while ADV_aEK governs the seasonal cycle of SSS in the sub-
tropical region from 15°S and poleward. The two effects are similar to
what Fig. 11 has shown for the North Pacific.

One major difference from the North Pacific is that the seasonal
variations of dS'/ot OBS near 10°S are predominantly controlled by
ADV_mEK rather than FWF. The southern ITCZ rainfall occurs only from
February to April and is absent for the rest of the year. The freshening
tendency in dS'/dt from July to March of next year is driven by ADV -
mEK, with the low salinity waters likely sourced from the EPFP. As noted
in sections 3.3.1-3.3.2, the EPFP waters from the north of the equator
could intrude the southern equatorial Pacific through the cross-
equatorial surface currents forced by gap winds (Martins and Stammer
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Fig. 10. Phase-lagged correlation between Smin and Smax in (a) North Pacific, (b) South Pacific, (c) North Atlantic, (d) South Atlantic, and (e) South Indian Ocean,
analyzed with time lags ranging from 1 (month) to 11 (months). In each basin, the Smin location corresponds to the blue shaded box area highlighted in Fig. 9. The
Smax location is in the vicinity of the numbers (2, 3, 6, 7, 10) indicated in Fig. 9. All basins exhibit a consistent six-month time lag, with Smin leading Smax. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

2015).

Fig. 12 showed that the horizontal salinity advection (including both
Ekman and geostrophic) is an equal contributor as FWF to SSS vari-
ability south of the equator. The vertical entrainment is only relevant in
March-May and serves to reduce the surface freshening. It is worth
mentioning that there is a slight phase lag between 9S'/dt SUM and dS'/dt
OBS in region south of 20°S, where the surface freshening caused by
ADV_aEK from April to October predominates the seasonal cycle of S’/
ot SUM. This discrepancy implies that the sum of the terms considered in
Eq. (6) cannot fully balance the salinity budget in the region. Martins
and Stammer (2015) experienced the similar problem. The salinity
budget imbalance may arise from several factors, including errors in
data, the simplified representation of the equation, and the processes
that cannot be resolved using observations, such as vertical salinity
diffusivity and eddy-induced meridional salt flux.

In this study, the vertical physics is represented by the entrainment
term in its linearized version (ADV_ENT), excluding vertical salinity
diffusion, which greatly varies with vertical salinity gradient, mixing,
and shear flow instability. Camara et al. (2015) highlighted the signif-
icant role of vertical salinity diffusion in their analysis of the salinity
seasonal budget in the tropical Atlantic using an ocean general circu-
lation model. They reported that vertical salinity diffusion is tightly
phase-locked with near-surface stratification and works to reduce the
vertical salinity gradient by upwelling saltier water from below. The
extended seasonal freshening from April to October in dS/dt SUM
(Fig. 12a) might be related to the inability to realistically represent the
vertical salinity diffusion.

TIe importance of eddy-induced salt transport in shaping the mean
salinity distribution within the subtropical salinity maximum regime has
been investigated in several studies (Gordon and Giulivi 2014; Bryan
and Bachman, 2015; Busecke et al. 2017; Qu et al. 2019). Bryan and
Bachman (2015) pointed out that eddy-induced small-scale mixing is
roughly equal in magnitude to the mixing provided by vertical diffusion
acting on the climatological salinity distribution. They estimated that
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about half of the variance cascade between the large-scale and micro-
scale occurs through the mesoscale eddy field. Qu et al. (2019) quanti-
fied meridional eddy salt transport in the three subtropical gyres in the
Southern Hemisphere. Their results suggested that the eddy-induced salt
flux can remove around19 % of the salt from the subtropical evaporative
regime in the South Pacific, 16 % in the South Atlantic and up to 50 % in
the South Indian Ocean. The absence of eddy-induced salt transport in
Eq.(6) could be a significant factor affecting the salinity budget and
causing the mismatched phase between dS'/ot SUM and dS'/dt OBS in
region south of 20°S.

3.5.2. Regime of Ekman dominance

In Figs. 11-12, ADV_mEK stands as a dominant mechanism respon-
sible for poleward advection of the SSS anomalies formed underneath
the dITCZ. However, it should be noted that the governing mechanism
for seasonal-to-interannual variability of SSS varies with locations (e.g.
Mignot and Frankignoul 2003; Yu 2011; Camara et al. 2015). To identify
the regime where ADV_mEK assumes a leading role, a covariance anal-
ysis was conducted. This method aligns closely with the approach
employed in Yu (2011), but up-to-date, higher-resolution datasets are
used in this study. The approach requires calculating the covariance of
each term, labeled as Xi, with 0S'/dt OBS, and then normalizing it using
the squared sum of all covariances. This metric is henceforth referred to
as the normalized covariance (NCov) and can be expressed as follows:

Cov (X S OBS

i 7gf

) x 100%

NCov(X;) = R
6
;Cov (X,-,%OBS)

@)

The spatial pattern of NCov for each of the six terms in Eq. (6) is
displayed in Fig. 13a-f, in which the location of Smax for each basin is
superimposed to provide a contextual reference for the discussion.
Positive NCov values indicate that the process, Xi, contributes to the SSS
changes, while negative values indicate that the process, Xi, has an
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Fig. 11. Contributions of oceanic and atmospheric processes to salinity tendency diagnosed from budget equation (6). (a)-(h) Hovmoller diagram depicting the rate
of seasonal salinity change (unit: pss/mo) averaged over the 140°W — 120°W longitudinal section in the North Pacific. (a) observed salinity tendency, (b) diagnosed
salinity tendency, (c) freshwater flux forcing, (d) anomalous Ekman transport, I mean Ekman transport, (f) anomalous geostrophic transport, (g) mean geostrophic
transport, and (h) vertical entrainment. In all panels, two annual cycles are drawn to enhance the representation of the movement of SSS anomaly bands.

opposite effect on the SSS changes. The six terms exhibit varying degrees
of dominance across different regimes. Higher NCov(FWF) values
(greater than80 %) (Fig. 13a) are typically observed in regions charac-
terized by significant annual variations in E-P (Fig. 2c). The most
notable regions exhibiting these patterns include: the western north
tropical Pacific (5 — 30°N, 120 — 170°E) and Atlantic (15 — 30°N, 85 —
75°W), the eastern north tropical Pacific (5 - 20°N, 120 — 90°W) and
Atlantic (5 - 15°N, 30 — 10°W), and the western south tropical Indian (25
—5°S, 30 — 90°E) and Pacific (30 — 10°N, 150°E — 140°W). On the other
hand, the presence of higher NCov values (greater than80 %) for the two
Ekman transport terms, ADV_mEK and ADV_aEK (Fig. 13b-c), reveals
intriguing disparities in spatial dominance. NCov(ADV_mEK) promi-
nently dominates the tropical regions, extending from the vicinity of the
equator to the equatorward edges of the subtropical Smax centers. By
comparison, NCov(ADV_aEK) plays a primary role in the extratropical
regions, specifically poleward of 15° north and south. Its positive
contribution to the poleward section of each Smax center, coupled with
its slight negative contribution to the equatorward section, is particu-
larly noteworthy in the Pacific and Indian Oceans.

The spatial patterns of NCov for the two geostrophic transport terms,
ADV_mGEO and ADV_aGEO, exhibit distinct characteristics. NCov
(ADV_mGEO) tends to be predominantly negative in regions where
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NCov(ADV_mEK) is large positive, while its significance is not evident in
other areas. Conversely, NCov(ADV_aGEOQ) is overwhelmingly dominant
in the extratropics, especially in the latitudes poleward of the Smax
center. Similar to NCov(ADV_aEK), NCov(ADV_aGEO) tends to have
negative effect on the equatorward section of the Smax center, with the
most pronounced impact in the southern basins. This suggests that the
transport of mean salinity by seasonal Ekman and geostrophic currents
acts to suppress the fresh anomalies that are generated by the ITCZ and
advected poleward by mean Ekman currents. On a similar note, NCov
(ADV_ENT) also tends to be predominantly negative in tropical regions
where NCov(ADV_mEK) is large positive, emphasizing the important
role of the subsurface salt entrainment in counterbalancing the surface
freshening signal advected by mean Ekman currents.

To determine the dominant regime for each contribution to dS'/ot
OBS, the six NCov(Xi) values are ranked at each grid point. The highest
value is regarded as the primary dominant contribution, while the sec-
ond highest value represents the secondary dominant contribution. The
primary dominant contribution regimes are depicted in Fig. 14a, with
each regime color-coded for clarity. The pattern indicates that ADV_mEK
and FWF are the two major contributors to 9S’/dt OBS in the tropical
regions, spanning from near the equator to the equatorial edges of the
subtropical Smax centers. FWF governs the SSS tendency in the western
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Fig. 12. Same as Fig. 11 but for the 140°W — 120°W section in the South Pacific.

and eastern portions of the basins, while ADV_mEK exerts dominant
control over the central basins. Within the Smax centers, ADV_aEK
emerges as the leading process in the North Pacific, North Atlantic and
South Indian Oceans, whereas ADV_aGEO plays a significant role in the
South Pacific and South Atlantic. The impact of ADV_aGEO is particu-
larly pronounced in the extratropical region and the eastern tropical
Indian Ocean.

The secondary dominant contribution regimes are depicted in
Fig. 14b, using the same color coding as Fig. 14a. While the primary
contributors are regarded as the driving force behind seasonal vari-
ability, the secondary contributors can be viewed as significant
compensating processes that influence SSS variability. In areas charac-
terized by the dITCZ, the salinity anomalies generated by FWF are pri-
marily carried away by mean poleward Ekman transport. In the
proximity of the Smax centers, ADV_ENT stands as the leading process to
counterbalance the Ekman or geostrophic transport of the salinity
anomalies from the ITCZ regions.

The dominant regimes were produced by Yu (2011) using climato-
logical datasets with a coarser spatial resolution. This study employed
contemporary datasets obtained from satellites, complemented by sub-
surface data from Argo floats. Despite these differences in data, the
overall pattern is consistent between the two studies. The findings in
Fig. 14a-b are in good agreement with an ocean general circulation
model (OGCM) study by Camara et al. (2015). They showed that the
seasonal variations of the MLS in the tropical Atlantic are comparably

weaker in magnitude than the individual contributions from the FWF
and oceanic processes, and that salinity anomalies induced by FWF are
effectively attenuated by oceanic processes. In addition, the vertical
diffusion coefficient was parameterized in the model using the Turbu-
lent Kinetic Energy (TKE) scheme, which allows the diffusion coefficient
to vary with factors such as stratification, vertical shear, winds, and
buoyancy. By doing so, Camara et al. found that all oceanic processes,
including vertical salinity diffusion, are all synchronized and phase-
locked in their effects due to the influence of wind patterns.

3.6. Ekman versus geostrophic transport

Fig. 13b&d reveals two intriguing results. Firstly, ADV_mGEO has a
sign opposite to ADV_mEK in the tropical region, which suggests a
compensation between the mean Ekman and mean geostrophic advec-
tions of the ITCZ-induced SSS anomalies. Secondly, ADV_aGEO exhibits
an overwhelming dominance in the extratropical regions, where
ADV _aEK is relatively weak. A scaling analysis is conducted below to
show that the relative importance of the Ekman and geostrophic cur-
rents varies with latitude.

The Ekman transport (Ugg) induces water convergence and diver-
gence within the Ekman layer, causing Ekman pumping (downward) or
suction (upward) (Egs. (3) & (5). This also generates a sloping ocean
surface, creating pressure gradients that drive down-gradient flows.
These flows, deflected by the Coriolis force, create geostrophic flows
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encircling higher-pressure centers. Interior geostrophic flows, resulting
from Ekman transport-induced pumping/suction, are part of the wind-
driven circulation.

When vertically integrating the entire water column and setting the
surface and bottom vertical velocities to zero, the resultant equation
represents the Sverdrup balance (Pedlosky 1996):

1

V, VXt (8)
i pﬂ( )

where f is the spatial derivative of f = 2Qsin6, that is:
1 df 2Qcosd

P=%kw~ & ©

where R is the Earth’s radius and 0 is the latitude. By combining Egs. (3),
(8)&(9), the relative significance of Ekman and geostrophic transports at
different latitudes can be analyzed using the following scaling
relationship
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= 0<ﬁi) = gtane (10)
where the vertical bar represents the magnitude of the velocity, L is the
length scale associated with the wind stress, which is significantly
smaller than R. Assuming a value of L = 1000 km, the ratio in Eq. (10) is
approximately 6.6 at 45°N/S where tand = 1 and exceeds 11 at 60°N/S.
The increase in the ratio with latitude explains the dominance of
ADV_aGEO at higher latitudes as suggested in Fig. 14a. On the other
hand, in the equatorial region, a simple algebraic approximation of Egs.
(3)&(8) yields Vg ~ — Vg, showing that the two meridional velocities are
of similar magnitude but have opposite signs. This condition explains
the compensatory effects between ADV_mGEO and ADV_mEK in the
near-equatorial latitudes, as observed in Fig. 13b&d.
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4. Discussion
4.1. Forcing constraints on the location of Smax

The analysis conducted thus far suggests that the lagged phase syn-
chronization between the tropical Smin and subtropical Smax is pri-
marily driven by the poleward Ekman transport of low SSS from the
near-equatorial formation site to the subtropical Smax fringes. Howev-
er, it is important to note that the Ekman transport undergoes a sign

19

change in the horse latitudes around 30-35°N/S, where the trades and
westerlies converge. This sign change indicates a transition in the di-
rection of the Ekman transport, affecting the meridional extent of the
tropical salinity influence. Fig. 15 shows this meridional extent using the
streamline of the mean Ekman transport vector, with mean Smax centers
superimposed as a reference. To facilitate the discussion, a convergence
line is defined here as the location where meridional Ekman transport
(VEg) becomes zero and the transport on its north and south side changes
signs. It can be seen that a convergence line is located around 30°N in
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the NH and near 35°S in the SH.

The most remarkable revelation is the alignment between the pole-
ward boundary of the Smax center and the Ekman convergence line in
the North Pacific. The alignment indicates that the Ekman transport of
tropical low-salinity anomalies plays a significant role in shaping the
meridional displacement of the Smax center. Such close alignment is
also prominent in the North Atlantic. In the South Pacific and South
Atlantic, the Smax center falls within the poleward Ekman transport
regime, with the poleward edge displaced equatorward from the cor-
responding Ekman convergence line. The South Indian is unique in that
the line of zero Ekman transport coincides with the center of the Smax.
One could argue that the isohalines bounding the Smax centers in the
five open oceans (Gordon et al. 2015; Johnson et al. 2016; and Yu et al.
2021) are somewhat arbitrary in their selection. However, a change of
the bounding isohaline does not change the alignment of the Smax
center; it changes only the spatial expansion of the area containing the
Smax, particularly in the zonal direction (see Fig. 2 in Gordon et al.
2015). Hence, the Ekman convergence line in the subtropical latitudes of
~30-35° north and south defines the meridional extent of the tropical
low-salinity influence enabled by the poleward Ekman transport. To
facilitate the discussion, the region confined by the Ekman convergence
lines from ~ 35°S to ~ 30°N is referred to as the Ekman impact regime
hereafter.

The displacement of the Smax center relative to net evaporation
maxima has been widely studied (Walin 1982; Schanze et al. 2010; Zika
et al. 2015; Ponte and Vinogradova 2016; Melzer and Subramanyam
2017). This study expands upon previous studies by establishing the
internal synchronization of low-high salinities between the tropical and
subtropical oceans. It adds to the existing body of research by showing
that the Smax centers in all ocean basins are shaped by the Ekman
poleward transport of the tropical low-salinity anomalies induced by the
dITCZ (Fig. 15). Nonetheless, a critical question remains unanswered:
What factors control the current locations of the Smax centers?

We argue that the poleward Ekman transport serves as an intrinsic
mechanism in regulating the location of the Smax. This can be examined
using the distance between the tropical Smin zone and the subtropical
Smax center. According to Gordon et al. (2015), the Smax regime in the
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North Pacific and Atlantic spans between 20°N-30°N with a core at
about 26°N. In the South Indian Ocean, the Smax falls between
26°S-32°S around a center near 30°S. In the South Pacific and Atlantic,
the Smax regime is found between 15°S-22°S around a core at 18°S.
Fig. 6 shows that the tropical Smin anomalies originate around 5-10°N
in the North Pacific and Atlantic, 15-10°S in the South Indian Ocean,
and near 2-5°S in the South Pacific and Atlantic. The distance between
the Smin and Smax is surprisingly around 10-11 degrees of latitude in all
basins, including the South Indian Ocean. Fig. 6 shows that the tropical
salinity anomalies propagate at a speed of roughly 7 cm/s, similar to the
estimate produced by Bingham et al. (2014) for the North Atlantic. At
this speed, the tropical anomalies can cover a distance of roughly 10
degrees of latitude within six months, reaching the equatorial flanks of
the Smax centers. If assuming the Ekman layer depth of 50 m, this
traveling speed agrees perfectly with the Ekman current speed depicted
in Fig. 15.

Nonetheless, the Ekman transport cannot be the only mechanism
determining the location of a Smax center, as not all Smax centers have a
good alignment with the location of the Ekman convergence line. The
E-P flux is another important forcing, as the net evaporative freshwater
flux acts as the primary source of salt, increasing the salinity of the
surface waters, and is the fundamental basis for the existence of Smax.
The influence of E-P is shown in Fig. 16, in which the net evaporation (E
> P) zone (light blue shaded areas) and net precipitation (P > E) zone
(green shaded areas) are superimposed onto the Ekman impact zone (red
shaded areas). Notably, all Smax centers are well within the blue-shaded
net evaporation zone. The E-P as a constraint for the location of a Smax is
more evident in the SH. For instance, the southwest flank of the South
Pacific Smax center near 25°S, 140°W falls right on the curvature of the
zero line of E-P, and so does the southwest tip of the South Atlantic Smax
center near 25°S, 45°W (see also Fig. 1b).

Apparently, there is a delicate balance between the high-salinity
waters generated by E-P, the low-salinity waters brought by the
Ekman transport in regulating the location of a Smax center. This is
consistent with many previous studies, which have found that the salt
accumulated under high evaporation is compensated primarily by
Ekman low-salinity advection as the salt dissipated by mixing and
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entrainment is not sufficient to balance the MLS budget, e.g. Qu et al.
(2011, 2013) for the North Atlantic, Aubone et al. (2021) for the South
Atlantic, Ren and Riser (2009) and Bingham et al. (2012) for the North
Pacific, Hasson et al. (2013) for the South Pacific, and Wang et al. (2020)
for the South Indian Ocean. Ponte and Vinogradova (2016) showed that
ocean advection is manifested by the westward and poleward
displacement of peak SSS regions relative to the E-P maxima. Putting all
together, these studies support the viewpoint that the poleward
displacement of Smax relative to net evaporation maxima is determined
by the balance between salt production and the rate at which at which
this salt can be compensated by ocean advection and diffusion (Walin
1982; Schanze et al. 2010; Zika et al. 2015; Ponte and Vinogradova
2016). Fig. 16 stresses that all these balance acts have to take place
within the Ekman impact zone and the net evaporation zone, with the
Ekman convergence line and the zero E-P line setting the uttermost
boundary.

4.2. ENSO influence on the tropical-subtropical salinities

Hasson et al. (2018) reported a significant freshening anomaly
(below — 0.5 pss) at 20°N in the tropical Pacific following the 2015-16
extreme El Nino event and attributed the emergence of this anomaly to
the northward advection of the low-salinity anomalies induced near the
equatorial latitudes by ENSO precipitation anomalies. The northward
advection, which is dubbed as northward pathway by Hasson et al., is
facilitated by the Ekman currents as well as the northward reflection of
the North Equatorial Counter-current (NECC) into the westward-flowing
North Equatorial Currents (NEC). They further showed that this north-
ward displacement of SSS anomalies is not El Nino specific, even if the
advection is enhanced during El Nino events. The findings of Hasson
et al. indicate that the connectivity between the ITCZ-induced low-
salinity anomalies could be a source of salinity variability in the sub-
tropical high-salinity region on timescales beyond the seasonal cycll.

The influence of the ENSO SSS anomalies outside of the equatorial
region is examined in using the OISSS record from 2011 to 2021.
Fig. 17a-b show the Hovmoller diagrams depicting the monthly evolu-
tion of zonally-averaged SSS anomalies over the selected longitudes in
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the North Pacific (160°W-140°W) and the South Pacific (120°W-
100°W). The anomalies are relative to the 10-year (2012-2021) mean,
revealing the change of the annual cycle of SSS during the satellite
mission period. The influence of ENSO on the annual poleward advec-
tion of near-equatorial SSS anomalies is evident. In the tropical North
Pacific (Fig. 17a), the effect is particularly pronounced during the
2014-2016 El Nino episode, at that time the northern ITCZ was located
near 4°N, which was slightly northward compared to its typical Nino
position on the equator (Zhong et al. 2019). The low-salinity anomalies
(below —0.5 pss) were subsequently advected along the Ekman pathway,
spreading the ENSO influence all the way up to 25°N, around the
equatorial flank of the Smax center. Enahnced northward salinity
advection was also observed during the 2018-2019 El Nino episode.
Cumulatively, these anomalies caused a trend-like freshening in the
tropical North Pacific over the decadal span of satellite salinity missions.

In the tropical South Pacific across the longitudes 120°W-100°W
(Fig. 17b), the influence of ENSO on the annual southward propagation
of the equatorial SSS anomalies is also prominent. It is noted that
negative (fresh) SSS anomalies have increased considerably since 2020,
which coincides with the prolonged persistence of La Nina that started in
September 2020 and continued into 2023. The sea surface freshening
occurred along the Ekman transport pathway, with the low-salinity
anomalies reaching up to 30°S.

The linear trend map of the global SSS over the 10 full-year period
(2012-2021) is shown in Fig. 18. The basin-wide surface freshening in
the tropical North Pacific is one of the most remarkable features during
this decade-long mission period. Additionally, surface freshening is also
observed in the southeastern Pacific region between 15°S and 30°S. As
shown in Fig. 17a-b, the poleward advection of near-equatorial low SSS
anomalies along the Ekman pathways were abnormally active in recent
ENSO episodes since 2014. Interestingly, when the mean Ekman
convergence line (Vgx = 0) (represented by the green solid line) is
superimposed, it becomes evident that the trend-like decadal freshening
in both the tropical North and South Pacific is predominantly confined
within the impact regime of Ekman transport. The precise alignment of
the poleward edges of surface freshening trends with the mean Ekman
convergence zone near 30°N is striking. This alignment affirms the
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Fig. 18. Linear Trends for SSS over the 10-year period from 2012 to 2021. Positive (negative) trends indicate an increase (decrease) in SSS. The areas hatched by
black dots denotes that trends that are not statistically significant at the 95 % confidence level. The thick green line denotes the mean Ekman convergence line. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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intrinsic connection between the tropical Smin and subtropical Smax
regions and underscores the importance of the Ekman dynamics in
governing the tropical-subtropical SSS variability on seasonal and
longer timescales.

4.3. Link to the subtropical cells

The subtropical cells (STCs), first proposed by McCreary and Lu in
1994, are one of the important interaction mechanisms linking the
equatorial ocean to the extratropical and subtropical regions. The STCs
are shallow wind-driven overturning circulations in the upper 500 m,
characterized by equatorward transport at subsurface level, and pole-
ward transport in the surface layers, and closed by upwelling at the
equator and subduction in the subtropics (Schott et al., 2004). Many
studies suggest that the STCs act as “ocean tunnels” and influence the
tropical-extratropical atmosphere-ocean interactions (Solomon 2010;
Farneti et al., 2014) by either advecting subtropical temperature/
salinity anomalies to the equator Gu & Philander, 1997), or by modu-
lating the amount of subtropical waters transported to the equator
(Kleeman et al., 1999; McPhaden & Zhang, 2002).

This study points out the connective nature of the tropical minimum
and subtropical maximum SSS, showing that the poleward Ekman
transport provides the essential oceanic pathway for this connection. It
appears that this Ekman-enabled dynamical linkage between the trop-
ical and subtropical salinities is in apparent association with one portion
of the surface limb of the STCs: the poleward Ekman transport in the
surface.

The surface limb of tICs includes the equatorial upwelling and
poleward flow, while the lower limb consists of the subtropical sub-
duction and equatorward flow. Many questions remain to be examined
when integrating the observation-based finding of this study in the
overarching framework of the STCs that was established from the
tropical-subtropical temperature relationships (McCreary and Lu 1994).
Unlike temperature, salinity is a tracer and does not interact directly
with the atmospheric forcing. The only processes that can change
salinity are mixing and entrainment. Therefore, the STCs are potentially
an ocean memory for the change of the global water cycle through
sequestering the subducted surface salinity anomalies in the pycnocline
and reemerging these anomalies in the equatorial upwelling region in a
decade later.

In the subtropical high SSS regions, the winter-time subduction of
the salty surface waters leads to the formation of a distinct salinity
maximum with a core at the depth of 100 — 150 m. This subsurface
salinity maximum water is known as Subtropical Underwater (STUW)
(O’Connor et al. 2005; Shcherbina et al. 2015; Yu et al. 2018). Once
formed, the STUW is exported equatorward along the lower limb of the
STCs (Fine et al. 2001; Busecke et al. 2014). Using model simulations,
Qu and Gao (2017) studied the resurfacing of South Pacific Tropical
Water (SPTW) in the equatorial Pacific and its variability associated
with ENSO. Their results demonstrate a high correlation of both the
volume and barycenter of the resurfacing SPTW with ENSO indices. The
resurfacing SPTW reaches its minimum volume and easternmost posi-
tion during El Nino years and maximum volume and westernmost po-
sition during La Nina years.

While the subduction of subtropical high salinities and the subse-
quent advection through the lower limb of the STCs appear to be better
described, the surface limb, where the pycnocline water upwelled in the
equatorial region flows poleward driven by Ekman transport, is less
known. With this study, the dynamical linkage between the tropical and
subtropical salinities established from observations helps fill the
knowledge gap for the processes relating to the surface limb. Still, many
questions remain open, including but not limited to, how the low surface
salinities formed under the dITCZ interact with or is influenced by the
upwelled water properties at the equator; how the tropical low salinities
are transformed after going through the net evaporation zone; and what
water cycle signals are carried by the subducted water masses, etc.
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Evidently, further work is needed to explore these issues.
5. Summary

This study investigated the connective nature of the tropical Smin
and the subtropical Smax and revealed that the poleward Ekman
advection of SSS anomalies originating near the equatorial latitudes
serves as an essential oceanic pathway for this tropical-subtropical
connection. As a result, the annual cycle of the subtropical Smax is
synchronized to the annual cycle of the tropical Smin, with a phase lag of
six months that is regulated by the time needed by the Ekman transport
to carry the near-equatorial low salinity waters to the peripheral of the
Smax centers.

Two key characteristics are essential in understanding this advective
oceanic pathway facilitated by Ekman transport. The first is the source of
the freshwater necessary for the generation of near-equatorial low-
salinity waters in each ocean basin. The study found that these low-
salinity waters are formed beneath the rainfall bands associated with
the dITCZ straddling the equator. The rainbands of the northern ITCZ
exhibit a persistent and dominant presence, leading to a seasonal Smin
of ~ 0.5 pss in September-October in the equatorial Pacific and Atlantic
oceans. On the other hand, the rainbands associated with the southern
ITCZ are more transient and short-lived, being most evident in March-
April. The resultant seasonal amplitude of SSS is relatively weaker,
averaging below 0.3 pss. The dITCZ is weak in the Indian Ocean,
noticeable only during monsoon transitions in April-May and October-
November.

The second feature is the advection time taken by Ekman transport
traveling at an average speed of approximately 7 cm s~!. This speed
allows the near-equatorial salinity anomalies to be carried to the sub-
tropical Smax fringes in six months, aligning closely with the observed
semi-annual phase shift in the annual cycles between Smin and Smax.
This reinforces the crucial role of Ekman transport as a mechanism in
establishing and maintaining this synchronization.

Additionally, the study revealed two important features. One is that
the five subtropical Smax centers all fall within the domain of the
poleward meridional Ekman transport that is defined by the zero
crossing of the meridional Ekman transport; the latter is referred to as
the Ekman impact zone in this study. The second is that the distance
between the Smin zone and the Smax center is about 11-12° of latitude
in all basins, which equals roughly to the distance that tropical salinity
anomalies can be advected by the Ekman transport in six months. It is
well known that the Smax centers are located within the net evaporation
regimes, because these high salinity centers owe their existence to the
evaporative forcing of the subtropical regions. The existence of the
Ekman impact zone in surface salinity stresses the important role of
tropical freshwater forcing in counterbalancing the effects of net evap-
oration forcing in the subtropical region. Thus, it is not a surprise to find
that the Ekman convergence line and the zero E-P line set the poleward
boundary for the location of a subtropical Smax center.

Furthermore, the study showed that the poleward Ekman transport
plays an important role of spreading the ENSO influence beyond the
equatorial region. Over the past decade of satellite salinity missions, the
tropical Pacific has experienced strong 2015-2016 El Nino event amidst
milder warm episodes, followed by a triple-dip La Nina events in
2020-2023. These exceptional conditions caused a shift in the position
and intensity of the dITCZ, and the resultant rainfall anomalies produced
substantial surface freshening in the equatorial region. This, in turn, led
to considerable poleward propagation of surface low-salinity anomalies,
impacting subtropical oceanic conditions. It is particularly intriguing
that the ENSO-induced surface freshening remained well within the
impact regime of Ekman transport, reaffirming the intrinsic connection
between the tropical Smin and subtropical Smax regions.

In conclusion, this study has a potential to broaden the under-
standing of the complex interaction between oceanic processes, the
water cycle, and the distribution of SSS anomalies. The findings bring to



L. Yu

light the interconnected nature of the tropical Smin and subtropical
Smax, challenging the prevailing notion of treating them as separate
entities. Moreover, the findings question conventional thinking
regarding the use of salinity as a rain gauge, as it suggests that relying
solely on the contrast between these two salinity extrema as a standard
measure for assessing the amplification of the water cycle may not be
appropriate. Consequently, these insights highlight the need for a
reconsideration of methodologies when extracting information about
changes in the ocean water cycle from SSS observations. These insights
contribute to the ongoing refinement of our perception regarding the
intricate interaction between salinity, ocean dynamics, and the water
cycle.
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