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Abstract in comparison to the deep ocean, the upper mixed layer is a region typically characterized by
substantial vertical gradients in water properties. Within the Tropics, the rich variability in the vertical shapes
and forms that these structures can assume through variation in the atmospheric forcing results in a differ-
ential effect in terms of the temperature and salinity stratification. Rather than focusing on the strong
halocline above the thermocline, commonly referred to as the salinity barrier layer, the present study takes
into account the respective thermal and saline dependencies in the Brunt-Viisila frequency (N?) in order to
isolate the specific role of the salinity stratification in the layers above the main pycnocline. We examine
daily vertical profiles of temperature and salinity from an ocean reanalysis over the period 2001-2007. We
find significant seasonal variations in the Brunt-Vaisala frequency profiles are limited to the upper 300 m
depth. Based on this, we determine the ocean salinity stratification (OSS) to be defined as the stabilizing
effect (positive values) due to the haline part of N? averaged over the upper 300 m. In many regions of the
tropics, the OSS contributes 40-50% to N? as compared to the thermal stratification and, in some specific
regions, exceeds it for a few months of the seasonal cycle. Away from the tropics, for example, near the
centers of action of the subtropical gyres, there are regions characterized by the permanent absence of
0SS. In other regions previously characterized with salinity barrier layers, the OSS obviously shares some
common variations; however, we show that where temperature and salinity are mixed over the same depth,
the salinity stratification can be significant. In addition, relationships between the OSS and the sea surface
salinity are shown to be well defined and quasilinear in the tropics, providing some indication that in the
future, analyses that consider both satellite surface salinity measurements at the surface and vertical profiles
at depth will result in a better determination of the role of the salinity stratification in climate prediction
systems.

1. Introduction

The conceptual view of the ocean vertical structure is based on the definition of several layers where the
properties of the water parcels exhibit different levels of vertical uniformity. At the surface, turbulence gen-
erated by the wind and buoyancy fluxes creates a layer through active vertical mixing and energy dissipa-
tion. This mixed layer occurs because of temporal variations in turbulence intensity and is defined as the
upper portion of the surface layer where the temperature and salinity, and thus density, are well mixed and
exhibit a vertically uniform structure characterized by a uniform density profile. The depth over which such
mixing processes occurs is ultimately determined by the balance between the destabilizing effects of
mechanical input and the stabilizing effects of the surface buoyancy. Below the mixed layer depth (MLD),
stratification occurs and results in the presence of the seasonal and permanent pycnocline, i.e., where the
vertical density gradients are maximum. In temperature, this highly stratified zone is referred to as the ther-
mocline, and in the case of salinity it is called the halocline. The base of the main pycnocline marks the
depth limit of the upper ocean surface layer.

In the absence of direct turbulent dissipation measurements, the different depths of the upper ocean layers
are commonly derived from profile data using threshold or other proxy variables. The different methodolo-
gies often yield different values for the MLD depending on the source of data and definition used for the
upper ocean features [e.g., Thomson and Fine, 2003]. In the Tropics, another level of complexity in the verti-
cal structure of the surface layer was revealed by large differences between the bases of the thermocline
and halocline in the western equatorial Pacific [Lukas and Lindstrom, 1991]. This phenomenon is not only
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relevant to the western equatorial Pacific region but is common over the entire tropical band [Sprintall and
Tomczak, 1992]. It has been recognized that salinity stratification exerts an important influence on the
mixed layer dynamics and heat budget, thus layers where significant differences between the thermocline/
halocline base exist have been named the salinity barrier layer thickness (BLT).

Various studies have examined BLT phenomena in the tropical oceans. de Boyer Montégut et al. [2007] pre-
sented a general description of BLT seasonal climatology based on the individual analysis of instantaneous
profiles. Moreover, Maes et al. [2002, 2005] and Maes and Belamari [2011] showed the variability of the BLT
to be crucial for understanding the response of the coupled air-sea interactions involved in the El Nino/
Southern Oscillation (ENSO) phenomenon. In their sensitivity experiments, the effect of the BLT was
removed through the explicit cancelation of the salinity stratification in the computation of the Brunt
Vaisala frequency (i.e., the salinity remained free to vary in perturbed experiments). They showed that in
regions where BLT formation was suppressed, rather than finding a systematic and expected cooling effect
on the sea surface temperature (SST), there occurred instead a substantial deepening of the mixed layer
depth. This result suggests that the control of the mixing conditions in the upper oceanic layers depends
critically on the general features of salinity stratification above the main pycnocline.

In this study, we propose a new perspective and methodology for describing the impact of the salinity
on the static stratification of the oceanic upper layers. This perspective recognizes that the stabilizing
effect of the salinity operates near the bottom of the mixed layer but that its effect could be expanded
down to the main pycnocline and to regions where both the salinity and temperature are mixed over
the same depths. Here we consider a methodology that treats the salinity stratification in a simple parti-
tioning of the thermal and haline effects in the vertical profiles of N(T, S), the Brunt Vaisala frequency,
in the manner advocated by McDougall [1987]. This approach, which is constrained by neither thresh-
olds nor a priori limits for determining the different layers of the ocean such as the mixed layer, results
in physically interpretable patterns while avoiding the disadvantages of commonly used methods associ-
ated with the barrier layer formalism. This framework further allows us to connect the surface fields of
sea surface salinity (SSS) and SST to changes in the stratification of the upper layers above the main
pycnocline in the oceans.

The remainder of the paper is organized as follows. Section 2 provides a description of the reanalyzed vertical
profiles of temperature and salinity used as the data source, and the formal definition of the ocean salinity

stratification (OSS). Section 3 presents the results, which include the main patterns of the seasonal cycle of the
0SS in the Tropics (30°N-30°S). The paper concludes with discussion and conclusions in the sections 4 and 5.

2. Ocean Model Data and Methodology

2.1. The Ocean Model Configuration

Our model is based on the Australian Community Climate Earth System Simulator-Ocean (ACCESS-O) configu-
ration of the GFDL MOM4p1 ocean-ice code [Delworth et al., 2006]. A volume conserving approach based on
the Boussinesq z* coordinates scaled with height along the vertical is used. The horizontal resolution is nomi-
nally 1° with equatorial refinement to 1/3° in the tropical band between 10°S and 10°N and a Mercator
(cosine dependent) implementation for the Southern Hemisphere applied, ranging from 1/4° at 78°S to 1° at
30°S. In the vertical, ACCESS-O implements the z* coordinate available in MOM4p1, with 50 model levels cov-
ering 0-6000 m with a resolution ranging from 10 m in the upper layers (0-200 m) to about 333 m for the
abyssal ocean. A detailed description of the model and physics can be found in O'Kane et al. [2013a].

The model reanalyzes described in this study employ atmospheric fields from the CORE.v2 (hereafter
CORE2) interannually varying forcing [Griffies et al., 2009; Large and Yeager, 2009]. In addition, a weak restor-
ing is applied to the surface salinity of the top layer (equivalent thickness of 10 m) that is relaxed to World
Ocean Atlas (WOAQ9) fields with a time scale of 60 days in order to reduce drift [O'Kane et al., 2013a]. The
model is further constrained by relaxing the ocean temperature and salinity at depths below 2000 m to
WOAO9 climatology with a 1 year relaxation time scale. The model spin-up for the reanalysis consists of a 60
year control integration using CORE2 forcing with atmospheric fields that are converted to air-sea fluxes
with bulk formulas. Precipitation minus evaporation (P-E) fluxes are similarly adjusted consistently relative
to the CORE2 forcing. The initial conditions for temperature and salinity fields come from WOAQ9
climatology.
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2.2. Ocean Data Assimilation

The model is integrated with a modified variant of the BODAS ensemble optimal interpolation (EnOl)
data assimilation system to produce an ocean reanalysis for the period 1990-2008 [Oke et al., 2008,
2013]. The EnOl method employs background error covariances defined from a stationary, or time
invariant, ensemble of seasonal anomalies (432 monthly mean anomaly ensemble members) derived
from the last 36 years of the control model integration. A series of global reanalyses were conducted
as part of an observing system experiment (OSE) to quantify the relative impact of subsurface, satellite,
and altimetric data. Here we use a 14 day window of observations and a 14 day update cycle for
reanalyses that include only temperature and salinity profile observations from eXpendable BathyTher-
mograph (XBT), Conductivity-Temperature-Depth (CTD) and Argo and satellite SST. Background error
covariances are localized according to the Shur product method of Gaspari and Cohn [1999]. As both
our model and observational spatial resolution are of the order of 1°, we employ a localization length
scale of 8°. Analysis updates are introduced gradually into the model integration to ensure consistency
with the background innovations and reduce model shock [Bloom et al, 1996]. A major advantage of
EnOl is that the background error covariances are inhomogeneous and anisotropic and therefore bet-
ter reflect the variability and length scales of the ocean circulation [Oke et al., 2008]. At each update
step, the adaptive initialization scheme of Sandery et al. [2011] is employed, ensuring more balanced
initial conditions than is possible using Newtonian relaxation. The updated variables are temperature,
salinity, and surface height.

Prior to January 1998, in situ profiles of temperature and salinity are assimilated from hydrographic data
from World Ocean Circulation Experiment (WOCE) Hydrographic Program (WHP), World Ocean Database
2005 (WODO5) [Boyer et al., 2006], and the Quality controlled Ocean Temperature Archive (QUOTA) [Gronell
and Wijffels, 2008], which contains all XBT data in the Indian and South-West Pacific. After January 1998, we
assimilate the WOCE Upper Ocean Thermal (UOT) database that includes global XBT data, except in the
Indian Ocean where we use QUOTA for XBTs. Temperature and salinity are assimilated from Argo profiles
and from the Tropical Atmosphere Ocean (TAO) array [Oke et al., 2013].

Standard deviations of T and S analysis increments (supporting information Figure S1) averaged over
the upper 350 m are largest in the western boundary current regions. This is to be expected as our
model is not eddy resolving and our assimilation system (background covariances) is configured to
resolve monthly time scales. In the equatorial region, standard deviations of the increments are
~0.5°C for T and less than 0.1 psu for salinity. The standard deviations at each depth averaged over
+20° of latitude (supporting information Figure S2) reveal the largest background (forecast) errors
occur in the thermocline for temperature and in the surface of the western Pacific, eastern Indian, and
western Atlantic for salinity. The thermocline and mixed layers where the Amazon River discharges
(~50°W), the Arabian Sea and the Bay of Bengal are the other major regions of large errors. From the
analysis innovations (ai), we see that the assimilation typically fits T to within ~0.5°C and S to within
0.2 psu in the upper 300 m (supporting information Figure S3). The background innovations in the
Pacific averaged over +30° latitude (supporting information Figure S3) show that the largest back-
ground errors at 2 weeks lead time occur about the thermocline. The standard deviations of the back-
ground errors dramatically decrease over the period 2001-2004 as progressively more vertical profiles
from the Argo data set become available for assimilation and the model upper ocean is constrained.
For salinity, the background innovations show largest errors at the surface and at about 200 m with
some evidence of a seasonal effect. Analysis innovations show the fit to the observations. For SST
(supporting information Figure S4), there is a marked reduction in both the analysis and background
innovation errors of ~0.3°C in 2002 indicating the impact of SST data from the AMSR-E radiometer
(supporting information Figure S4). Most obviously, we found that the model thermocline is progres-
sively better constrained as Argo data coverage is increased. Consequently, in the following, we have
focused our diagnostics on the period 2001-2007 only.

2.3. Methodology

The stability of the water column can be tested by considering the exchange of two parcels of fluid at differ-
ent levels. The measure of the degree of stability is given by the Brunt Viisala frequency, N° (also called the
stability frequency). In the ocean, N? can be expressed in terms of the vertical profiles of temperature and
salinity as follows:
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where f is the haline contraction coefficient, « is the thermal expansion coefficient, g is gravity, p is the den-
sity, T is the temperature, S is the salinity, and z is the depth. Throughout and for convenience, we will use
the abbreviated notation

N?+(T,S) — NA(T),  N25(T,S) — N*(S)

In the following, the ocean salinity stratification (OSS) is defined in terms of the difference between N*(T, S)
and N2(T) thereby allowing the identification of the layer where the salinity stratification has its greatest
impact on buoyancy in terms of stabilizing the water masses [Maes, 2008]. Specifically, we define OSS as the
vertical mean average of positive N*(S) over the upper 300 m depth range, i.e.,

0S5=(N*(T,S)=N*(T))o-300m
where

N2(T,S)—=N23(T) >0

which typically occurs above the maximum of N*(T, S). Importantly, the OSS measures the strength of the
salinity stratification above the main thermocline and is independent of the position of the mixed layer.
Where the 0SS is negative, salinity has a destabilizing effect and can, where N*(T) is attenuated, be further
associated with regions of density compensation [see O’Kane et al., 2013b, and references therein]. Such
regions are to be the subject of a future study.

3. Results

Reanalyzed daily profiles of temperature, salinity, and potential density are used to calculate the Brunt Vaisala
frequency and determine the annual mean and seasonal cycle over the period 2001-2007. Figure 1a shows
the annual mean depth of the maximum of N(T, S) along the water column. This allows one to identify the
position of the permanent pycnocline and further determine regions of substantial vertical gradients in water
properties. Within the 10°N-10°S band of the Atlantic and Pacific Ocean, the depth patterns of the pycnocline
surface are close to the depth of the 20°C isotherm (used as a proxy for the thermocline depth, not shown),
revealing the predominance of the thermal effect. At the scale of these basins, the large gradient between the
deeper western and shallower eastern thermocline is due to the response to the trade winds. In the Indian
Ocean, the mean equatorial structure across the basin is zonally flattened at the scale of the basin, a fact that
is also related to the monsoon regime differences in the wind field features. Outside the tropical band, the
maximum N(T, S) values are reached near the center of the subtropical gyres and in the western boundary
currents of the Kuroshio and, to a lesser extent, the Gulf Stream. The absolute largest N(T, S) values are found
in the southeastern Pacific Ocean, with typical depths of 300 m in the mean. Globally, these features are con-
sistent with our current knowledge of flows within the thermocline and the wind driven circulation.

The vertical structure of the upper ocean is primarily defined by changes in the temperature and salinity
fields that together control the water column'’s density structure. A consequence of this is that the thermo-
cline and the halocline may not always exactly coincide in their depth range. This is also true for their
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Figure 1. (top) Annual mean depth of the N*(T, S) maximum in the Tropics and (bottom) annual mean difference between the maximum
of N(T, S) and N2(T). Units are in meters. On the bottom, the positions mark the vertical profiles shown in Figures 2 and 3.

relative maxima defined as the mean difference between N(T, S)max and N*(T)mayx as illustrated in Figure 1b.
Differences between the thermocline and halocline are generally around 20-30 m with the main exception
being the subtropical gyres and in particular the Pacific Ocean where differences can be larger than 100 m.
The large differences in the South Eastern Pacific occur due to the subduction of spiciness (density compen-
sated disturbances) anomalies associated with winter outcropping of the pycnocline [Kolodziejczyk and Gail-
lard, 2013; O’Kane et al., 2013b]. For the equatorial regions, to consider only N*(T, S) masks the fact that the
vertical structure of the surface layer in temperature and salinity can be complex and variable, leading to
the control of the density structure by one or the other property along the water column. To appreciate the
complexity of the forms and thickness of the upper-layer structure, Figures 2 and 3 display vertical profiles
of N*(T, S) and N*(T) at the different positions indicated in Figure 1b. As expected, the equatorial profiles at
165°E (Figure 2, top left) share large similarities with the profiles observed during the Frontalis cruises and
described by Maes [2008]. Above the mean pycnocline located around 120 m depth, the values of N*(T, S)
and N2(T) are very low and close to zero near the surface. Below the mean pycnocline, the values decrease
toward a quasiconstant weak but positive value below 300 m depth. The shape of the profile for N(T) is
similar but characterized by weaker values above the main thermocline/pycnocline. The difference between
these two profiles is due to the role of salinity in the static stratification and represents, in essence, the salin-
ity stratification that is the focus of the present study. The main effect of the OSS is to increase the static
stratification along this part of the water column.

The profiles displayed in Figure 2 show that the stabilizing effect of salinity within and above the thermo-
cline is not unique to the western Pacific Ocean. Similar differences are found in the eastern Indian Ocean
(0°N-95°E, Figure 2, bottom right), and with some smaller amplitude, in the western Atlantic (0°N-35°W,
Figure 2, middle left), and the eastern sectors of both Pacific (0°N-165°E, Figure 2, top left) and Atlantic
Oceans (0°N-0°W, Figure 2, middle right). In these cases, the most substantial effect of the salinity is located
at the level of the pycnocline itself, for example, between 0°N and 95°W or 0°N and 0°W. It is noteworthy to
mention that the most important reverse effect representing the destabilizing effect of salinity (i.e., layers
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Mean N%(T,S) and N2(T) (dashed) profiles at the Equator
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Figure 2. Annual mean profiles (in cph) of N*(T, S) (line) and N*(T) (dash) along the equator for the (top) Pacific, (middle) Atlantic, and (bot-
tom) Indian oceans (as shown in Figure 1).

where N(T) > N(T, S) in the mean) occurs below the pycnocline in the Atlantic Ocean (0°N-35°W).

More complex profiles are displayed in Figure 3 and exhibit structures like a double maxima in N*(T, S)
(21°N-142°W (top left), 14°S-118°W (top right), and 15°S-35°W (middle right) or large differences for the
depth of the maximum related to N(T, S) and N*(T) such as occurs for 15°N-56°W (middle left). Considera-
tion of the northern profile at 15°N-56°W shows a substantial signal in OSS that is typically representative
of the Atlantic Ocean and that is almost nonexistent in the southern profile (15°5-35°W). In the Pacific sub-
tropical gyres where the differences between maxima in N(T), due to temperature alone, and N*(T, S),
which characterizes the full density structure, are significant (Figure 3, top), the OSS is surprisingly weak and
mainly confined in the upper layers. As discussed later, these signals exhibit strong seasonal variations in
relation to the mixed layer and surface conditions and do not interfere with the main pycnocline located
below the 200 m depth. In the Bay of Bengal (12°N-92°E, bottom left), we observe a remarkable stabilizing
effect due to the salinity across the double maximum structure. Time series analysis at this position confirms
that such an effect exists permanently throughout the year (not shown). To complete this broad overview,
the profile at (23°S-114°W, bottom right) in the subtropical south Pacific reveals the case where the salinity
structure never plays a stabilizing role throughout the upper 300 m depth of the water column.
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Figure 3. Annual mean profiles (in cph) of N(T, S) (line) and N*(T) (dash) at different locations in the Tropics (as shown in Figure 1).

Figures 4 and 5 illustrate the spatial distribution of the seasonal OSS patterns, both in terms of amplitude
and respective ratios of salinity to temperature contributions. In some regions, mainly localized within the

subtropical gyres, the OSS as defined in this study does not exist and simply appears as the undefined

regions in Figures 4 and 5.

These two figures clearly show the OSS to be a large-scale phenomenon characterizing the Tropics. Not sur-
prisingly, the OSS in the region of the western Pacific Warm Pool is a permanent and substantial feature,
roughly following the seasonal interhemispheric displacement of the warm (warmer than 28°C) and fresh
(fresher than 34.8 psu) surface waters. In this region, the OSS effect explains 30-40% of the static stratifica-
tion, a ratio that is quite stable at the seasonal time scale and slightly higher in the southern hemisphere, as
compared to the northern one. Higher OSS values are found in the far eastern part of the Pacific basin, asso-
ciated with the warm and fresh conditions of the far eastern Pacific fresh pool [Alory et al., 2012]. These sea-
sonal variations could be also linked, to some extent, with the migrations of the Inter-Tropical Convergence
Zone (ITCZ) across the entire Pacific basin. The signal is, however, confined in the main pycnocline that is
close to the surface, and consequently does not explain on average more than 25% of the static stratifica-
tion of the region (Figure 5). For some part, the above OSS signals in the Pacific are related to a freshening
of the upper layers due to precipitation in regions where the SSS is characteristically lower than 34.8 psu.
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Seasonal mean 0SS and SSS contours of 34.8 (line) and 35.8 (dash)
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Figure 4. Seasonal maps of the ocean salinity stratification (OSS) (in cph) representing seasonal averages over January to March (JEM), April to June (AMJ), July to September (JAS), and
October to December (OND). The black lines represent isolines for 34.8 (line) and 35.8 (dash) of the sea surface salinity.

The region of the central south Pacific exhibits a quite different behavior, with the presence of significant
0SS in the boreal spring and summer accounting for more than 50% of the static stratification (the highest
ratios are found in JAS). The absence of high and permanent precipitation in this region indicates that the
processes involved in the formation and maintenance of OSS are quite different. As mentioned earlier, the
mean profile in this region (Figure 3) shows the OSS occurring above the seasonal pycnocline in the upper
80 m depth. Figure 4 also reveals that this signal is confined in the region characterized by SSS between
34.8 and 35.8 psu.

Figure 6 shows a comparison between the seasonal profiles from the present analysis and direct and inde-
pendent observations collected by two Argo floats in the same region in 2008. In temperature, the agree-
ment is quite good, both in amplitude and in the shape of the profiles and the most important differences
are located in the top layers with a warm bias for JAS and a cold bias for OND in the ocean reanalysis. The
general form of the salinity profiles reveals that the OSS signal is due to the presence of fresh waters above
typical salty conditions of the subtropical regions (i.e., salinity larger than 36.2 psu). This latter condition
seems to be overestimated by the present reanalysis, while the differences both in temperature and salinity
for JAS suggest that the mixing conditions are probably not strong enough. This point is to be the subject
of further investigations as it could also relate to interannual variations and a lack of mixing. In any case,
concurrent profiles of N*(T, S) show a quite good agreement in terms of their seasonal amplitude and the
general forms along the water column. This comparison gives us some confidence on the accuracy of the
OSS variability in this vast oceanic region of the south Pacific. As a quantitative measure of the degree to
which the model deviates from the observations, and hence how well the model is constrained by the

MAES AND O'KANE ©2014 American Geophysical Union. All Rights Reserved. 1713
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Seasonal mean ratio of N2(S)/N?(T,S) and contour of the 28°C isotherm
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Figure 5. Seasonal maps of the ratio (in percentage) of NZ(S) to N*(T, S). The thin black line marks the 28°C isotherm.

observations, we include the time evolution of the monthly mean background and analysis increments over
the upper 1000 m for the Pacific averaged between 30°N and 30°S over the period 2001-2007 in support-
ing information (Figures S3).

In Figure 4, we identified significant regions in the Atlantic Ocean (between 0°N and 20°N and along the
West African coast 10°S-10°N) having high OSS, particularly during the JAS and OND seasons. This region is
characterized by important differences with regard to the Pacific that arise due to key components of the
hydrological cycle including significant fresh-water discharges from several of the largest rivers of the world
(e.g., Amazon, Orinoco, and Congo). Previous studies [e.g., Hu et al., 2004] have shown that it is possible to
track coherent regions of low surface salinity (generally less than 35 psu) over large distances offshore in
the open ocean. These large-scale lenses of low salinity waters could now be monitored using SSS observa-
tions from space with the SMOS and Aquarius missions [Lagerloef et al., 2008; Reul et al., 2014]. The distribu-
tion of the seasonal OSS in the Atlantic Ocean (Figure 4) reveals that the largest amplitudes occur
concurrently with significant variations of these large-scale lenses in the northwestern part of the basin and
off the eastern coasts of Africa from the Gulf of Guinea southward of 8°S, i.e., near the mouth of the Congo
river. The spatial extent of the OSS signal also suggests that the upper ocean circulation plays a major role
as well as the other key fresh water source, namely the ITCZ.

In the North Atlantic Ocean, the maximum poleward extension of the OSS occurs in boreal winter (OND).
The fact that the OSS dramatically decreases when the SSS becomes larger than 35.8 psu suggests that the
vertical extension of the OSS signal is mainly confined in the upper layers of the ocean, typically above 100
m depth (see also the profiles of Figure 3). Relative to the thermal effect, the most important signal is associ-
ated with the extension of the fresh water from the Amazon, with the haline effect observed to become
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Reanalysis profiles (red) and raw Argo data (black) per season
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Figure 6. Independent vertical profiles of (left, in °C) temperature, (middle, in psu) salinity, and (right, in cph) N(T, S) collected by two Argo floats near 14°S-118°W in the tropical Pacific
during 2008. The profiles are shown by season, following the JFM, AMJ, JAS, and OND periods, from bottom to top, respectively. On each panel, the average seasonal profile (2001-2007)
at this location from the present reanalysis is shown in red.

dominant in the winter season (JFM) (Figure 5). It should be noted that the OSS exists also in the southwest-
ern Atlantic Ocean near 10°S and it dominates the thermal effect during the boreal fall and winter season.
In the Gulf of Guinea, the OSS exhibits large values but its ratio in comparison with the thermal effect
remains modest throughout all the seasons (Figure 5). Being localized and close to the surface (see Figure
1) suggests that the OSS could have an indirect impact on SST (and on the mixed layer depth), and the cou-
pling sensitivity of the Atlantic cold tongue, and consequently on the onset of the West African monsoon
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[Caniaux et al., 2011]. Further work is needed to explore the full impact of the salinity stratification on the
coupled response of the ocean-atmosphere variability.

In the North Indian Ocean, the zonal contrast between the Arabian Sea and the Bay of Bengal is evident and
the OSS is almost absent in the former region. It should be nevertheless mentioned that significant ampli-
tudes of OSS characterize the southeastern Arabian Sea during JFM-AMJ, a potential key region and timing
that are crucial for the onset of the summer monsoon [Masson et al., 2005]. Across the whole basin, the strong-
est amplitudes in OSS are found along the coasts of the Bay of Bengal, with the maximum extension arising
during the boreal summer and through the fall. Similar to the other tropical regions where precipitation is
very intense, the signal is located in the upper layers; however, it represents only a modest contribution to the
static stratification in comparison to the thermal effect over the same part of the water column (see Figure 5).

Along the equator, the specific wind regime associated with the monsoon system results in a complete
reversal of direction at the seasonal time scale, with profound consequences for the current response down
to the pycnocline. The equatorial variability of the OSS in the western Indian Ocean (Figure 4) exhibits a
strong semiannual component with the highest values occurring at the end of March and September corre-
sponding to the terminal periods of the winter and summer monsoons, respectively. Along the coast of
Somalia, the variability is also very high with the most substantial OSS amplitudes occurring only from May
to September where the maximum is reached in June near 45°E. In comparison to the thermal effect in the
static stratification (Figure 5), the ratio of N*(T, S) to the salinity component N*(S) remains weak, in the range
of 20-30%. The southern Indian Ocean between 10°S and 20°S differs substantially from the corresponding
regions at the same latitudes of the Atlantic and Pacific Oceans. There, the OSS is permanently present
across the whole basin with the variability characterized by a strong annual cycle. Here the OSS is dominant
with typical ratios larger than 40% during JAS and lowest ratios occurring during the boreal winter JEM with
typical basin averaged values less than 20% (Figure 5).

Finally, in order to complete the broad patterns of the OSS seasonal variability, a standard Fourier decompo-
sition is used to describe the annual and semiannual cycles of the OSS field in the Tropics. Within the tropi-
cal band 20°N-20°S, the annual harmonics of the OSS dominates (Figure 7) with the largest values
occurring in the Atlantic Ocean. Areas with a typical annual cycle larger than 0.1 cycles per hour (cph) in
0SS include the western Pacific warm pool, the regions under the influence of the ITCZs, the southeastern
Arabian Sea, and generally speaking the regions under the influence of the main river discharges into the
ocean. In these regions, the fraction of explained variance of the annual harmonics is larger than 80% on
average. The amplitude of the second harmonic (Figure 7b) is less than 0.1 cph over most of the ocean,
with the largest areas of substantial amplitude found in the Atlantic, the eastern Pacific, and to a lesser
degree the western north Indian Ocean. Values greater than 0.2 cph are found near the major river dis-
charges into the ocean and in the Gulf of Panama, a feature that is shared with the semiannual cycle greater
than 0.3 psu of the climatological SSS [Boyer and Levitus, 2002]. There are, however, two other regions of
lesser amplitude where the semiannual cycle of the OSS appears to be important, namely the western equa-
torial parts of the Atlantic and Indian Oceans. In these regions, the percent of total variance attributed to
the second harmonic exceeds 60% (Figure 7d). As noted earlier, such variability for the Indian Ocean may
be associated with the semiannual occurrence of the monsoonal wind regime, and the one in the Atlantic
sector with the semiannual cycle of the ITCZ over the South American continent. In the rest of the oceans,
the general structure of the semiannual cycle appears less organized and patchy.

The basin-scale analyses presented above suggests that the seasonal variations of the global OSS are deter-
mined to first order by the atmospheric freshwater input and river runoff. Our concern is not to assess each
mechanism in the formation and destruction of the OSS and we leave this for future investigations. The
implied simple relationship between the OSS variations and the freshwater budget (P-E) is, however, more
complex with closer examination, even in regions strongly influenced by precipitation such as under the
South Pacific Convergence Zone and ITCZ. Figure 8 shows the seasonal variations of the OSS and (P-E)
budget over three different regions of the northern hemisphere. The OSS variability exhibits a seasonal
cycle with a maximum occurring at the end of summer, from September in the Atlantic Ocean to November
in the Pacific Ocean. The relationships with the (P-E) budget show three different behaviors: in the Atlantic
Ocean, both signals vary almost in phase (top). In the Bay of Bengal, the OSS amplitude responds with a
delay, its maximum occurring at the end of the summer monsoon, in October (middle), while in the north-
ern Pacific region under the ITCZ, the responses are clearly not in phase, the maximum of the OSS occurring
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Figure 7. Maps of the (a) annual first and (b) semiannual second harmonics of the OSS (in cph), and of the fraction of explained variance for the (c) annual and (d) semiannual harmonics
(in percentage).

in November, with a 3-4 months delay as compared to the maximum (P-E) budget (bottom). In contrast,
both signals reach their minimum in March during the boreal spring. Previous studies elucidate the various
and complex processes at work in the formation and destruction of the salinity stratification in the top-
layers of the ocean [e.g., Bosc et al., 2009]. The present study sheds light on the fact that these different
processes would also apply from the surface down to the main pycnocline of the tropical oceans.

4, Discussion

Maes [2008] initially defined the OSS to better characterize the eastern edge of the Western Pacific Warm
Pool (WPWP) where the haline stratification exhibits a permanent east-west gradient. The importance of
such stratification in a region where the ocean and the atmosphere are tightly coupled and where these
interactions would drive the ENSO variability has been previously revealed by the concept of the barrier
layer. The recently available Aquarius and Argo data for salinity reveals the close relationship and variability
of the barrier layer and WPWP displacements [Qu et al., 2014]. Obviously, both the OSS and the BLT share
some features in common, the main one being the representation of the stabilizing effect of the water col-
umn due to the salinity field. The shallow halocline that would mark the bottom of the upper mixed layer
and the top of the thermocline has been named the barrier layer to highlight its role on the vertical turbu-
lent mixing [e.g., Lukas and Lindstrom, 1991]. Inherently, the definition of the BLT is constrained by the need
to fix appropriate thresholds and limits for the determination of the mixed layer depth and the top of the
thermocline. Although the climatological BLT has been described on the global scale [de Boyer Montégut

et al,, 2007], many studies dedicated to regional dynamics have redefined or adjusted their own determina-
tion of the BLT parameters. In contrast, we keep the idea of a single definition for the OSS as the part of the
stabilizing effect due to salinity whatever the counterpart of the temperature effect could be. The OSS is
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Figure 8. Seasonal variations of the OSS (left axis, in cph, black line) and P-E budget (right axis, in mm/day, red line) averaged over three different domains in (bottom, 5°N-15°N;
130°W-100°W) the Pacific Ocean, (middle, 5°N-25°N; 75°E-100°E) the Indian Ocean, and (top, 0°N-20°N; 290°E-340°E) the Atlantic Ocean.

defined from the definition of the Brunt Vaisala frequency profiles from which the dynamical properties,
such as the first vertical baroclinic mode or internal Rossby radius of deformation, could be estimated. This
approach includes very naturally the various parameterizations of vertical mixing that are Richardson-
number dependent in numerical models.

In regions where the stratification of temperature and salinity differs between the base of the mixed layer
and the top of the pycnocline, both the OSS and BLT agree relatively well; however, unlike the BLT the OSS
can be significant in regions where both T and S are mixed over the same depth. In order to illustrate this
difference, we examine the particular case of the western Pacific for the climatological month of July (Figure
9). Within the warmest waters of the equatorial warm pool (warmer than 29.5°C, dashed line), strong OSS
signals illustrate the importance of the salinity stratification above the main thermocline. Differences appear
not only in terms of the respective amplitudes of the OSS and BLT in the southern edge of the warm pool,
but more importantly, the BLT does not exhibit significant values in regions like the far western Pacific or
the Coral Sea. It is also immediately obvious that the region northward of 10°N from the dateline to the cen-
tral Pacific is characterized by a clear signal in OSS, even where the SSTs are lower than 28°C. We will revisit
the dependency of the OSS on the surface fields later.

In the far western Pacific as well as in the Coral Sea, the sections sampled in July by two independent
cruises, respectively, the P09 WOCE and FLUSEC-01, show that significant vertical gradients in salinity result
in OSS (Figure 10). For the first case, the salinity stratification occurs inside the waters warmer than 28°C
and across the bottom of the mixed layer, resulting conjointly in significant BLT and OSS near the equatorial
band; farther north (between 11°N and 19°N), there are also significant vertical gradients of salinity above
100 m depth that contribute to the amplitude of OSS below the mixed layer. The thermal gradient also
plays a role in the static stratification of the water column, with a ratio of about 40-50% as compared to the
salinity (computed similarly as in Figure 5 with the cruise profiles), consistent with the seasonal ratio
reported previously in Figure 5 for the present reanalyses. For the second case, i.e., in the Coral Sea, the sit-
uation is a somewhat different. The salinity gradient in the eastern part of the section clearly occurs above
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Climatology of OSS (cph*100) and BLT (m) for JULY
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Figure 9. Maps of the (top) climatological OSS (in cph*100) and (bottom) climatological BLT (in m) for July. The BLT climatology is derived
from de Boyer Montégut et al. [2007]. The climatological SSTs are superimposed in black, the dark and dash lines are set, respectively, for the
28°C and 29.5°C isotherms. On the top plot, the positions of the North Pacific and Solomon cruises are indicated by the light blue symbols.

the null gradient in temperature that is associated with the mixed layer. It should also appear in the climato-
logical determination of the BLT. Whether the data coverage was not sufficient at the time of the realization
of the BLT climatology or there is a subtle stratification in temperature that prevents the determination of
the BLT as previously reported by Maes [2008] remains difficult to ascertain. In any case, it is clear that the
salinity plays a significant part (>40%) in the static stratification of the waters of the Coral Sea that ulti-
mately enter into the Solomon Sea from the surface throughout the thermocline [Gasparin et al., 2012].
How these waters are able to change the stratification along the equator is however beyond the scope of
the present study and requires for future investigation.

The importance of the salinity stratification in the mixed layer of the Western Pacific Warm Pool was raised
due to its potential impact on the mixed layer heat budget and SST, the key parameter in the ocean-
atmospheric coupling. By removing the dependency of the salinity in N2, Maes et al. [2002, 2005] and Maes
and Belamari [2011] also demonstrated how different features of the ENSO variability and background
mean state simulated by a coupled model could be fundamentally altered. Moreover, they found that the
removal of the salinity stratification was not systematically associated with a cooling of the SST, and in a
less important manner, with coherent changes in SSS. In the current Pacific climate, high SSTs represent a
good proxy for positioning the deep atmospheric convection and their occurrence has also been associated
with a thick barrier layer [i.e., Bosc et al., 2009]. In addition, Maes [2008] shows how the OSS was well corre-
lated with the SSS near the equatorial WPWP. Owing to the availability of the SST and, more recently with
the SMOS and Aquarius satellite missions for the SSS, the statistical relationships between the OSS and the
surface fields could offer a way to evaluate the conditions of the main stratification above the pycnocline
from a single parameter observed at the sea surface.
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Figure 10. Vertical sections of salinity observed during (top) the P09 WOCE and (bottom) the FLUSEC-01 cruises. (right) the vertical gradient of salinity (unit is psu/m, in red) and temper-
ature (unit in °C/m, in black and scaled by —0.2), respectively, for the positions between 11°N-19°N and 157°E-162°E. The thick line is the 28°C isotherm.

Figure 11 displays the scatter diagrams between the OSS and the surface fields of SST and SSS in three
different regions of the Tropics. Consistent with Maes [2008], we find an inverse relationship between the
0SS and SSS in the WPWP where large amplitudes of OSS are associated with the fresher waters, and
then decreasing linearly as the SSS becomes saltier. In comparison, the relationship with the SST is less
simple and obvious, with the exception that the higher SSTs (higher than 29.5°C) are often associated
with significant OSS amplitudes. This result is consistent with those based on the barrier layer formalism
as reported by Fujii and Kamachi [2003], Bosc et al. [2009], and Fuijii et al. [2012]. Both in the Atlantic and
the Indian Oceans, the relationship to the SST is more scattered and shows only a slight predominance of
high OSS with high values of SST. In contrast, the relationship with the SSS exhibits smaller scatter and a
quasilinear slope. In the Atlantic Ocean, there are fresh values that are not associated with a quasinull OSS
amplitude and are located near the main river runoffs. The present scatter diagrams with the SSS field
give some confidence that reliable observations of remotely sensed satellite missions for salinity would
bring an additional source of information to better constrain the salinity stratification in the upper layers
of the ocean. In certain regions where the dominant modes of variability in SSS exhibit their strongest
amplitudes at the surface, like in the WPWP [i.e., Maes, 1999], the combination of different sources of
observations would improve our understanding of the role of the salinity stratification in studies of the
ocean dynamics.

5. Conclusions

In the present study, we examine seasonal variations of the OSS to emphasize its overall impact within the
Tropics. Beyond its role at the base of the mixed layer, the stabilizing effect of salinity as depicted by the
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Figure 11. Scatter diagrams showing temperature (left, in °C) or salinity (right, in psu) against the OSS (in cph) in the 5°N-5°S equatorial band of the (top) Atlantic, (middle) Indian, and
the Western Pacific Warm Pool as defined by the (bottom) 5°N-5°S/150°E-170°W box regions.

0SS has been shown to be seasonally important above the main pycnocline in many places in the tropical
oceans. This includes regions not previously identified as important in terms of salinity stratification using
the concept of the barrier layer (such as in the northwestern Pacific). The implication is that dedicated stud-
ies are now required in such places to determine the impact of the salinity stratification on the ocean
dynamics. More generally, the formation of the OSS results from a complex combination of various mecha-
nisms such as tropical precipitations, oceanic advection and mixing conditions, as well as fresh water input
from rivers.

During the last decade, the key development of the ocean observing system has been the continued
expansion of the Argo float network. Concomitant with temperature profiles, reliable in situ observations of
salinity at depth are now available permanently at the global scales. Numerical systems developed for sea-
sonal prediction and employing data assimilation could be utilized to investigate the impact of the salinity
on climate variability. Recent results based on the state-of-the-art of prediction systems indicate that salinity
is important for representing the state evolution of the equatorial thermocline [Yang et al., 2010; Zhao et al.,
2013]. More recently, two satellite missions, the Soil Moisture and Ocean Salinity (SMOS) mission, which is
part of the ESA’s Earth Explorer Missions, and the Aquarius mission, which is a joint project of the United
States and the Argentine SAC-D observatory, have begun to produce global maps of SSS [Lagerloef et al.,
2008; Reul et al., 2014]. Reanalysis products that consider all these observations should be better able to
produce accurate and reliable estimates of the salinity stratification above the main pycnocline and to offer
new perspectives for a large spectrum of oceanographic studies. In that context, we hope that the present
reanalyzed seasonal climatology of the ocean salinity stratification will provide an interesting step toward a
better understanding of upper oceanic budgets and in validation of numerical ocean models.
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