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Abstract A newly available sea surface salinity (SSS) measurement from Aquarius/SAC-D satellite reveals
strong seasonal variability in the tropical Atlantic and Indian Oceans. The seasonal SSS variability at skin
layer differs/agrees regionally in their amplitude from/with Argo-measured salinity at 5 m depth and model
salinity at the top layer, indicating various characteristics of near-surface salinity stratifications. By compar-
ing the three different salinity products, we have examined the near-surface salinity stratifications with
emphasis on the dynamical processes that differ from one region to another. Our analysis shows that for
the western part of tropical Atlantic and southern tropical Indian, a large amount of river runoff and/or sur-
face freshwater significantly stratifies the surface layer above 5 m depth, resulting in the differences among
the Aquarius, Argo, and model. Differently for the southern Arabian Sea, the surface water can be mixed
down to the depth of 5 m due to seasonally reversing currents driven by monsoons, resulting in an agree-
ment among the data sets. The comparison suggests that dynamical differences can lead to different verti-
cal salinity stratifications locally, which explain the differences between the Aquarius observations in the
first cm of the sea surface, the Argo measurements at the 5 m depth, and model’s representation of the
surface-layer averaged salinity.

1. Introduction

Sea surface salinity (SSS) is an important factor contributing to changes in the global hydrological budget,
and its spatial and temporal distributions are essential to improve understanding of the hydrological cycle
and oceanic processes, such as mixing, water mass formation, and circulations [Yu, 2011]. Unlike sea surface
temperature available from remote sensing, in situ SSS data are relatively sparse and have been heavily
smoothed in space and time although recent Argo floats improved the availability of in situ measurement
[Roemmich and Gilson, 2009]. Since launched in November 2009, the Soil Moisture and Ocean Salinity
(SMOS) mission from the European Space Agency opened a new era for observing and monitoring SSS field.
The SMOS and more recent Aquarius/Sat�elite de Aplicaciones Cient�ıficas (SAC)-D missions, which is a collab-
orative effort between NASA and the Argentinian Space Agency Comision Nacional de Actividades Espa-
ciales (CONAE), are providing the first ever spatially complete global SSS (a few cm of ocean surface) field.
Both satellite missions have already shown many features of SSS structure including the near-surface barrier
layer variability in the equatorial Pacific [Qu et al., 2014], intensification of hurricanes to the presence of
Amazon plume [Grodsky et al., 2012], surface freshening due to heavy rains [Boutin et al., 2013], and salinity
variability and horizontal salt flux in the tropical Atlantic [Tzortzi et al., 2013; Grodsky et al., 2014a, 2014b].

So far, many previous studies on SSS variability have relied on irregularly distributed and heavily interpo-
lated climatological data sets and Argo measurements. Furthermore, climatological and typical Argo SSS are
taken at several meters depth, which are different from the true SSS inferred from in situ measurement (at
about 5 m depth). On the other hand, the two satellites measure the salinity at the first centimeter or skin
layer of the sea surface, which can be significantly different from a typical top level of around 5 m depth by
Argo. Preliminary studies based on Argo vertical profiles and ship measurements have shown the vertical
salinity differences between 1 and 10 m depth [Henocq et al., 2010; Boutin et al., 2013]. Henocq et al. [2010]
reported that in situ salinity measurement between 1 and 10 m depth differs by 0.1–0.5 psu in rainy regions.
Boutin et al. [2013] focused on the impact of rain on the surface freshening relative to Argo, which reflects
surface vertical stratification. This issue of uppermost salinity stratification is getting more and more
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attention in recent years because recent two satellites are providing a skin value within 1 cm of the surface
that will complement in situ measurements and help to better understand the near-surface salinity variabili-
ty and SSS-related processes at global and local scales. In this study, we compare the newly available Aquar-
ius SSS with the Argo floats and an ocean circulation model to examine the different surface vertical salinity
stratifications locally and their dynamical differences.

The Aquarius/SAC-D mission has now released two full years of SSS data from September 2011 to October
2013. As a case study, we here focused on annual near-surface salinity variability in the tropical Atlantic/
Indian Oceans. To estimate the contribution of air-sea flux to the SSS change, we also analyzed the precipi-
tation (P) and evaporation (E) data from NCEP reanalysis products, the satellite-gauge product of the Global
Precipitation Climatology Project (GPCP) [Huffman and Bolvin, 2012], and the Objectively Analyzed air-sea
Fluxes (OAFlux), which is a combination of satellite and reanalysis data [Yu et al., 2008].

The observational data and model descriptions are given in section 2, while characteristics of the tropical
Atlantic/Indian Oceans are reviewed in section 3. In sections 4 and 5, we compare Aquarius-derived sea-
sonal SSS with Argo measurements and model results and then discuss an interpretation in terms of the
SSS differences among the products, which may be associated with regional ocean dynamics. A summary
and discussions are provided in section 6.

2. Data and Model Descriptions

2.1. Aquarius Data
Aquarius/SAC-D collects data in 386 km swaths in an orbit designed to obtain a complete survey of global
SSS of ice-free ocean every 7 days. Since its launch in June 2011, the Aquarius is providing global SSS maps
at monthly 150 km resolution and 0.2 psu accuracy over the mission lifetime [Lagerloef et al., 2008, 2013].
We use monthly mean SSS products (Level-3) at 1� 3 1� spatial resolution from the Aquarius/SAC-D version
2.5 data, which is almost the same as the version 3.0 that will be released soon. The retrieved SSS data for
ascending and descending tracks were bias adjusted on monthly time scale, and the global salinity root-
mean-square error is no more than 0.2 psu on 150 3 150 km and monthly average. The Aquarius salinity
sensor detects the microwave emissivity in the top few centimeter of ocean water. Since this study focuses
on the large-scale seasonal variability associated with ocean dynamics rather than the assessment through
the point-by-point comparison, we here use the 1� resolution gridded Aquarius data. The data from Argo
and model also have been gridded into the same 1� map of Aquarius to directly compare the seasonal vari-
ability. For all data sets, we used the monthly averaged SSS for the same month in different years to mini-
mize the impact of seasonal errors which will be discussed in section 4.

2.2. Argo SSS
Argo is a global array of profiling floats measuring temperature and salinity in upper 2000 m of the ocean.
After 10 days of repeat cycle, the floats come up to the surface to transmit data to a satellite. Although there
are still many areas yet to be sampled, the Argo floats are one of the main sources of in situ salinity meas-
urements. The Argo measurements extend from a typical surface around 5–2000 m depth. More than 3500
of Argo floats are currently distributed globally and a near-real time, monthly product at a 1� 3 1� grid is
recently created by the Asian Pacific Data Research Center of the International Pacific Research Center, Uni-
versity of Hawaii (data available at http://apdrc.soest.hawaii.edu/dods/public_data/Argo_Products/
monthly_mean). This product has 26 standard levels in the upper 2000 m, and a variational analysis was
used to interpolate temperature and salinity onto a 3-D spatial grid [Qu et al., 2014]. This gridded Argo near-
surface (�5 m depth) salinity data are used as a proxy for SSS in the Atlantic and Indian Oceans during the
period from September 2011 to September 2013.

2.3. Ocean Circulation Model
We here use the global non-Boussinesq ROMS based on Song and Hou [2006], which is an evolving version
of ROMS [Shchepetkin and McWilliams, 2005]. The model has been configured globally with a 1/4� horizontal
resolution with 30 terrain-following vertical levels [Song and Haidvogel, 1994] and is coupled with a sea ice
model [Budgell, 2005]. The shallowest and deepest water depths are 20 and 5500 m, respectively. The model
was spun up for 60 years with National Centers for Environmental Prediction (NECP)/National Center for
Atmospheric Research (NCAR) monthly climatology [Kalnay et al., 1996] to reach an approximately steady
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state. After 60 years spin-up,
the model was forced by six-
hourly NCEP/NCAR reanalysis
data from 1958 to 2013. Sur-
face fluxes of momentum and
heat are calculated in ROMS
using bulk formulations [Fairall
et al., 1996]. Salt flux in the
model is basically balanced by
P and E, which is corrected by
SSS climatology with 90 days
relaxation time. Monthly aver-
aged results for the same
month during September 2011
to September 2013 were used
to compare with the Aquarius
and Argo measurements and
to explain the dynamics of sea-
sonal SSS variability in the trop-
ical Atlantic/Indian Oceans.

3. Study Regions:
Tropical Atlantic/Indian
Oceans

The annual amplitudes of SSS
for the three products are shown in Figure 1, which compares their spatial pattern in the Atlantic/Indian
Oceans. Most of the oceans have annual amplitudes of SSS less than 0.2 psu, but relatively strong variations
are shown in the tropical regions. Overall, the Aquarius and model show a similar variability of SSS in ampli-
tude and spatial pattern. However, the Argo SSS has the smallest variability in amplitude except for the
southern region of Arabian Sea (AS) although the spatial pattern is quite similar to those of Aquarius and
model.

In the Atlantic Ocean, the
strongest SSS variability is
found along 5�N–10�N band
(marked by Region I in Figure
1a, 50�W–30�W, 5�N–10�N) in
Aquarius, with the largest dif-
ference from the Argo (Figure
1b). The model result is closer
to the variability of Aquarius
SSS than to the Argo. This fea-
ture is also shown in Figure 2a
that compares the zonally aver-
aged annual amplitudes of SSS
in the tropical Atlantic Ocean,
emphasizing the strongest dif-
ference between the Aquarius
and Argo along 5�N–10�N
band (marked by shaded
region). This region is known
to be characterized by low SSS
and off major rivers, such as
Amazon/Orinoco and Congo

Figure 1. Annual amplitude maps of sea surface salinity (SSS) from (a) Aquarius, (b) Argo,
and (c) model. Three selected regions, I: the western part of tropical Atlantic, II: the southern
Arabian Sea (AS), III: the southern tropical Indian, indicate the areas where the seasonal vari-
ability will be examined.

Figure 2. Zonally averaged seasonal SSS amplitudes for the three products of Aquarius
(black), Argo (blue), and model (red) in (a) Atlantic Ocean and (b) Indian Ocean. The shaded
regions indicate the zones where the Aquarius differences of annual amplitude from Argo
are relatively large.
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[e.g., Foltz and McPhaden, 2008; Tzortzi et al., 2013]. It is also known that the SSS variability is governed by
several processes including changes in freshwater outflow from the Amazon River, horizontal advection,
and mixing by strong winds in the tropical region [Hu et al., 2004; Nikiemaa et al., 2007; Da-Allada et al.,
2013]. In particular, horizontal advection by North Equatorial Counter Current (NECC) mainly contributes to
seasonal SSS variability in the western tropical region [Grodsky et al., 2014b]. During summer to fall, low-
salinity water discharged from the Amazon River is transported eastward by NECC after flowing northward
along the North Brazil Current (NBC) in the shelf region.

In the Indian Ocean, annual amplitude maps of SSS for the three products show three significant features
(see Figure 1). The first feature is along the coastal regions of Bay of Bengal (BOB), where the excess P and
river runoff stratify the sea surface layer [Donguy and Meyers, 1996; Rao and Sivakumar, 2003; Schott and
McCreary, 2001; Ravichandran et al., 2004; Delcroix et al., 2005]. The second is in the southern AS region cen-
tered at about 6�N (marked by Region II, 60�W–72�W, 5�N–10�N) that shows a strong seasonal SSS variability
for all products. The AS is characterized by high-saline surface water due to excess of E over P. The AS and
the BOB communicate with each other through seasonal current system driven by monsoon winds [Delcroix
et al., 2005; Subrahmanyam et al., 2011]. The third is a zonal band structure in the southern tropical region
centered along 8�S (marked by Region III, 60�W–80�W, 5�S–12�S), with the largest amplitude in Aquarius.
These features are also represented in Figure 2b, showing the strong annual amplitudes along about 8�S, 6�N
zones, and at midlatitude (above 15�N). The largest difference from the Argo takes place at midlatitude (i.e.,
coastal regions of BOB), which may be associated with the land contamination in the satellite footprint. The
other large difference in annual SSS amplitude is found along the southern tropical region, coinciding with
the Intertropical Convergence Zone (ITCZ). Nyadjro et al. [2010] mentioned that this region could be linked to
the dynamics of the ITCZ and the pathway of the Indonesian Throughflow (ITF). To quantify and directly com-
pare the seasonal variability among the three SSS products, in this study, we focus on the tropical Atlantic
and Indian Oceans, where the strong amplitudes of seasonal SSS variation are found, and selected the three
regions away from coastal boundaries (marked I, II, and III in Figure 1a) to avoid possible land contaminations
(e.g., low-level radio frequency interference for Aquarius and insufficient samplings for Argo). Therefore, the
comparison for coastal regions around Amazon River, Congo River, and BOB are not considered in this paper.

4. Comparison of Seasonal SSS Variability

The 2 year mean variations of averaged SSS deviations over the three regions show a remarkable seasonal
variability (Figure 3). For Aquarius data, the strongest SSS variability is seen in the western part of tropical
Atlantic, Region I, with its maximum in March and minimum in September (Figure 3a). A fresh signature
begins to appear from the west of Region I, and then is transported to the east during June to November
(Figure 4a). This seasonal change may closely depend on river discharge from Amazon accounting for
approximately one-fifth of the world’s total river flow. On the other hand, the southern AS, Region II, has an
opposite phase signal to the Region I (Figure 3b), showing that freshwater comes from the east and then is
transported to the west during winter-spring (Figure 4d). The strong annual cycle in this region may be
linked to the seasonally reversing ocean currents driven by monsoon wind. Region III exhibits the same
annual cycle as the Region II, with relatively smaller amplitude than those of the other two regions (Figure
3c). Unlike the Regions I and II, no zonal propagation of freshwater signal is observed (Figure 4g), suggest-
ing a response to surface freshwater flux changes. Overall, the Aquarius-derived SSS agrees well with the
model output for all regions, while the Argo SSS shows relatively weaker amplitudes in Regions I and III. In
particular, the Argo SSS in Region I is less than 2 times the seasonal amplitude of the Aquarius. Meanwhile,
for Region II, the Argo and Aquarius agree well each other and are close to our model result, showing a
strong seasonal variability (see Figures 3 and 4).

The above comparisons reveal a remarkable seasonal SSS variability in these tropical regions and difference
and/or agreement among the three different salinity data sets. We here need to discuss why the Aquarius
data differ/agree in their annual amplitude from/with the Argo and model. First of all, we can consider the
measurement or residual errors in the observations.

The Aquarius v2.0 and lower are known to contain persistent negative salinity bias and seasonal-dependent
errors [Lagerloef et al., 2013]. The former is related to low-level radio frequency interference from adjacent
land areas that will bias the brightness temperatures toward the positive; thus, the salinity will be biased
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negative. The latter is likely related to
residual errors in correction for galactic
reflection. These errors may be signifi-
cant in the North Atlantic, Asia-Pacific
regions, and at high latitudes, but are
relatively small in the topical regions of
interest to this study [Lagerloef, 2013].
Moreover, these biases were already
resolved in the version 2.5 and higher.
Recently, an updated Aquarius Com-
bined Active-Passive (CAP) version,
which includes galactic correction, Fara-
day rotation, Antenna Pattern Correc-
tion, and minimization of rain effect
[Tang et al., 2013], improved the accu-
racy of CAP’s salinity [Yueh, 2013; Yueh
et al., 2014]. We compared the Aquarius
SSS with the CAP version to estimate the
impact of above biases on the study
regions, showing a small difference less
than 0.1 psu in most regions that cannot
explain the differences in the seasonal
magnitude between the Aquarius and
Argo.

Unlike the Aquarius, the Argo measure-
ments are relatively sparse and have
been heavily smoothed that is ineffec-
tive particularly for the coastal regions
because of its spatial resolution. Boutin
et al. [2013] suggested that significant
difference between SMOS and Argo in
the coastal region with the Amazon
plume is likely due to the smoothing of
Argo data. It seems that the smoothing
may largely influence the weakening of
SSS variability in comparison with Aquar-
ius and model. However, the Argo data

are quite consistent in their annual amplitude with the Aquarius and model output in Region II, and we also
minimized the impact near coastal areas by selecting the three open ocean regions far away from the coasts.
In addition, the model output is fairly consistent with the Aquarius for all regions, likely suggesting regional
responses to dynamical forces rather than artificial biases of Argo like the smoothing. The different regional
responses may give us a possible interpretation for the differences/agreements among the different data sets,
so we will discuss regionally different dynamics in the next section.

5. Discussions

5.1. Regional Dynamics
Seasonal SSS changes can be largely affected by horizontal salt fluxes and air-sea fluxes (i.e., P and E). Ocean
models can simulate these dynamic features. Here we use our model solutions to explain the dynamic
cause of those salinity differences/agreements among the salinity data sets. Figure 5 shows the SSS devia-
tions from the annual mean values and surface current from the model result in winter (January to March)
and summer (July to September).

In Region I, a positive SSS deviation dominates over the western tropical regions in wintertime when the
discharge of Amazon is at its minimum (Figure 5a). During spring to summer when the discharge is

Figure 3. Seasonal cycle of averaged SSS deviations over (a) Region I, (b) Region
II, and (c) Region III defined in Figure 1a for Aquarius (black), Argo (blue), and
model (red lines) products. All SSS data are monthly averaged for the same
month in different years.
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substantially increased, on the other hand, the freshwater from the river moves to the north along the
northwestward coastal NBC, and is then transported to the east along the NECC around 8�N (Figure 5c). For
Region II, it has a strong negative SSS deviation in winter with a westward surface current, while it shows an
opposite patterns in summer (Figures 5b and 5d). The seasonal reversal with a westward SSS flux during
wintertime and an eastward flux during summertime is due to seasonally reversing monsoon winds in the
northern Indian Ocean [Rao and Sivakumar, 2003; Subrahmanyam et al., 2011]. Meanwhile, Region III has a
strong seasonal SSS variation, but the salt flux is westward year round with weak seasonal changes in its
strength (Figures 5b and 5d). It is unlikely that the wind-induced seasonal salt transport plays a critical role
in the seasonal SSS variability in Region III.

The freshening in Region I almost corresponds to the highest discharge of the Amazon lagging by about 1–
3 months as shown in green line of Figure 6, which shows the climatological river discharge obtained from
Dai et al. [2009]. The discharge of Amazon reaches its maximum of about 9 3 103 km3 yr21 during May to
June and minimum of about 4 3 103 km3 yr21 during November to December. The SSS change in this
region is also expected to be influenced by the variations of P and E associated with the ITCZ [Reverdin et al.,

Figure 4. Time-longitude diagrams of SSS deviations in (top) Region I, (middle) Region II, and (bottom) Region III for three SSS products of
Aquarius, Argo, and model. All SSS data are monthly averaged for the same month in different years.
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2007; Foltz and McPhaden, 2008]. To investigate the relationship between the SSS and freshwater fluxes, sea-
sonal cycles of E-P obtained from the NCEP, GPCP, and OAFlux in Region I are shown in blue lines of Figure 6.
The values for E and P are obtained by integrating over the Region I to directly compare with the discharge
of Amazon [Tzortzi et al., 2013]. It should be noted that because the cycle of E is relatively constant through-
out the year (not shown), the seasonal cycle of E-P largely determined by the variability of P rate. The high
positive SSS deviations during winter-spring occur when the E-P rate is at a maximum of about 3 3 103 km3 yr21

during January to February, while it falls during summer-fall when the E-P is close to the minimum
(about 21 3 103 km3 yr21) of the year. However, the annual cycle of E-P is smaller in magnitude (range from
21 3 103 to 2 3 103 km3 yr21) than the river discharge (range from 4 3 103 to 9 3 103 km3 yr21; Figure 6),
and the strong amplitude mainly lies in the central tropical region rather than in the western part (see Figure
7a), implying more significant role for river discharge in this region. Looking at the amplitude of E-P (Figure
7b), while the annual cycle of E-P shows a weak variability in Region II, there is a high E-P variability in Region
III, coincident with the ITCZ, with its minimum in winter and maximum in summer. The P and E fields from
NCEP also agree well with the GPCP P and OAFlux E data (now shown), indicating a close relationship
between the E-P field and SSS variability in Region III at seasonal time scale [Bingham et al., 2012].

The dynamical difference associated with the salinity changes in the near-surface is evident in Figure 8 that
shows the salt budget averaged over the regions. The balance of salt budget is as follows,

@S
@t

52U
@S
@x

2V
@S
@y

1
E2Pð ÞS

h
1Qdif 1Hdif (1)

where S is salinity, U and V the zonal and meridional component of velocity, and h the depth of the upper
mixed layer (the model surface layer is used because this work focuses on the near-surface salinity

Figure 5. The SSS deviations and surface current from model result for Atlantic Ocean and Indian Ocean during (a and b) wintertime (January to March) and (c and d) summertime (July
to September). The boxes indicate the three regions defined in Figure 1a.
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processes, which is identified from
the differences/agreements among
the three salinity data sets). Vertical
advection is usually not considered
because the mixed layer salinity is
assumed to be uniform as that of
near-surface salinity. The terms in (1)
are the salt tendency (left-hand side),
horizontal advection (first and sec-
ond terms of right-hand side), sur-
face salt flux (third term of right-
hand side), vertical (fourth term) and
horizontal (fifth term of right-hand
side) diffusions. We examined partic-
ularly the first three terms of equa-
tion, zonal and meridional advection
and surface forcing, because the

others contribute little to the salt tendency. For Region I (Figure 8a), the change of salt tendency (St) is in
phase with zonal advection (zadv) during summertime and with meridional advection (madv) during win-
tertime, and they have similar magnitudes indicating that the salt change is almost balanced by horizontal
advection by NECC, which transports the surface freshwater from Amazon River to the east [Dessier and
Donguy, 1994; Da-Allada et al., 2013]. The freshwater flux also contributes to the SSS changes, but has rela-
tively small effect. This result is consistent with the result of Grodsky et al. [2014b], who focused on the local
salinity maximum in the northwestern tropical Atlantic. The Region II is also dominated by the annual cycle
of SSS (Figure 8b). The period of salt tendency occurs in phase with zonal advection by monthly current,
while it varies out of phase with surface freshwater flux (ssfx). This confirms that the salt tendency and hori-
zontal advection almost balance each other, suggesting that seasonal salinity change in this region is domi-
nated by horizontal salt transport by the strong current system due to seasonally reversing monsoon winds
in the northern Indian Ocean [e.g., Rao and Sivakumar, 2003]. For Region III, on the other hand, the period
of salt tendency varies in line with the surface freshwater flux, with a similar magnitude each other (Figure
8c). It is shown that the annual change of SSS is almost balanced by the E-P variability rather than the ocean
current in the southern tropical Indian, which has been noted by Bingham et al. [2012].

5.2. Vertical Salinity Stratification
Our analysis showed that a large amount of river runoff and/or surface freshwater significantly affects the
surface salinity variability in Regions I and III, while the seasonal SSS variability in Region II is closely

Figure 6. Mean annual cycle of Amazon River discharge (green line) during 1948–2004
obtained from Dai et al. [2009], and integrated evaporation (E) minus precipitation (P)
over Region I data from NCEP (thick blue), GPCP, and OAFlux data (dashed blue).

Figure 7. Annual amplitude maps of evaporation (E) minus precipitation (P) from GPCP and OAFlux data in (a) Atlantic Ocean and (b) Indian Ocean. The boxes indicate the three regions
defined in Figure 1a.
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associated with the salt redistributions due
to seasonally reversing ocean current driven
by monsoon wind. These different dynamic
processes at the surface layer among the
three regions are also evident in Figure 9,
which compares vertical profiles of seasonal
salinity differences for Argo and model, as
well as the Aquarius-derived seasonal SSS.

It can be seen that in Region II, the Argo and
model profiles agree well each other and
also close to the Aquarius at the near-
surface. This result in the southern AS sug-
gests that the water at surface layer is sea-
sonally well mixed down to approximately
20 m depth (Figure 9b), showing an agree-
ment between three different salinity prod-
ucts. For Regions I and III, on the other hand,
the SSS between the Aquarius and Argo
products is significantly different and the
water from surface to 20 m depth is rela-
tively stratified compared to the Region II. It
emphasizes the effect of changing fresh-
water at the surface layer associated with
the river runoff and/or P variations, resulting
in the differences between the two observa-
tions and model. In addition, the difference
in the subsurface (below 20 m depth)
between the Argo and model is relatively
small for all regions, showing the model
capacity to reproduce the observed salinity
profiles in the subsurface layer.

It is worthy of noting that the salinity dif-
ference at the surface layer between the
different products suggests a signature of
the vertical salinity stratification between
the top few cm by Aquarius and the 5 m
depth by Argo measurements. Our result

shows a major contribution of large river discharge to the surface salinity stratification, particularly in
the western tropical Atlantic (Region I), where the surface freshwater from Amazon River is transported
eastward along the NECC. The impact of rain variability associated with the ITCZ in the southern tropical
Indian (Region III) is also consistent with the results of SMOS-derived SSS by Boutin et al. [2013] who
have recently shown the vertical salinity stratification between the 1 cm and the 5 m depth in rainy
regions, comparing the SMOS and Argo measurements. It is shown that in the tropical regions, the river
runoff and air-sea exchange of freshwater significantly stratify the sea surface layer above 5 m depth,
i.e., Regions I and III. On the other hand, the water can be mixed down to the depth of 5 m in the
southern Arabian Sea (Region II), where salinity redistribution occurs due to seasonally reversing ocean
currents system, maintaining an agreement among the products. These different dynamic processes
have been also confirmed in our model. In Regions I and III, model-predicted SSS values lie between
those from Aquarius and Argo, indicating that river discharge and precipitation contribute to the near-
surface salinity stratification. In Region II, the model result shows a good agreement with both Aquarius
and Argo observations, reproducing the vertical salinity profile due to ocean dynamics (i.e., seasonally
reversing ocean currents). These comparisons suggest that the dynamical differences among the three
regions can lead to their different vertical salinity stratifications, which explain the Aquarius observations

Figure 8. Seasonal cycle of the salt balance between the salinity tendency
(black), zonal (red), meridional (blue) advection, and surface freshwater flux
(green lines) in (a) Region I, (b) Region II, and (c) Region III.
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in the first cm of the sea surface, and the Argo measurements at the 5 m depth while the model repre-
sents the surface layer averaged salinity.

6. Summary

Most of previous studies have focused on comparing satellite SSS measurements from SMOS or Aquarius
with Argo data. For a better understanding of the dynamic processes causing their differences, we have
used an ocean model to represent the dynamic processes that could not be obtained from data alone. For
this purpose, our analysis has been focused on the gridded data products, with a further focus on the aver-
ages over the three large regions. We first characterized seasonal SSS variability in the tropical Atlantic/
Indian oceans as a case study. We compared the Aquarius SSS with Argo data and ocean model output and
examined the dominant processes through analyzing model output as well as the GPCP P and OAflux E
data. We then discussed why the Aquarius data differ/agree in their annual amplitude from/with the Argo
and model, emphasizing different regional dynamics in each region.

The SSS in the western part of tropical Atlantic (Region I) shows a strong seasonal variability with its maxi-
mum in March and minimum in September. The freshening in summer almost corresponds to the highest
discharge of the Amazon River. In addition, high SSS deviations during the wintertime occur when the P
rate is close to the minimum of the year, while it falls during the summertime when the P is at a maximum,
suggesting a relationship between the SSS, river discharge, and P. Meanwhile, for the tropical Indian Ocean,
the most dominant feature is zonal band structures of strong SSS variability in the southern AS (Region II)
and the southern tropical region (Region III), with negative anomaly in winter and positive anomaly in
summer. It is shown that the strong seasonality for the southern AS is mainly caused by the redistribution
of SSS due to well-mixed ocean currents, which undergo seasonal reversal due to monsoon wind [e.g., Rao
and Sivakumar, 2003]. On the other hand, for the southern tropical region, the SSS varies with the annual
cycle of P, suggesting a response to changes in surface freshwater flux.

Through the comparisons among the three gridded salinity products, we may suggest that the dynamical
differences can lead to their different vertical salinity stratifications locally between the top few cm by
Aquarius and the 5 m depth by Argo measurements. In the tropical Atlantic/Indian Oceans, it is shown that
the large amount of river runoff and air-sea exchange of freshwater significantly stratify the sea surface layer
above 5 m depth, which cause the differences between the top few cm by Aquarius and the 5 m depth by
Argo (i.e., Regions I and III). On the other hand, the water can be mixed down to the depth of 5 m in the

Figure 9. Averaged vertical profiles of seasonal salinity differences between the winter and summer in (a) Region I—a case of stratified by
precipitation (P) and river discharge from Amazon, (b) Region II—a case of well mixed, and (c) Region III—a case of stratified by P. The
black, blue, and red marks represent for the Aquarius, Argo, and model products, respectively. Also shown are the error bars for Argo prod-
uct. Notice their different near-surface stratifications and dynamical origins.
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region where the salinity redistribution occurs due to seasonally reversing well-mixed ocean currents sys-
tem, showing an agreement between the Aquarius and Argo (i.e., Region II).

The results presented here suggest that Aquarius can observe regional SSS variability at seasonal time scale
at the top few cm, complement to the traditional Argo near-surface (�5 m depth) measurements, especially
in the regions where air-sea freshwater exchange and river runoff dominant [e.g., Boutin et al., 2013]. With
further improving their accuracy in the future, Aquarius SSS data would be greatly welcomed by ocean sci-
entists for better understanding of SSS variability on both global and regional scales as well as for assimilat-
ing global surface salinity data into ocean models. In addition, the satellite-derived SSS products plus the
Argo measurements provide full information about the strong salinity stratification in the ocean surface,
which contributes to understanding of air-sea interaction processes like Hurricane-induced mixed layer
dynamics [Grodsky et al., 2012].
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