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Mechanisms of Tropical Sea Surface Salinity Variations at
Seasonal Timescales
Antoine Hochet1 , Soumaïa Tajouri1 , Nicolas Kolodziejczyk1 , and William Llovel1

1Laboratoire d’Océanographie Physique et Spatiale, University of Brest, CNRS, IRD, Ifremer, UBO, IUEM, Brest, France

Abstract Climate‐coupled models typically overestimate the amplitude of the seasonal cycle of sea surface
salinity (SSS) in the tropics. A better understanding of the mechanisms controlling the seasonal variance of SSS
could provide directions for improving the representation of the SSS seasonal cycle amplitude in these models.
In this work, we use a novel framework, based on seasonal salinity variance budget (SVB), which we apply to
the Estimating the Circulation and Climate of the Ocean (ECCO) state estimate, to study the mechanisms
controlling the variance of seasonal SSS in the tropical oceans. Our findings reveal that oceanic advection,
vertical diffusion, and freshwater fluxes from rivers and precipitation all play an important role in controlling
the amplitude of the seasonal cycle, but their impact varies regionally. The SVB framework effectively
distinguishes between “source” (mechanisms that enhance variance) and “sinks” (mechanisms that dampen
variance). We show that vertical diffusion acts as the primary sink across most regions, except for the eastern
Arabian Sea where precipitation dominates as the main sink. In other regions of the tropical oceans,
precipitation and river runoff act as sources of variance. The effect of the advective term on the SSS variance is
shown to be mainly the sum of two terms—first, a term associated with the spatial redistribution of the
variability by the eddy‐parametrized oceanic circulation, and second, a term associated to a transfer of salinity
variance between the time mean and seasonal circulations.

Plain Language Summary Seasonal variations of sea surface salinity in the tropics play an important
role in controlling the upper ocean stratification and therefore air‐sea interactions. However, most climate
models overestimate the amplitude of the seasonal variation of SSS in the tropics. A better understanding of the
mechanisms involved in controlling SSS amplitude would help to define directions for improving climate
models by identifying the misrepresented processes. In this article, we use a novel diagnostic to understand the
mechanisms controlling the amplitude of this seasonal cycle in the tropical oceans. Our results show that the
seasonal cycle results from a subtle balance between different terms. In most regions, vertical mixing acts to
damp the amplitude of the SSS seasonal cycle, while precipitation, river runoff, and oceanic advective terms act
to sustain SSS seasonal cycle. We further show that mesoscale eddies play an important role in the oceanic
advective term, suggesting that a correct representation of their effect is important to correctly simulate the SSS
seasonal cycle.

1. Introduction
The most intense branch of the hydrological cycle of the planet are the evaporation (E) and precipitation (P)
flux over the ocean (Schmitt, 1995). These surface freshwater fluxes leave a strong imprint on the ocean surface
salinity leading to high salinity values in subtropical regions where evaporation dominates, and low salinity
values in tropical and high latitudes' regions where precipitation and river runoff dominates. It is expected that
under global warming, the water‐holding capacity of the air (the saturation water vapor pressure) will increase
and that regions of net precipitation will become wetter and regions of net evaporation will become dryer (Held
& Soden, 2006). These trends in P and E fluxes over the oceans are however difficult to observe directly, and
the last IPCC report (Gulev et al., 2021) assigned “low confidence” to the globally averaged trends in P‐E over
the 20th century. To circumvent this problem, the possibility to use the sea surface salinity as a proxy for the
intensity and change of the ocean hydrological cycle has therefore become an active subject of research (Terray
et al., 2012; Yu, 2011; Yu et al., 2020). Unlike the P and E fluxes, long‐term in situ observations of sea surface
salinity from research vessels and voluntary observing ships are indeed available since the 1950s (Delcroix &
Hénin, 1991). Moreover, since 2010, the European Space Agency's (ESA) Soil Moisture and Ocean Salinity
(SMOS), the joint National Aeronautics and Space Administration's (NASA)/Argentinian Satélite de Aplica-
ciones Científicas (SAC)‐D Aquarius, and the NASA Soil Moisture Active Passive (SMAP) satellites have
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provided near‐global observations of SSS (Reul et al., 2020). Long‐term salinity observations suggest that SSS
tends to increase in regions where it is high and decrease in regions where it is low (Boyer et al., 2005; Curry
et al., 2003; Durack et al., 2012; Skliris et al., 2014), in agreement with an intensification of the hydrological
cycle. However, SSS is not only controlled by the surface freshwater fluxes but also by the ocean's dynamics
that play an essential role in maintaining the salinity distribution (Zika et al., 2015). Depending on whether the
SSS is directly controlled by the surface freshwater fluxes or by ocean dynamics or by a combination of both,
the use of the SSS as a direct proxy of the surface freshwater fluxes may be limited (Vinogradova &
Ponte, 2013; Yu, 2011). A better understanding of the mechanisms controlling the variability in sea surface
salinity would therefore help to determine the relationship between SSS variability and surface freshwater
fluxes.

Climate models are our primary tools for understanding and projecting current and future climate. Therefore, it is
important that they accurately represent the SSS variability, especially the seasonal cycle, which dominates the
SSS variability. However, several studies have shown that significant biases exist between the observed SSS
seasonal cycle and its representation in the CMIP5/CMIP6 climate models (Fathrio et al., 2017; Y. Liu
et al., 2022). In particular, the magnitude of seasonal salinity variations is stronger in the models than in ob-
servations in the tropical regions (Y. Liu et al., 2022), suggesting that one or several processes are not well
represented in these models. To understand the reasons for this overestimation in climate models, and ultimately
to reduce this bias, we first need to better identify the processes that control the amplitude of the seasonal cycle in
observations and state‐of‐the‐art ocean numerical models. This comprehensive analysis will provide valuable
insights into the specific elements that are inaccurately represented in current climate models, paving the way for
targeted improvements and more accurate predictions.

In tropical regions, the pronounced SSS seasonal cycle is due to continental river runoff and intense precipitation
associated with the presence of the Intertropical Convergence Zone (ITCZ) and South Pacific Convergence Zone
(SPCZ) in the Pacific. The strong seasonal SSS variability has motivated ongoing research on their underlying
mechanisms (Akhil et al., 2014; Camara et al., 2015; Da‐Allada et al., 2015; Houndegnonto et al., 2021; Lee
et al., 2019; Matias et al., 2024; Qu et al., 2011; Terray et al., 2012; Tzortzi et al., 2013; Yu, 2014). In the tropical
Pacific, pronounced seasonal variations of SSS occur in the eastern regions and along the Central American
coastline (Delcroix et al., 1996; Delcroix & Hénin, 1991; Guimbard et al., 2017; Yu, 2014). In the tropical
Atlantic, seasonal variations in SSS are particularly strong in the western tropical North Atlantic and in the Gulf of
Guinea due strong seasonal precipitation associated with large runoff of the Amazon and Congo rivers,
respectively (Dessier & Donguy, 1994; Reverdin et al., 2007; Tzortzi et al., 2013). These SSS variations influence
near‐surface stratification and may, in turn, affect air‐sea interactions through the formation of the barrier layer
(Lukas & Lindstrom, 1991), which is thought to play an important role for the regional climate (Mignot
et al., 2012). In the Indian Ocean, the greatest seasonal SSS amplitudes are observed in the northern Bay of Bengal
and in the southeastern Arabian Sea (Rao & Sivakumar, 2003). The northern Indian Ocean is strongly influenced
by the Indian monsoon, which causes winds to blow from the southwest in summer (May–September) and from
the northeast in winter (November–March). This wind reversal induces a strong constraint on the upper ocean
circulation (Shankar et al., 2002) and is accompanied by important changes in precipitation patterns, which in turn
exert a strong influence on the SSS seasonal cycle. In addition, runoff from the Brahmaputra and Ganges rivers
exert an important impact on the Bay of Bengal.

The main tool so far to understand the mechanisms of SSS seasonal variations has been the calculation of the
different terms of the salinity budget in the mixed layer (e.g., Akhil et al., 2014; Camara et al., 2015; Da‐Allada
et al., 2013; Da‐Allada et al., 2015; Lee et al., 2019; Yu, 2023). Seasonal salinity budgets are useful tools for
understanding qualitatively the main mechanisms that control salinity time tendencies. However, this method-
ology has an important drawback in that it is difficult to obtain a quantitative assessment of the mechanisms as it is
based on the visual inspection of the seasonal variations of the salinity tendencies and of the terms of its
decomposition (i.e., advection, diffusion, and freshwater fluxes in its simplest form).

To circumvent this problem, some authors have computed the local correlation between the salinity time ten-
dencies and the different terms from its decomposition (e.g., Yu, 2011). Although this methodology has the

advantage of providing quantitative information, the resulting equation (i.e., ( ∂Sʹ
∂t )

2 with Sʹ the seasonal salinity
anomaly) is hard to interpret in terms of physics.
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In this study,we propose to use a newmethodology, based on budget of salinity variance (BSV). This diagnostic has
recently proven useful to study the mechanisms of interannual variability of salinity in the Arctic (Hochet, Lique,
et al., 2024). A main advantage is that it allows to explicitly quantify the local mechanisms that act to increase (so
called “sources”) and decrease (so called “sinks”) the amplitude of the seasonal SSS and provides a rigorous
framework to physically interpret the different components of the oceanic advective term. Similar density variance
budgets have been used in the literature to study the mechanisms of the Atlantic Multidecadal Variability (AMV)
(Arzel et al., 2006, 2018; Buckley et al., 2012; Colin de Verdière & Huck, 1999; Gastineau et al., 2018; Hochet
et al., 2015, 2022). It has also been applied to study the interaction betweenmesoscale turbulence and the AMV for
the ocean temperature (Hochet et al., 2020), to study ENSO mechanisms (Boucharel et al., 2015; Guan &
McPhaden, 2016; Guan et al., 2019; B. Liu et al., 2024) and the mechanisms of steric sea level interannual and
seasonal variability (Hochet et al., 2023; Hochet, Llovel, et al., 2024). Additionally, tracer variance budget is
widely used to study oceanic mixing (e.g., Gregg et al., 2018;MacCready et al., 2018; Osborn&Cox, 1972). Here,
we derive a similar variance budget for the seasonal sea surface salinity and apply this budget to the Estimating the
Circulation and Climate of the Ocean (ECCO) v4r4 state estimate (Forget et al., 2015).

This article is organized as follows: In Section 2, we describe the methodology of the SSS seasonal local variance
budget, and in Section 3, we present the ECCO v4 state estimate used to compute this budget. Section 4.1 presents
a comparative analysis of seasonal SSS variability between ECCO v4 and satellite observations, and Section 4.2
results from calculating the components of the seasonal SSS variance budget in ECCO v4. In Section 4.3, the time
evolution of the corresponding terms in the SSS budget is discussed. In Section 4.4, we describe the decom-
position of the advective term from the variance budget into several components corresponding to different
physical mechanisms, and in Section 4.5, we provide the horizontal average of each term of the SSS seasonal
variance budget over selected regions. Finally, we conclude and present the broader implications of our findings
for future research in Section 5.

2. Method
2.1. Seasonal SSS Evolution Equation

Each variable X, obtained from the monthly averaged outputs of ECCO v4r4, is first decomposed into time mean
and seasonal cycle as:

X = X + Xʹ + XR (1)

where X is the time mean (over the ECCO v4r4 period 1993–2016); Xʹ the seasonal cycle anomaly is computed as
the time mean of the monthly time series, that is,:

Xʹ(m) =
1

Nyear
∑

Nyear

yr=1
X(m,yr) − X, (2)

where m and yr are the month and year indices, respectively, Nyear is the number of years of the studied period
(23 years for ECCO v4r4), and X is the monthly average output of ECCO v4. Note that we therefore have Xʹ = 0:
the time mean of the seasonal cycle anomaly is zero. XR in Equation 1 is the remaining salinity anomalies
associated to interannual and subannual frequencies obtained as XR = X − X − Xʹ. Applying Equation 2 to the
evolution equation for the sea surface salinity gives an equation for the seasonal variations of the sea surface
salinity anomaly Sʹ as:

∂Sʹ
∂t
= − ∇ ⋅ (VS)ʹ
⏟̅̅⏞⏞̅̅⏟

=adv

+ Dʹ
H + Dʹ

V⏟⏞⏞⏟
=dif

+ (1/h(E − P − R)S)ʹ
⏟̅̅̅̅̅̅̅̅̅̅⏞⏞̅̅̅̅̅̅̅̅̅̅⏟

=flu

(3)

where adv represents the advective terms withV = v + vGM the residual velocity, that is, the sum of the resolved
(v) and parametrized velocities (vGM), here using the Gent andMcwilliams (1990) scheme (GMhereafter), and dif
all the horizontal (Dʹ

H) and vertical (D
ʹ
V) diffusive terms associated with parametrized vertical mixing, diapycnal

and isopycnal mixing, and flu; the effect of the surface freshwater fluxes associated with evaporation (E), pre-
cipitation (P), and river runoff (R). h represents the thickness of the first layer in ECCO v4.
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2.2. Seasonal SSS Variance Budget

Because we want to understand the mechanisms that control the variance (i.e., amplitude) of the seasonal cycle,
we derive an equation for the variance of the seasonal salinity cycle, that is, Sʹ that we call the seasonal salinity
variance budget (SVB). Using the decomposition of the sea surface salinity into its different components given by
Equation 1, the time mean of the squared salinity can be decomposed as follows:

S2 = S2 + Sʹ2 + SR2. (4)

The first term on the right‐hand side is the squared mean salinity; the second term is the seasonal variance, which
is the main focus of this paper; and the last term is the variance of the remaining salinity anomalies SR. The
seasonal SVB is obtained by calculating the time average of the product between Sʹ and Equation 3:

Sʹ∂S
ʹ

∂t
=
1
2
∂Sʹ2

∂t
= Sʹadv⏟⏞⏞⏟

VARadv

+ Sʹdif⏟⏞⏞⏟
VARdif

+ Sʹflu⏟⏞⏞⏟
VARflu

. (5)

The left‐hand side term represents the time mean of the variance time tendency and, the three terms on the right‐
hand side VARadv, VARdif , and VARflu are, respectively, the effect of oceanic advection, diffusion, and external
freshwater fluxes. In this equation, if we find that one of the right‐hand side terms is positive, it therefore con-
tributes positively to the seasonal salinity variance in which case it is called a source because it acts to sustain the
seasonal cycle. On the contrary, if we find that one of the right‐hand side terms is negative, it acts to damp the
seasonal salinity variance and it is called a sink.

Because of the methodology we use to extract the mean seasonal cycle anomaly (see Equation 2), the left‐hand
side in Equation 5 is not exactly zero: it represents the mean increase or decrease of the seasonal cycle amplitude
over the period of interest (see also Appendix A). However, we will see in Section 4.2 that this term is much
smaller than the right‐hand side terms and can be neglected in the budget. The three terms from the right‐hand side
therefore approximately cancel. For example, if VARflu is locally positive, this means that it is a local source of
SSS seasonal variance, and one of the two remaining terms (or the sum of the two) must be negative, and thus a
sink, to compensate for the source, otherwise the amplitude of the variations would increase.

2.3. Decomposition of the Advective Term

Following a methodology similar to that used in Hochet et al. (2023), the advective term VARadv can be further
decomposed into different terms arising from different dynamical features. For this purpose, the salinity advection
term adv from Equation 3 is decomposed as follows:

adv = − ∇ ⋅ (V + Vʹ) Sʹ − ∇ ⋅VʹS + ∇ ⋅ (VʹSʹ) − ∇ ⋅ (VRSR)ʹ − ∇ ⋅VRSʹ − ∇ ⋅VʹSR
⏟̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅⏞⏞̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅⏟

=advR

(6)

where V, Vʹ, and VR are the decomposition of V following the formula in Equation 1. advR represents the
remaining terms associated to correlations between submonthly velocities and submonthly salinity anomalies not
resolved by the monthly outputs, as well as to subannual and interannual variations. The advR term is found to be
much smaller than the first two terms and is therefore neglected in what follows. A decomposition of the advective
term from the variance equation is then obtained by multiplying Equation 6 by Sʹ and time‐averaging:

VARadv ≈ − ∇ ⋅ (V + Vʹ)
Sʹ2

2⏟̅̅̅̅̅̅̅̅̅⏞⏞̅̅̅̅̅̅̅̅̅⏟
=VARadvadv

− VʹSʹ ⋅∇S⏟̅̅⏞⏞̅̅⏟
VARmeanadv

(7)

The first term, VARadvadv is interpreted as the seasonal SSS variance advection by the mean (V) and seasonal
residual velocities (Vʹ). This term represents the effect of the spatial redistribution of the seasonal salinity
variance caused by the oceanic circulation and would sum to zero if we integrated it over the global ocean volume.
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VARadvadv acts as a source of seasonal SSS variance when there is a convergence of SSS variance fluxes (i.e.,

(V + Vʹ) S
ʹ2

2 ) and as a sink in the case of divergence. Although this term may be an important local source or sink
of seasonal SSS variations, it cannot be responsible for the net creation or dissipation of variability globally. We
call this term the advective spatially redistributing term.

The second term in Equation 7 (i.e., VARmeanadv ), unlike the first term, does not disappear when integrated over the
global ocean volume (because it cannot be written as a divergence of a flux) and may act to decrease or increase
the global salinity variance. This term is due to the residual salinity flux (i.e., VʹSʹ) across the mean salinity
surfaces (defined by S = const.). VARmeanadv acts as a local source of salinity variance when the residual salinity
flux is in the direction opposite to the mean salinity gradient (∇S) because, in this case, − VʹSʹ ⋅ ∇ S > 0, and as a
sink when it is in the direction of the mean salinity gradient (which implies that − VʹSʹ ⋅ ∇ S < 0). It is
straightforward to show that the same term but with an opposite sign appears in the equation for the squared time
mean salinity (see also Hochet, Lique, et al., 2024).

1
2
∂S2

∂t
= −

1
2
∇ ⋅V S2 − S∇ ⋅VʹSʹ (8)

= −
1
2
∇ ⋅V S2 − ∇ ⋅ (S VʹSʹ) + VʹSʹ ⋅∇S⏟⏞⏞⏟

=− VARmeanadv

, (9)

where we have only kept the advective terms and assumed that S = S + Sʹ and V = V + Vʹ (i.e., the circu-
lation is only made of the time mean circulation plus the seasonal cycle anomaly) to simplify the demonstration.
The first two terms on the right‐hand side of Equation 9 disappear when integrated over the ocean volume because
they are written as the divergence of a flux, while the last term is the opposite of the term VARmeanadv from
Equation 7. Hochet, Lique, et al. (2024) have therefore interpreted this term as a salinity variance transfer between

the time mean salinity (more precisely, the S
2

2 reservoir) and the variable salinity (here seasonal circulation,
(Sʹ)2
2

reservoir). In other words, this term represents the interaction between the temporal mean salinity and the SSS
seasonal cycle anomalies, reflecting their reciprocal influence: the seasonal cycle is partly shaped by the mean
salinity and vice versa. In the remainder of this article, we will refer to VARmeanadv as the “salinity variance transfer
term.” An important novelty of this section is the decomposition of the oceanic advective term from the SSS
variance equation into a first term associated with the spatial redistribution of the SSS variance and a second term
associated with a SSS variance transfer between the time mean and the seasonal circulations.

2.4. Role of Eddy‐Induced Transport

To understand the respective roles of the parameterized eddy‐induced and resolved velocities, each term of the
advection decomposition from Equation 7 can then be further decomposed into a part associated with the
parameterization of the mesoscale eddies (GM bolus velocities) with an horizontal scale not resolved by the
ECCO grid (111 km at low latitude) and a part associated with the resolved velocities:

VARXadv = VAR
X/GM
adv + VARX/resadv (10)

Here X = mean or adv and VARX/GMadv , VARX/resadv are, respectively, the part linked with the parametrized eddy‐
induced velocities and resolved velocities. These parameterized eddy‐induced velocities reproduce the effect of
baroclinic instability of the circulation, which act to flatten isopycnal surfaces by releasing potential energy (Gent
& Mcwilliams, 1990).

3. The ECCO v4 State Estimate
To evaluate each term of the SSS variance budget, we use the ECCO v4r4 state estimate (Forget et al., 2015),
which allows to close the salinity budget over the period 1993–2016. This state estimate is computed using the
MITgcm and assimilates an ensemble of available observations using an adjoint method over the entire period of
integration (Heimbach et al., 2005). The methodology used by the ECCO consortium implies that there are no
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unphysical sources or sinks of salinity or heat, making it suitable for calculating physically sound tracer budgets.
Among the salinity observations assimilated in ECCO v4r4 are in situ salinity from CTDs, moorings, Argo floats,
gliders, and sea surface salinity from the Nasa Aquarius mission. ECCO v4 is forced using ERA‐Interim at-
mospheric reanalysis fields (Forget et al., 2015) and a seasonal climatology of runoff from Fekete et al. (2002).
The solution used in this article is computed on the LLC90 grid, which has a horizontal resolution ranging from
111 km in the tropics to 40 km at high latitudes and 50 vertical levels. Mesoscale turbulence is therefore not
resolved and its effect is parameterized using GM. Additionally, it is worth noting that ECCO, unlike many other
forced ocean simulations, does not have a surface salinity restoring term because the precipitation flux term is
corrected using the adjoint method. In this work, each term is calculated from monthly averaged outputs, except
the salinity time tendencies, which are obtained from snapshots at the beginning and end of each month. The
seasonal cycle studied here is thus an average of the seasonal cycle over the 23 years of the 1993–2016 period. We
focus on the tropical oceans, between 35°S and 35°N, which are characterized by their strong seasonal cycle
in SSS.

4. Results
4.1. Comparison of ECCO v4 and the CCI SSS Data Sets

To assess the ECCO v4r4 state estimate, we use the climate change initiative (CCI) SSS data set. This data set is
constructed from the merging of three satellite instruments: SMOS (Soil Moisture and Ocean Salinity), Aquarius,
and SMAP (Soil Moisture Active Passive). The product used in this study (v04.41) is provided on a global grid
with a spatial resolution of 25 km and a time resolution of 1 month (Boutin et al., 2021). The SSS variance
obtained from the CCI SSS data set and the ECCO v4r4 data set show reasonable agreement (Figures 1a and 1b)
with the largest values in the plume regions of the Amazon, Congo, and Brahmaputra River, as well as in the
eastern Arabian Sea, Panama Bight, and southern Maritime Continent. Nevertheless, the observed SSS variance
from the CCI data set is generally larger than that from the ECCO state estimate, particularly in the Amazon
plume region where the large variability extends further north in the observations. The time‐averaged SSS also
shows similar patterns in the CCI and ECCO v4 data sets (Figures 1c and 1d). In the Pacific, both data sets agree
on the location of mean SSS variations with freshwater to the east and along the equatorial band and salty water in
the subtropics. In the Atlantic, both data sets show freshwater in the equatorial band and along the Amazon and
Congo plume regions, and salty water in the northern and southern subtropical regions. In the Indian Ocean, both
data sets agree on the presence of salty waters in the Arabian Sea and a decreasing mean SSS eastward as well as
low mean SSS in the Maritime Continent. The eight regions with the highest levels of SSS variance, that is, the
East Pacific region, the Panama Bight, the Amazon plume, the Congo plume, the eastern Arabian Sea, the
southern equatorial Indian region, the Ganges‐Brahmaputra River plume, and the southern Maritime Continent,
are outlined by eight red boxes in Figure 1, and will receive special attention in this study.

4.2. Seasonal Amplitude of SSS Anomalies: The Role of Advection, Diffusion, and Freshwater Fluxes

The three terms of the right hand side of the SSS variance budget (Equation 5) associated with oceanic advection
(VARadv), diffusion (VARdif), and freshwater fluxes (VARflu) are shown in Figure 2, panels B, C, and D,
respectively. The sum of the three terms is negligible (Figure 2, panel A) as expected from Equation 5, which
means that any source of variance must have a sink of opposite sign to compensate. Oceanic advection (Figure 2,
panel B) acts as a source of SSS seasonal variance at all locations, with its highest values (about 3 psu2 yr− 1) in the
Amazon and Brahmaputra plume regions. On the contrary, oceanic diffusion acts as a sink in most regions
(Figure 2, panel C), with its highest values in the Amazon and Ganges‐Brahmaputra plume regions as well as in
East Pacific, Panama Bight, and South Maritime Continent regions. The important role of diffusion in the sea-
sonal variations of SSS was already noted in the Atlantic by Camara et al. (2015) and in the Bay of Bengal by
Akhil et al. (2014). Interestingly, we also find here that diffusion can act as a weak source of variance in some
localized regions of the Indian Ocean, mostly along the west coast of India and the south‐central region of the Bay
of Bengal. The diffusive term is associated with the vertical part of the diffusive flux, its horizontal part being
negligible (Figure 3, panels A and B). The term associated with the freshwater fluxes (evaporation, precipitation,
and river runoff) is, in almost all locations, a source of seasonal SSS variance except in the eastern Arabian Sea
and, to a smaller extent, in the southern Bay of Bengal where it acts as a sink (Figure 2, panel D). To the best of our
knowledge, this is the first time that freshwater fluxes are shown to dampen the amplitude of the SSS seasonal
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cycle in these regions. Figure 3 shows that in some regions, the three right‐hand side terms of the variance budget
are important, for example, in the Amazon plume or in the southern Maritime Continent region, while in others,
only two terms account for the main balance (namely diffusive and freshwater fluxes terms), for example, in the
East Pacific region and in the southern equatorial Indian region. In the Mississippi plume region, the main balance
appears to be between the advective term (a source) and the diffusive term (a sink). In the Amazon plume region,
the amplitude of the terms shown in panels B, C, and D (Figure 2) is of 3 psu2 yr− 1, while the SSS variance
amplitude in the same region is of 1 psu2 (Figure 1b). Therefore, if there were no source to compensate for the sink
effect of the diffusive term in this region, these amplitudes suggest that a timescale of about 4 months (1 psu2/
3 psu2 yr− 1) would be sufficient to completely dampen the SSS seasonal cycle.

To further understand the role of the different components of the freshwater flux term (panel D, Figure 2), we now
decompose it into three different terms as follows:

VARflu = VARroffflu + VAR
precip
flu + VARevapflu (11)

where VARroffflu , VAR
precip
flu , and VARevapflu are ,respectively, the terms associated to river runoff, precipitation, and

evaporation. The dominant term from this decomposition is the one associated with precipitation (Figure 3c),

Figure 1. Comparison between the ECCO v4 ocean state estimate and the CCI SSS product. Panels a and b show,
respectively, the SSS seasonal variance for the period 2010–2015 (5 years) for CCI and ECCO v4 (in psu2). Panels c (CCI)
and d (ECCO v4) show the time mean SSS (in psu) over 2010–2015. The eight red boxes outline eight regions characterized
by their strong level of SSS seasonal variability: the East Pacific region, the Panama Bight, the Amazon plume region, the
Congo plume region, the Eastern Arabian Sea, the southern equatorial Indian region, the Brahmaputra River plume, and the
southern Maritime Continent.
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which is generally a source of SSS variance but also accounts for the sink pattern of the freshwater flux term in the
eastern Arabian Sea. In this region, therefore, the seasonal precipitation anomaly is positive when the seasonal
SSS anomaly is positive (i.e., it rains when the SSS is saltier), while the opposite is true in most other locations. In
the western part of the eastern Arabian Sea region, the main source is associated with advection, balanced by the
effect of precipitation, while in the eastern part, along the west coast of India, vertical diffusion is the main source,
still balanced by the effect of precipitation. The important effect of vertical diffusion found along the west coast of
India is coherent with Akhil et al. (2023)'s results. The river runoff term (Figure 3d) is only important near river
mouths, and depends on its numerical parameterization in ECCO v4. It is an important source of SSS variability in
the Amazon and Ganges‐Brahmaputra River plume regions, but is only a weak source of variability in the Congo
River plume region. Note that this term represents the direct effect of river runoff on SSS variability; rivers also
affect SSS indirectly through advection. The term associated with evaporation (Figure 3e) is always smaller than
the other two terms of the freshwater term decomposition and can be neglected in the budget. These results can be
partly explained by the fact that the seasonal variations of the evaporation have a much smaller amplitude than
those of the precipitation.

4.3. Seasonal Evolution of the SSS Budget and Link With the SSS Variance Budget

In this subsection, we seek to improve our understanding of the SSS variance budget by discussing the time
evolution of the seasonal SSS budget Equation 3 at five locations, selected for their high level of variability: the
East Pacific, the Amazon plume, the Congo plume, the Ganges‐Brahmaputra plume, and the eastern Arabian Sea.

Figure 2. Seasonal SSS variance budget in ECCO v4 (psu2 yr− 1) (1993–2016). Panel a: SSS variance tendency 12
∂(Sʹ)2
∂t . Panel

b: Term associated with oceanic advection. Panel c: Term associated with the diffusion. Panel d: Term associated with the
surface freshwater fluxes (E–P) and river runoff. Green stars indicate the location where the SSS budget is analyzed in
Section 4.3.
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To be consistent with our local analysis, we choose to show the budget at local sites rather than using horizontal
average across regions that would instead represent the dynamics at the horizontal scale of the region. The results
shown in this section therefore partly depend on the location of the chosen site; however, each location within
each region has been carefully selected to be consistent with the horizontal average of the SSS variance budget
that will be presented in Section 4.5.

The first column of Figure 4 (panels A, D, G, J, and M) shows the time evolution of the different terms of the
salinity budget from Equation 3 at the five selected locations. As expected, the time evolution of the salinity time
tendency (blue line), that is, ∂Sʹ

∂t is in quadrature with that of the salinity (dashed black line) in every region (see
also Figure 2, panel A). In the salinity variance budget, a term is a source, that is, it acts to increase the amplitude
of the SSS variations, if its time correlation with the salinity anomalies is positive, and conversely, it is a sink if
this correlation is negative. The time evolution of the products of the salinity anomaly Sʹ and of each term from
Equation 3 are shown in the second column of Figure 4 (panels B, E, H, K, and N) and their time mean in the last
column (panels C, F, I, L, and O). As explained in Section 2, this methodology differs from what is usually found

Figure 3. Panels a and b: Decomposition of the diffusive term from the seasonal SSS variance equation (VARdif , Figure 2,
panel c) into horizontal diffusion VARHdif (panel a) and vertical diffusion VAR

V
dif (panel b). Panels c–e: Decomposition of the

freshwater flux term (Figure 2, panel d) into precipitation (panel c), river runoff (panel d), and evaporation (panel e). Units:
psu2 yr− 1.
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in the literature, where most authors look at the main contributors to ∂Sʹ
∂t (e.g., Akhil et al., 2014; Da‐Allada

et al., 2015), sometimes directly by calculating the correlation between the right‐hand terms of Equation 3 and
∂Sʹ
∂t (e.g., Yu, 2011). The terms that best correlate with

∂Sʹ
∂t are generally not the same as those that correlate with

SSS (because Sʹ and ∂Sʹ
∂t are in quadrature); thus, the mechanisms that control the salinity variance (i.e., amplitude)

are expected to be different from the terms that best correlate with ∂Sʹ
∂t . Below is a detailed description of the

salinity budget variations and the corresponding salinity variance budget at the five selected sites.

Figure 4. Monthly evolution of the seasonal SSS budget terms and corresponding salinity variance budget terms at five
selected locations: the East Pacific (first row, panels a–c), the Amazon plume (second row, panels d–f), the Congo plume
(third row, panels g–i), the eastern Arabian Sea (fourth row, panels j–l), and the Brahmaputra River plume (last row, panels
m–o) (see also the green stars in Figures 2, 3). The first column (a, d, g, j, and m) shows the seasonal variations of each term
of the seasonal SSS budget at each location: the time tendency ∂Sʹ

∂t (blue), the advection adv (orange), the diffusion dif
(green), and the freshwater fluxes flu (red). The black‐dashed line represents the horizontally averaged SSS seasonal anomaly.
Units are in psu yr− 1 for the salinity budget terms and psu for Sʹ. The second column (b, e, h, k, and n) shows the seasonal
evolution of salinity variance budget terms computed as the product of Sʹ with the right‐hand side of the seasonal SSS budget:
the advection term (orange line), the diffusion term (green line), and the surface freshwater flux term (red line) (units: psu2 yr− 1).
The last column (c, f, i, l, and o) gives the seasonal variance budget (i.e., time mean of the second column) for advection
(VARadv, orange), diffusion (VARdif , green), and surface freshwater fluxes (VARflu, red) (units: psu2 yr− 1).
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4.3.1. The East Pacific Site (135°W 11°N)

At the site in the East Pacific, the salinity anomaly is positive from January to June and negative from July to
December (dashed black line Figure 4, panel A). Advection (orange line) is in phase with ∂Sʹ

∂t (blue line) and of
similar amplitude while both diffusion (green line) and freshwater (red line) have larger amplitudes than
advection and are not in phase with ∂Sʹ

∂t . Therefore, the largest correlation is between
∂Sʹ
∂t and the advection in

agreement with previous studies (e.g., Yu, 2023). But, as mentioned above, the purpose of our study is to find the
terms that contribute to maintaining (i.e., sources) and damping (i.e., sinks) the seasonal cycle, and this is obtained
by computing the product between Sʹ and the three right‐hand side terms. This product is shown on panel B and
reveals that the largest amplitudes are obtained for Sʹadv, which is always positive and for Sʹdif, which is almost
always positive. Sʹadv has a smaller amplitude than the previous two terms and is negative in June and positive the
rest of the year. The time average of the products (panel C) shows that the main balance is between a source
associated with the freshwater fluxes 1.5 psu2 yr− 1 and a sink associated with diffusion − 1.7 psu2 yr− 1. Advection
is a small source of seasonal salinity variance contributing to 0.2 psu2 yr− 1. To better understand the respective
roles of the three contributors to the freshwater flux term (i.e., precipitation, evaporation, and river runoff), we
also show the monthly evolution of these three terms (Figure 5). The largest contribution to the freshwater flux
term is due to the precipitation term 1.2 psu2 yr− 1, while evaporation is a weak source of variance, contributing
0.3 psu2 yr− 1.

4.3.2. The Amazon Plume Site (48°W 3°N)

At the site in the Amazon plume, the salinity anomaly is positive from July to January and negative from
February to June (dashed black line Figure 4, panel D) with an amplitude around 1.5 psu. None of the three
right‐hand side terms in Equation 3 has negligible amplitude. The anomaly of the diffusive term (green line) has
a sign opposite to that of the salinity anomaly; their product is thus negative (panel E) and contributes to
decrease the SSS seasonal cycle amplitude (i.e., a sink) at a rate of − 38 psu2 yr− 1 (panel F). On the contrary,
the advective term anomaly (orange term) has only a small time lag with the salinity anomaly (approximately
1 month). Thus, their product is positive (panel E) and contributes to increase the SSS seasonal cycle amplitude,
at a rate of 31 psu2 yr− 1 (panel F). The anomaly of the freshwater term has a smaller amplitude than the two
other terms and is in phase with the salinity anomalies. It also contributes to increase the SSS seasonal cycle
amplitude but at a lower rate than the advection term anomaly (7 psu2 yr− 1). The amplitude of the evaporation
term is small, so it can be neglected (Figure 5d), while the precipitation and runoff terms display greater
amplitudes and are both in phase with the SSS anomalies. They both contribute to increase the SSS seasonal
cycle variance at this location (Figures 5d–5f).

4.3.3. The Congo Plume Site (9°E, 6°S)

Except for an amplitude nearly 6 times smaller, the monthly variations of the seasonal SSS budget at the selected
location in the Congo plume region are similar to those found at the Amazon plume site. The diffusive flux is
opposite to the salinity variations and thus acts to reduce their amplitude, at a rate of − 2.7 psu2 yr− 1 (Figures 4g–
4i). On the contrary, the advection and freshwater flux terms act to increase it at a rate of 2 and 0.7 psu2 yr− 1,
respectively (panel I). It is worth noting that at this site, the evaporation term is nonnegligible and opposite to the
salinity variations, thus acting as a sink of the SSS seasonal variance (− 0.2 psu2 yr− 1), opposing the effect of
precipitation (0.6 psu2 yr− 1) and river runoff (0.3 psu2 yr− 1), which are both in phase with the salinity variations
(Figures 5g–5i). In agreement with our results using seasonal salinity variance budget, Da‐Allada et al. (2014)
found that on seasonal timescales, freshening from horizontal advection and freshwater fluxes balances the
salinization effects of vertical diffusion and vertical advection.

4.3.4. The East Arabian Sea Site (70°E, 8°N)

Compared to the two previous sites (i.e., Amazon and Congo), the seasonal SSS budget at the east Arabian Sea
site is significantly different (Figure 4j). The amplitude of the diffusive term is smaller than the other terms of the
budget (about 1 psu yr− 1). It has a semiannual timescale, and its correlation with the salinity anomaly leads to a
weak decrease in the SSS seasonal cycle amplitude of − 0.2 psu2 yr− 1 (panel J). We find a good correspondence
between the advective term (orange line) and the SSS tendency term (i.e., ∂Sʹ

∂t , blue line), which is in agreement
with results from previous studies (Da‐Allada et al., 2015). On seasonal timescales, this region is strongly
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influenced by the Indian monsoon, which leads to reversing winds north of 10°S, forcing strong seasonal vari-
ations in ocean circulation (e.g., Shankar et al., 2002). In the seasonal salinity variance budget at this site,
advection contributes to increasing the amplitude of the variations (panel K) at a mean rate of 1.7 psu2 yr− 1 (panel
L). Because the diffusion effect is small in this region, the advection effect must be balanced by another term. We
find that this balance is accomplished by the effect of freshwater flux anomalies, which are generally positive
(negative) when the salinity anomaly is negative (positive) thus leading to overall negative values (panel K) and a
mean rate of salinity variance decrease of − 1.4 psu2 yr− 1. The freshwater flux term is almost entirely due to the
seasonal cycle in precipitations (Figures 5j–5l). This precipitation term is an important component of the budget
in this region because it acts to counteract the effect of advection. Without this term (all other things remaining
equal), the variance would increase at a rate of 1.4 psu2 yr− 1.

Figure 5. Same as Figure 4 except that the red lines represent the seasonal evolution of the freshwater flux term (solid red) and
its decomposition into three terms relates to precipitation (dashed), evaporation (dashed dotted), and river runoff (dotted)
(first column panels a, d, g, j, and m). The second column (panels b, e, h, k, and n) shows the product between the seasonal
SSS anomaly and the freshwater flux term and its decomposition. The last column (panels c, f, i, l, and o) shows the
contribution of the precipitation (VARprecipflu ) , evaporation (VARevapflu ) and river runoff (VAR

roff
flu ) to the salinity variance

budget.
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4.3.5. The Ganges‐Brahmaputra Plume Site (90°E, 18°N)

The selected site in the Ganges‐Brahmaputra plume region has positive SSS anomalies from February to July and
negative SSS anomalies from August to January (Figure 4m). The most striking feature is that the seasonal
variation of the diffusion term seems to be opposite to that of the freshwater flux term (except for November and
December). However, even though these two terms appear to be almost symmetric when looking at Figures 4m
and 4n, the salinity variance budget shows that the contribution of the diffusive term is − 4.1 psu2 yr− 1, while that
of the freshwater flux term is 2.1 psu2 yr− 1 (Figure 4o). Therefore, the contribution of these two terms to the
salinity variance budget is not exactly balanced, and the advection term plays an important role (2 psu2 yr− 1). The
vertical diffusion anomaly is maximum in August and acts in the direction of a salinity increase. Thakur
et al. (2019) has shown that, in this region, the intensity of the mixing in the upper 25 m of the water column is
controlled by the wind forcing, which is maximum during the summer monsoon in June–September. Figures 5m
and 5n show that evaporation is negligible at this site and that precipitation and river runoff appear to contribute
almost equally as their seasonal evolution is quite similar. However, when we calculate the salinity variance
budget (Figure 5o), we find that precipitation and river runoff account for 0.8 and 1.3 psu2 yr− 1, respectively,
showing that the effect of river runoff variability dominates.

4.4. Insights Into the Role of Oceanic Advection in Local SSS Anomalies Variations

In this subsection, the advective term (Figure 2b) is decomposed into two different terms following Equation 7 in
order to understand the respective roles of the spatial redistribution of SSS variance and of the transfer of seasonal
SSS variance.

4.4.1. The Salinity Variance Transfer Term

The seasonal salinity variance transfer term, associated with the salinity flux (VʹSʹ) in the direction of the mean
salinity gradient (∇S), is a source of seasonal SSS variance at almost all locations and is enhanced in the river
plumes as well as in the eastern Arabian Sea (Figure 6a). Using the decomposition into GM and resolved ve-
locities given by Equation 10, we find that the salinity variance transfer term is associated with the resolved
salinity flux (Figure 6e) while the parameterized salinity flux (Figure 6c) is less important overall although not
negligible in certain regions such as the Panama Bight and the Mississippi River plume where it accounts for most
of VARmeanadv . VAR

mean/res
adv is mainly due to its horizontal component and thus to the resolved horizontal salinity

flux (vh́Sʹ) in the direction of the horizontal mean salinity gradient (∇hS) (Figures 7a and 7b).

In the eastern Arabian Sea, where the advective term was found to be the main source of seasonal SSS variance in
Figure 2b, the salinity variance transfer term associated with the resolved salinity flux through the mean salinity
surfaces is the dominant source of seasonal SSS (Figure 6e). The latter term compensates for the sink associated
with precipitations (Figure 2d). In the eastern Arabian Sea, the horizontal mean salinity gradient is toward the
northwest (Figures 1c and 1d). To be positive and thus a source of seasonal SSS variance in this region, the
resolved horizontal salt flux must be downgradient, that is, southeastward. Similarly, in other regions where
VARmean/resadv is a source of seasonal SSS variance, such as the Amazon plume region and the Gulf of Guinea, the
resolved horizontal salt flux is also downgradient, that is, toward the Amazon river mouth in the Amazon plume
region and toward the northeast in the Gulf of Guinea (Figures 1c, and 1d).

4.4.2. The Advective Spatially Redistributing Term

The spatially redistributing term, associated with the redistribution of seasonal SSS variance (VARadvadv Figure 6b)
is a source in most regions and has large positive values in the Panama Bight, Amazon, Congo, and Brahmaputra
plume regions. As before, to better understand the physical processes that govern this term, we decompose it into a
component due to the parameterized eddy velocity VARadv/GMadv and a component associated with the resolved
velocities VARadv/resadv following Equation 10. The largest component is associated with the parameterized eddy
velocity at almost all locations (Figure 6d). VARadv/GMadv is positive almost everywhere indicating that it is a source
of seasonal SSS variance. This result outlines the important role of (parameterized) mesoscale eddies in the
redistribution of the seasonal SSS variance. The horizontal and vertical components of this term are important
(Figures 7c and 7d) and are in close balance. It can further be shown that VARadv/GMadv is almost entirely due to the
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Figure 6. Decomposition of the advective term in the seasonal SSS variance budget ECCO v4 (psu2 yr− 1) (1993–2016).
Panel a: Term associated with the salinity flux across mean salinity surfaces due to the anomalous residual velocities
(− VʹSʹ ⋅ ∇ S). Panel b: Term associated with the redistribution of seasonal SSS variance by the residual velocities

(− ∇ ⋅ (V + Vʹ) S
ʹ2

2 ) . Panels (c, e): Decomposition of the salinity variance transfer term (panel a) into a part associated with the

GM‐parametrized eddy velocity (panel c) and a part associated with resolved velocities (panel e) following Equation 10. Panels
(d, f): Decomposition of the spatially redistributing advective term (panel b) into a part associated with the GM‐parametrized
eddy velocity (panel d) and a part associated with resolved velocities (panel f).
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time‐averaged parameterized eddy velocity at the surface (Figure 8a). The surface intensity of the mean
parameterized velocities depends mainly on the horizontal gradient of the time mean density field. River runoff
creates an enhanced horizontal gradient of the time mean density field near the river mouths, which explains the
importance of VARadv/GMadv in these regions. The part of VARadv/GMadv associated with anomalous seasonal velocities
is generally weaker, except in some localized regions of the Panama Bight, the Amazon plume, and along the east
coast of India (Figure 8c).

Figure 7. Horizontal (panels a, c, and e) and vertical (panels b, d, and f) decomposition of the three main advective terms
(psu2 yr− 1). Panels (a, b) represent the part of the salinity variance transfer term associated with resolved velocities, panels
(c, d) the spatially redistributing term associated with parametrized velocities, and panels (e, f) the spatially redistributing
term associated with resolved velocities.
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Although the redistribution associated with the resolved component of the velocity (i.e., VARadv/resadv ) has a smaller
amplitude than VARadv/GMadv (Figures 6d and f), this term can be locally important, especially in the Amazon plume
region, where it is strongly negative (a sink) directly at the river mouth and positive (a source) north of the river
mouth. Figure 7 panels E and F show that VARadv/resadv is associated with its horizontal part, and Figures 8b and 8d
show that it is almost entirely due to the resolved mean horizontal velocities. It suggests that, in the Amazon
plume region, the resolved horizontal mean circulation acts to transport the seasonal SSS variance to the
northwest, along the Brazilian coast. This is consistent with the direction of the powerful North Brazil and Guiana
currents, which flow northwestward along the coast (Johns et al., 1998).

4.5. Regional Average of the Local Variance Budgets in Selected Regions

To be more quantitative, we also provide in Figure 9 the spatial average of the main seasonal SSS variance budget
terms in the eight regions outlined above and shown by the eight red boxes in previous figures. The main sink of
SSS seasonal variance in seven of the eight regions under consideration is the term associated with vertical
diffusion, representing at least 70% of the total sink in each regions. In contrast, the main sink in the eastern
Arabian Sea region is associated with precipitation (88% of the total sink). In the Panama Bight, precipitation and
the two advective terms are the three main sources, which are coherent with the results from Alory et al. (2012)
who found an important role of precipitation and oceanic advection in setting the seasonal SSS variations in this
region. The eastern Pacific and southern equatorial Indian regions follow similar dynamics, with the main source
associated with the precipitation term and the main sink associated with vertical diffusion. Advective terms play

Figure 8. Decomposition of the advective spatially redistributing term into parts associated with the time‐averaged velocity
(Panels a and b) and parts associated with the anomalous seasonal velocities (Panels c and d) (psu2 yr− 1). Panels (a and c)
represent the spatially redistributing term associated with parameterized velocities, and panels (b and d) represent the
spatially redistributing term associated with resolved velocities.

Journal of Geophysical Research: Oceans 10.1029/2024JC021455

HOCHET ET AL. 16 of 22

 21699291, 2025, 2, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2024JC

021455 by C
ochrane France, W

iley O
nline L

ibrary on [27/05/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



only a minor role in maintaining the variance of the SSS seasonal cycle in these two regions. In the Amazon plume
region, the main sources of seasonal SSS variance are shared between precipitation, river runoff, and the
redistribution of seasonal SSS variance by the parameterized eddy velocity (VARadv/GMadv ). Although resolved
velocities have been shown to play a significant role in redistributing the SSS variance in this region, this
redistribution occurs within the selected box and therefore does not contribute significantly to its spatial average
(see also Figure 6f). In the Congo plume region, the two main sources of seasonal SSS variance are the pre-
cipitation (28% of all sources) and the redistribution linked to parameterized eddy velocities (26%), while the term
associated with river runoff only accounts for 10% of all sources. In the eastern Arabian Sea region, the main
source of SSS variability is associated with the advective term (93% of all sources), which is the sum of the
salinity variance transfer term due to the salinity flux in the direction opposite to the mean salinity gradient (71%)
and of the spatially redistributing term due to the parameterized eddy velocities (22%). The average over this
region indicates that diffusion plays no role in this selected region. However, it is apparent from Figure 2 that the
diffusive term is a source in the eastern part of this region, thus acting to sustain the SSS seasonal cycle and a weak

Figure 9. Spatial average of the main contributors to the seasonal SSS variance budget in the eight regions outlined by red
boxes in Figures 1, 2, and 6: The East Pacific region (panel a), the Panama Bight region (panel b), the Amazon plume region
(panel c), the Congo plume region (panel d), the eastern Arabian sea region (panel e), the Southern Equatorial Indian Ocean
(panel f), the Brahmaputra plume region (panel g), and the southern Maritime Continent (panel h) (psu2 yr− 1). Sources are in
orange while sinks are in blue. The contribution of each term in the total sink or total source is given as a percentage. VARdif
represents the effect of the diffusive terms, VARprecipflu the effect of precipitation, VARroffflu the effect of river runoff, VAR

mean
adv the

oceanic advective term associated with the salinity flux across mean salinity surfaces (due to the anomalous residual velocities),
and VARadv/GMadv the effect of the advective redistribution of seasonal SSS variance due to parametrized velocities. The sum of
VARmeanadv and VARadv/GMadv is close to the total effect of the oceanic advective terms in these eight regions. Note that the sum of the
source terms (sink terms) does not amount to 100% (− 100%) because we only show the main contributors.
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sink in the western part. Thus, the sink and source effect in, respectively, the western and eastern parts of the
region cancel out and give an overall zero effect of diffusion in the entire region. In the Ganges‐Brahmaputra
plume region (panel G), the main sources are associated with the spatially redistributing (40% of the total
source) and salinity variance transfer terms (38%), and to the river runoff term, which also plays a significant role
in sustaining the SSS variability (17%). In the southern Maritime Continent region (panel H), the sources of SSS
variance are due to precipitation (39% of all sources), the two advective terms (35% and 16% of all sources), and a
small contribution of river runoff (8%), while the main sink is due to vertical diffusion. These results are
consistent with Lee et al. (2019) who showed that the seasonal cycle of SSS in this region is controlled by
precipitation, river runoff, and ocean dynamics.

5. Conclusion
In this work, we have applied a new diagnostic called seasonal SVB to study the mechanisms of seasonal SSS
variability in the tropical oceans. In the tropics, large amplitudes of seasonal SSS variability occur mainly in eight
different regions: the eastern equatorial Pacific, the Panama Bight, the plume regions of the Amazon, Congo,
Ganges‐Brahmaputra rivers, the eastern Arabian Sea, the southern equatorial Indian, and the southern Maritime
Continent region. Our results show that in these regions, the seasonal SSS variability is generally maintained by a
combination of advective and freshwater flux terms, and balanced by vertical diffusion, which act to reduce the
amplitude of the SSS variations. In all of the regions studied, with the exception of the eastern Arabian Sea,
vertical diffusion always accounts for over 70% of all sinks. This effect of the vertical diffusion, found in our
study, is in agreement with Camara et al. (2015) and Da‐Allada et al. (2017) who outlined the important effect of
vertical diffusion on the seasonal surface salinity variations in the tropical Atlantic, and with Akhil et al. (2014)
for the Bay of Bengal.

We find that the freshwater flux term in the salinity variance equation is mainly due to the seasonal cycle of
precipitation and the seasonal cycle of river runoff near the rivers' mouth. The evaporation effect in the control of
the SSS seasonal cycle amplitude is negligible everywhere. We also show for the first time that in the eastern
Arabian Sea as well as in some parts of the Bay of Bengal, precipitation acts as the main sink (88% of all sinks in
the Arabian sea box) for seasonal SSS variations and is balanced by the effect of advection (93% of all sources in
the Arabian sea box). A positive anomaly of precipitation is found over the region when the salinity is high (July–
December) and a negative anomaly of precipitation when the salinity is low (January–June), which implies that
precipitation damps the salinity variations. At the same time, changes in the circulations due to the reversing
monsoon winds cause the advective term to increase the salinity anomaly when it is positive and to decrease it
when it is negative implying that advection is a source term for the salinity variance. Because precipitation over
these regions is mainly the result of the Indian monsoon and is not influenced by the SSS, the salinity/precipitation
and salinity/advection relationships we find must be controlled by the effect of the monsoon on both oceanic
circulation and precipitation. Previous studies based on mixed‐layer salinity budget from observations (Akhil
et al., 2023; Da‐Allada et al., 2015; Rao & Sivakumar, 2003) have already shown that horizontal advection of
freshwaters from the Bay of Bengal, driven by the seasonally reversing monsoon currents, as well as the vertical
diffusion induced by the monsoon winds along the west Indian coast, play an important role in controlling the SSS
seasonal cycle. In this study, we suggest for the first time that the effect of advection in this region is balanced by
the effect of precipitation. The dynamics of the seasonal SSS variations are similar in the equatorial regions of the
eastern Pacific and the southern Indian Ocean. The main source of the seasonal SSS variance in these two regions
is associated with precipitation and the main sink with vertical diffusion. In these two regions, the advective term
has a smaller amplitude than that of the precipitation and diffusion terms and is almost in quadrature with the
salinity variations, explaining its weak contribution to the SSS variance budget. In the Bight of Panama and the
southern Maritime Continent, the dynamics controlling the seasonal SSS amplitude are more complex than in the
two previous regions, because several terms act as sources: precipitation and the two different advective terms,
that is, the transfer and the spatial redistribution of the seasonal SSS variance.

One of the main advantages of our diagnostic is that it allows to rigorously decompose the effect of oceanic
advection into several terms with a clear physical interpretation. We show that the oceanic advective term is
mainly the sum of two terms—first, a term associated with the spatial redistribution of the salinity variance by the
ocean circulation, which would disappear if integrated over the whole ocean volume, and second, a term due to the

salinity variance transfer between the time mean (S
2

2 reservoir) and seasonal circulation (
(Sʹ)2
2 reservoir). The
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salinity variance transfer term can be seen as the result of the codependence of the time‐averaged salinity field and
the seasonal anomalies. This term is associated with the salinity flux in the direction of the mean salinity gradient,
which would not disappear if integrated over the global ocean. If the effect associated with the first term of the
decomposition, that is, the redistribution of salinity variance by the circulation, is relatively well known, the effect
of the second term has, to the best of our knowledge, never been described before in the context of SSS seasonal
variations.

We have shown that the spatial redistribution term is mainly driven by the parameterized eddy‐induced time mean
velocities in almost all regions and acts as a local source of SSS seasonal variance. Previous studies of the tropical
SSS seasonal cycle have only decomposed the advective term into horizontal and vertical components and/or
study the impact of geostrophic or Ekman balance (Akhil et al., 2014; Camara et al., 2015; Da‐Allada et al., 2013,
2014). In this work, we have shown for the first time that an important part of this advective term is associated to
the (parameterized) eddy‐induced velocities, due to both horizontal and vertical components. This is coherent
with several studies reporting the presence of eddies in the regions considered in this study (Aguedjou et al., 2019;
Hareesh Kumar et al., 2013; Schütte et al., 2016; Trott et al., 2019). Additionally, although the advective term
associated with the mean resolved velocities is in almost all regions smaller than the one linked with the
parameterized eddy‐induced velocities, it is locally important in the Amazon river plume region. In this region, it
is indeed found that the horizontal part of the mean resolved velocities is almost entirely due to its time‐averaged
horizontal component and that its patterns are coherent in this region with a northwestward advection of variance
caused by the North Brazil Current.

The second term of the decomposition, associated with the seasonal SSS variance transfer, is found to be an
important source of seasonal SSS variance in most of the regions considered. For instance, it is the main source of
seasonal SSS variance in the eastern Arabian Sea, representing 71% of all sources of this region. In all regions, it is
associated with the horizontal salinity flux in the direction of the horizontal gradient of the time mean salinity and,
unlike the spatial redistribution term, is mostly due to resolved velocities. Because it disappears when considering
the sum of the mean and anomalous circulation (see Appendix B), this term can be thought as a redistribution of
salinity variance in the temporal space, that is, between the time mean circulation and the seasonal circulation.

The main limitation of this study is related to the spatial resolution of ECCO v4, which is about 111 km at low
latitudes and thus cannot explicitly resolve the mesoscale eddy variability. Because we find that parameterized
eddy‐induced transports are important components of the SSS seasonal cycle balance, it may be expected that
important differences would arise in a model with sufficient spatial resolution to resolve the eddy field. Indeed,
studies suggest that eddies play an important role in the dynamics of tropical river plume regions (e.g., Olivier
et al., 2024). However, the comparison between the ECCO SSS seasonal cycle and satellite observations shows
that ECCO v4 is able to correctly reproduce the main features of the SSS variations, suggesting that the mesoscale
parameterization captures the main effect of the mesoscale on the SSS seasonal field. Although the overall
agreement between the seasonal SSS variance found in ECCO and observations is good, seasonal SSS variance
appears to be underestimated in several river plumes such as the Mississippi and the Amazon river plume
(Figure 1); we hypothesize that this is a consequence of the coarse resolution of ECCO v4. Future studies should
consider repeating the same analysis presented here using an eddy‐resolving model in order to (a) improve the
representation of seasonal SSS variability, (b) assess the effect of mesoscale eddies on the SSS variability and SSS
variance budget when explicitly resolved, and (c) assess the parametrization of the mesoscale eddies, which is
also used in current CMIP6 climate models. Finally, the results presented in this article may depend in part on the
representation of the ocean state given by ECCO v4, either due to errors in the model representation, uncertainties
in the assimilated observations, or other factors. Future work should therefore also consider assessing un-
certainties in the salinity variance budget, either by repeating the same diagnostic in different numerical models
and observations, and/or by applying the diagnostic to ad hoc sensitivity experiments recently developed for
estimating uncertainties within ECCO v4 (see Wei et al., preprint).

Appendix A: Interpretation of 12
∂(Sʹ)2

∂t

Let us call Sa = SSS − SSS the 23‐year monthly time series of SSS anomalies at a given location, with SSS the
time mean. If we assume that the amplitude of the seasonal salinity cycle increases over the studied period of

T = 23 years, then we should have that ∂(Sa)2
∂t = (Sa)2(t = T) − (Sa)2(t = 0) > 0. Then, because
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1
2
∂S2a
∂t = Sa∂Sa∂t , we also have that Sa

∂Sa
∂t > 0, which means that Sa and ∂Sa

∂t are not in quadrature. In this article, we
follow the common practice of calculating the mean seasonal cycle by averaging the monthly salinity anomalies
time series over the studied period, resulting in a time series of 12 values (see also Equation 2), one point for each
calendar month. This methodology is applied to Sa and to ∂Sa

∂t and results in Sʹ = (Sa)ʹ and ∂Sʹ
∂t = (

∂Sa
∂t )

ʹ,
respectively, the mean seasonal cycle of Sa and ∂Sa

∂t where (X)ʹ represents the mean seasonal cycle of X. Sʹ

captures the mean phase of the seasonal cycle of Sa and ∂Sʹ
∂t the mean phase of the seasonal cycle of

∂Sa
∂t ; it follows

that if the product Sa∂Sa∂t is nonzero because the seasonal cycle amplitude increases, then Sʹ ∂Sʹ
∂t will also be nonzero

and will reflect the mean seasonal increase of the amplitude over the studied period.

Appendix B: Role of Advection on SSS Variance
In this appendix, we show that the role of advection, when salinity is not separated into mean and anomaly, is only
to redistribute spatially the total squared salinity S2. The salinity variance transfer term (i.e.,
VARmeanadv = − VʹSʹ ⋅ ∇ S) only appears when the salinity is decomposed into time mean and anomaly. To keep
the demonstration simple, we consider only the advective terms and assume that the circulation is only made of
two components: the mean circulation and the seasonal cycle anomaly so that S = S + Sʹ and V = V + Vʹ.
First, an equation for the squared salinity is as follows:

1
2
∂S2

∂t
= − ∇ ⋅V

S2

2
(B1)

Because the right‐hand side is a divergence of a flux, this term would disappear if we integrated it over the ocean
volume, and it shows that the circulation only acts to redistribute S2. Moreover, decomposing this equation into its
time average and anomalous components yields the following:

1
2
∂S2

∂t
=
1
2
∂S2

∂t
+
1
2
∂(Sʹ)2

∂t
+
∂SSʹ
∂t

= − ∇ ⋅V
S2

2
− ∇ ⋅V (

Sʹ)2

2
− ∇ ⋅VSSʹ (B2)

which gives the following when time‐averaged:

1
2
∂S2

∂t
=
1
2
∂S2

∂t
+
1
2
∂(Sʹ)2

∂t
= − ∇ ⋅V

S2

2
− ∇ ⋅V (

Sʹ)2

2
− ∇ ⋅ S VʹSʹ (B3)

that is, we recover the sum of Equations 9 and 7, VARmeanadv , only appears when considering the budgets for S
2 and

Sʹ2 separately as shown by Equations 9 and 7.

Data Availability Statement
This study uses ECCO v4r4, which can be found here: https://ecco‐group.org/products‐ECCO‐V4r4.htm. The
CCI SSS data set can be found on the ceda website: https://catalogue.ceda.ac.uk.
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