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Abstract: Observations of sea surface salinity (SSS) from NASA’s Soil Moisture Active-Passive
(SMAP) and ESA’s Soil Moisture and Ocean Salinity (SMOS) satellite missions are used to characterize
and quantify the contribution of mesoscale eddies to the ocean transport of salt. Given large errors in
satellite retrievals and, consequently, SSS maps, we evaluate two products from the two missions
and also use two different methods to assess the eddy transport of salt. Comparing the two missions,
we find that the estimates of the eddy transport of salt agree very well, particularly in the tropics
and subtropics. The transport is divergent in the subtropical gyres (eddies pump salt out of the
gyres) and convergent in the tropics. The estimates from the two satellites start to differ regionally at
higher latitudes, particularly in the Southern Ocean and along the Antarctic Circumpolar Current
(ACC), resulting, presumably, from a considerable increase in the level of noise in satellite retrievals
(because of poor sensitivity of the satellite radiometer to SSS in cold water), or they can be due to
insufficient spatial resolution. Overall, our study demonstrates that the possibility of characterizing
and quantifying the eddy transport of salt in the ocean surface mixed layer can rely on the use of
satellite observations of SSS. Yet, new technologies are required to improve the resolution capabilities
of future satellite missions in order to observe mesoscale and sub-mesoscale variability, improve the
signal-to-noise ratio, and extend these capabilities to the polar oceans.

Keywords: sea surface salinity; SMOS; SMAP; eddy salt transport

1. Introduction

Sea surface salinity (SSS) is an essential climate variable that reflects changes in the
marine hydrological cycle and plays an important role in ocean dynamics [1]. Over 80% of
the Earth’s surface freshwater flux, precipitation (P) minus evaporation (E), occurs over the
ocean’s surface [2,3], leaving an imprint on SSS. Therefore, changes in the SSS distribution
can be used to monitor changes in the Earth’s water cycle [2,3]. Variations in SSS also affect
the density of sea water, influencing the stability of the upper-ocean stratification and
mixing [2]. This is particularly important at high latitudes, where salinity is a major factor
controlling seawater density. For example, a complete shutdown of deep convection in the
Labrador Sea is possible due to the increased freshening of the ocean surface layer linked
to the accelerated melting of the Greenland ice sheet [4]. In the tropics, surface salinity
can play a unique role in determining the depth of the surface mixed layer, indirectly
affecting the air–sea exchanges of heat and momentum [5]. Therefore, knowledge of the
SSS distribution is necessary for understanding the hydrological cycle, ocean circulation,
and for monitoring changes in the ocean component of the Earth’s climate system. To this
end, a better understanding of the physical processes governing the distribution of SSS
is required.

The distribution of SSS is governed by a variety of physical processes varying over
a broad range of spatial and temporal scales, and all require quantitative evaluation to
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connect variations in SSS to variations in the marine hydrological cycle [6,7]. Among these
physical processes is horizontal advection by ocean currents and, in particular, by cur-
rents associated with mesoscale variability. Indeed, kinetic energy in the ocean surface
layer is dominated by mesoscale variability or eddies [8,9]. Eddies are thought to play
an important role in shaping the distribution of salt in the ocean [10], although it is not
yet clear quantitatively what the overall role of the eddies is in the ocean salt budget,
particularly in the surface mixed layer where the ocean interacts with the atmosphere [11].
Studies of mesoscale SSS variability are usually limited to relatively small geographic areas
where high-resolution salinity observations exist [12], or they utilize outputs of ocean mod-
els [13]. However, the latter may have their own inadequacies, arising for example, from
insufficient resolution and/or errors in the forcing fields [7,14]. For consistent description,
observational estimates of the eddy fluxes are required [15].

Observations of ocean salinity have significantly been expanded in the last decade
with the advent of satellite technology [16,17]. European Space Agency’s Soil Moisture and
Ocean Salinity (SMOS) satellite was launched in November 2009 and since then has pro-
vided near-global observations of SSS with unprecedented spatial and temporal resolution.
The Aquarius/SAC-D satellite, a collaborative mission between NASA and Argentina’s
space agency, was launched in June 2011 and operated for 4 years, delivering high-quality
salinity data, followed by continuous, high-resolution, near-global observations of SSS from
NASA’s Soil Moisture Active-Passive (SMAP) satellite, which was launched in January
2015. More details on the technical characteristics of Aquarius/SAC-D, SMOS, and SMAP
satellite missions can be found in, e.g., [16].

Satellite observations of SSS provide continuous time series with enhanced spatial
and temporal resolution not available by other components of the global ocean observing
system (GOOS). However, this is a new technology, and it is known that satellite-based
observations of SSS are prone to significant errors. Typical errors in footprint measure-
ments can be as large as 1 psu [18,19]. Errors are reduced to 0.2–0.3 psu in gridded SSS
maps [19,20], but they are still quite large compared to the accuracy of in situ measurements,
such as from Argo profiling floats. The errors are comparable to a typical eddy-induced
SSS anomaly of O (0.1–0.3 psu) [11,21–23], and the signal-to-noise ratio for a mesoscale
eddy signal appears to be low.

Despite these limitations, several studies have demonstrated the ability of satellite SSS
measurements to observe mesoscale eddies [11,16,24]. For example, in [24], the observed
patterns of eddy-induced SSS and sea surface height (SSH) anomalies were used to quantify
the contribution of eddies to the ocean transport of salt in the subtropical North Atlantic.
In another regional study, [25] used satellite SSS data to quantify meridional eddy salt
transport in the three subtropical gyres in the Southern Hemisphere. Their results for the
South Indian Ocean suggest that the eddy-induced salt flux can accomplish as much as
50% of the required divergence of salt out of the subtropical evaporative regime, perhaps
explaining why the South Indian Ocean is the freshest among the three subtropical SSS
maxima in the Southern Hemisphere. Yet, in spite of a few successful regional studies, it is
still not completely clear as to what extent the new satellite-derived SSS data are suitable
for studying the mesoscale signal [11].

The goal of this paper is twofold. First, we intend to characterize eddy salt fluxes
in the ocean surface mixed layer globally using satellite observations of SSS. Second, we
attempt to answer a question as to what extent such estimates are reliable enough to make
quantitative conclusions, given the fact the satellite SSS data are of relatively short duration
and also characterized by relatively large root-mean-square (RMS) errors, particularly at
mesoscale resolution. To this end, we evaluate two products from two satellite missions,
SMAP and SMOS. Although the two satellites use the same principles to retrieve SSS
(the satellites provide measurements of the surface brightness temperature at L-band
radiometric frequency), they differ significantly in the design, observation approach, and
retrieval algorithms [18]. Therefore, the two satellite SSS datasets can be considered quasi-
independent. Thus, comparing the two satellite missions may help establish confidence
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in our analysis and show if and where the satellite data are mature enough to provide
reliable estimates of the eddy transport. We also evaluate two methods to estimate the
eddy transport of salt. The first is indirect and is based on the so-called eddy composite
analysis (e.g., [24]). The second is a traditional approach, which estimates the eddy flux as
a covariance between eddy-induced velocity and SSS perturbations at a given geographical
location [15]. This is also a novel element of our study. The rest of the paper is organized
as follows. Section 2 describes the satellite data used in the study. In Section 3, we will look
into how the two satellites “see” the mesoscale SSS signal using a representative example
in the South Indian Ocean. Then, we will infer eddy fluxes of salt in the surface mixed
layer globally using two satellite SSS datasets and also two different methods. To put our
flux estimates into perspective, we will evaluate eddy salt flux divergence in each of the
five subtropical gyres and compare it to the climatological mean surface freshwater flux
(evaporation minus precipitation, E–P) to assess the role played by mesoscale eddies in
balancing the E–P flux. A concluding discussion is in Section 4.

2. Data and Methods

2.1. Data

Two satellite-based SSS datasets have been used in our study.
SMOS SSS data are debiased Level-3 version 4 maps generated by LOCEAN/ACRI-ST

Expertise Center [20]. We use 9-day maps produced on a 25-km × 25-km grid with a
temporal interval of 4 days. The dataset covers the period from January 2010 to September
2019. The maps are derived from SMOS SSS Level-2 (swath) data by temporally averaging
pixel observations over a 9-day running Gaussian kernel and spatially averaging neighbor
observations over a 30-km radius circle around each grid point. The estimated spatial
resolution of this product is approximately 75 km [20].

SMAP SSS data used in this study are produced by a Remote Sensing System (RSS) and
consist of gridded SSS fields obtained by the temporal averaging of geo-located SMAP SSS
Level-2 data. We use 8-day Level-3 SSS maps produced on a regular 0.25◦-latitude × 0.25◦-
longitude Earth grid created by averaging all valid Level-2 (swath) observations within
each grid cell. The maps are produced daily by applying an 8-day running average that
is centered on a particular day of the year. The dataset covers the period from April 2015
to the present. For consistency with SMOS data, we used maps with a 4-day temporal
interval. The effective spatial resolution of this product is approximately 70 km. A detailed
description of SMAP SSS data can be found in [26].

Additional observational datasets are used to assess the eddy transport of salt.
Sea-level anomaly (SLA) observations from satellite altimetry and the associated

surface geostrophic velocity fields are provided by the Copernicus Marine Environment
Monitoring Service (CMEMS). In our study, we use a multi-satellite version of the product.
The dataset covers the period from 1993 to the present and consists of daily SLA and
surface geostrophic velocity fields on a 0.25◦-longitude × 0.25◦-latitude grid.

To track the signal of individual eddies, we use the Mesoscale Eddy Trajectory Atlas
version 2.0 (META v2.0, [27]). The dataset covers the period from 1993 to 2019 and consists
of more than 350,000 trajectories of eddies detected and tracked in SLA maps using the
methodology of [28]. For each eddy, the dataset includes coordinates of the eddy center,
eddy amplitude, eddy radius scale, and the average radial speed.

To assess the role played by eddies in balancing the E–P flux in the subtropical SSS
maxima, we used precipitation (P) data from the Global Precipitation Climatology Project
(GPCP) [29] and evaporation (E) data from the Objectively Analyzed air–sea Fluxes project
(OAFlux) [30].

2.2. Methods

To assess the transport properties of individual eddies, we performed the so-called
eddy composite analysis. The eddy composite analysis consists of a few simple steps and
involves averaging over all snapshots of a variable of interest (in our case SSS) around
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individual eddies (eddy “realizations”) identified in SLA maps. Specifically, we used
weekly SSS fields sampled in 500-km by 500-km boxes around the eddy centers identified
in the eddy dataset. In a given geographic area (bin), the averages included only eddies
located inside the area’s boundaries. In addition, in order to isolate the eddy signal and
remove large-scale variability, prior to the composite analysis, the SSS and SLA fields were
high-pass filtered using a 2D Hanning filter of half-width of 6◦.

Following the approach by [31] for the heat flux, the meridional transport of salt due
to a composite eddy can be estimated as [24]

FS
y = h

L∫
−L

〈
v′
〉〈

S′
〉
dx, (1)

where v′ is eddy meridional velocity, S′ is eddy SSS anomaly, and h is the mixed-layer depth
(MLD, which can be estimated from regional climatology (e.g., [11]). The angular brackets
denote composite averages. The integral in (1) is taken over the eddy “wavelength” to
ensure that the mean mass transport across the eddy is zero [31]. Zonal transport can be
estimated similarly.

The eddy transport of salt in the surface mixed layer can also be estimated in a
traditional way by computing covariances between eddy-induced velocity and SSS pertur-
bations at a given geographical location as QS = u′S′, where u′ and S′ are eddy-induced
fluctuations of surface velocity and SSS. In Section 3, we estimate the eddy-induced salt
flux from a multi-year time series of SSS and SLA (geostrophic velocity). In this case, to
separate the eddy signal from low-frequency variability (annual and longer time-scales),
the analysis is made using decomposition in the frequency domain. Following the approach
by [14] for the heat flux, the zonal and meridional components of the eddy salt flux can be
determined as

u′S′ =
ω2∫

ω1

Re[û(ω)Ŝ ∗ (ω)]dω,v′S′ =
ω2∫

ω1

Re[v̂(ω)Ŝ ∗ (ω)]dω (2)

where û(ω), v̂(ω), and Ŝ(ω) are Fourier transforms of the velocity and salinity time series,
the asterisk denotes complex conjugate, and ω is frequency. The integration in (2) is over
the frequency band [ω1, ω2], which is associated with the eddy variability and is taken in
our study to be time scales shorter than 6 months.

3. Results

3.1. Regional Example

As introduced above, two satellite-derived SSS datasets are used in this study, which
are hereafter called SMOS and SMAP SSS for short. We select the overlapping period
in the two datasets from April 2015 to May 2019 to perform a comparative analysis of
mesoscale variability.

Figure 1 presents examples of the weekly maps from the two satellites. The maps
are for the same week (9-day and 8-day running averages, to be more exact) and thus,
technically, have to “see” the same structure. As expected, the two SSS fields demonstrate
the same basin-scale structure. Surface salinity is higher in the subtropics (there are SSS
maxima in all five subtropical oceans) and lower in the tropics and high latitudes. There are,
practically, no differences between the maps at these scales. However, there are significant
discrepancies at smaller scales and, in particular, at the mesoscale. To illustrate this, the
inserts in Figure 1 show zooms on a 10◦-longitude × 10◦-latitude area in the South Indian
Ocean. The mesoscale structures in these maps look quite different, and the differences can
be as large as 0.2 psu.
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Figure 1. (a) Soil Moisture Active-Passive (SMAP) sea surface salinity (SSS) (psu) and (b) Soil Moisture and Ocean Salinity 

(SMOS) SSS (psu) fields for the week centered on April 30, 2016. The inserts (c,d) show local zooms of (a,b), respectively, 

in the region (25–15°S, 90–100°E) in the South Indian Ocean (black rectangle). 
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Figure 1. (a) Soil Moisture Active-Passive (SMAP) sea surface salinity (SSS) (psu) and (b) Soil Moisture and Ocean Salinity
(SMOS) SSS (psu) fields for the week centered on April 30, 2016. The inserts (c,d) show local zooms of (a,b), respectively, in
the region (25–15◦S, 90–100◦E) in the South Indian Ocean (black rectangle).

Such large discrepancies between the SSS maps in the mesoscale range raise a question
as to what extent the satellite-derived SSS maps are suitable for mesoscale studies and, in
particular, for estimating such a delicate matter as the eddy-induced transport of salt. This
question would be in line with the analysis by [11], who argue that “one would first need
to have much smaller error bars”. To address this question, let us first consider a regional
example in the South Indian Ocean (SIO). The region is chosen somewhat arbitrarily; yet,
it corresponds to a previous study [24], which first revealed the signature of mid-ocean
mesoscale eddies in satellite SSS. Following [24], to suppress the noise, we average SSS
maps in the reference frame co-moving with individual eddies (from the eddy dataset)
and construct eddy composites. Over 268 cyclonic and 215 anticyclonic eddy realizations
were found in the eddy dataset in the study region for the period from April 2015 to May
2019. Composite structures of eddy-induced SSS anomalies, corresponding to the average
eddies, are shown in Figure 2, where we compare composite eddies in SMOS and SMAP
observations, respectively. Remarkably, the two datasets result in virtually identical SSS
anomaly patterns corresponding to an average eddy, despite the high level of noise and
discrepancies in individual snapshots. By averaging over many eddy realizations, we
have been able to average the noise out and infer only the essential, persistent structure
of eddy-induced SSS anomalies. This example also illustrates that the noise in the maps
in the mesoscale range is not correlated (particularly between the two satellites) and can
effectively be suppressed by proper averaging. Finally, using Equation (1), we can estimate
the meridional transport of salt associated with the composite eddies in Figure 2. An
average anticyclonic (cyclonic) eddy identified in the study domain transports ≈1.2·105

(1.5·105) kg/s of salt northward in a 50-m surface mixed layer. Again, the estimates
remarkably agree between the two satellite datasets.

It is worth reiterating that a net eddy flux of salt by an average eddy arises due
to systematic phase differences between eddy-induced SLA and SSS perturbations such
that the eddy velocity and SSS perturbations correlate over the eddy “wavelength” [32].
In particular, this is how westward-propagating eddies are able to provide meridional
transport of salt. To illustrate this effect, Figure 2 (bottom panels) shows zonal sections
across the composite eddies. The SSS anomaly (blue curves) is generally in phase with
the eddy meridional velocity (green curves), producing in a positive correlation over the
eddy length (< v′S′ >L> 0; eddies pump salt northward). The standard error of each eddy
composite is estimated from the standard deviation of the corresponding SSS anomaly and
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the number of eddy realizations used to compute the average. The standard error in all
cases is quite small, smaller than 0.02 psu, showing that the eddy-induced SSS anomalies
are well defined in the satellite SSS data, adding confidence to our estimates.
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Figure 2. (Top) SSS anomalies (psu) associated with anticyclonic (a,c) and cyclonic (b,d) composite eddy in the South Indian
Ocean (25–15◦S, 90–100◦E). The left and right pairs of panels compare SMAP (left) and SMOS (right) SSS analyses. (Bottom,
e–h) Zonal sections across the composite eddies. In each panel, the green and blue curves show the eddy meridional velocity
(cm/s) and SSS anomaly (psu), respectively. The blue (green) shaded area represents standard errors of the composite SSS
(meridional velocity).

3.2. Eddy Salt Transport by Mean of Eddy Composite Analysis

Using eddy composites reconstructed in different parts of the ocean, we can estimate
the eddy transport of salt. Following the approach by [33], the ocean is presumed to be
densely packed with mesoscale eddies. Therefore, a zonal or meridional section can be
treated as a sequence of cyclonic and anticyclonic eddies (Figure 3a). In a limited geographic
area (bin), eddies are assumed to be geometrically and dynamically similar such that their
average effect can be represented by a “typical” (composite) eddy [34]. Then, the eddy flux
across the section can be computed as the flux per a composite eddy multiplied by the
number of eddies that can geometrically fit into the section.

To utilize this idea globally, we divide the ocean into 6◦-longitude × 6◦-latitude
geographic bins. The bin size of 6◦ (≈600 km) is chosen because it corresponds to the
average eddy propagation distance of 550 km derived from the satellite altimetry data [9]
and thus seems to be optimal. Eddy composites are constructed in each geographic bin,
and the eddy flux across the bin is estimated using the idea of the densely packed eddies
as described above. A schematic illustration of the algorithm as well as maps of eddy
properties relevant to our study is provided in Figure 3.

The distribution of the number of eddy realizations found in every 6◦ × 6◦ region
over the 4-year period from April 2015 to May 2019 is shown in Figure 3b. In each bin,
the number of eddy realizations is defined as the number of eddy centroids found in the
bin divided by the number of SLA (SSS) maps used to cover a 28-day period. This way,
the number of eddy realizations does not depend on whether daily or, e.g., weekly maps
are used to identify eddies and construct eddy composites. The 28-day period is chosen
somewhat arbitrarily; yet, it corresponds to the minimum lifetime of eddies in the eddy
dataset and can be viewed as the Lagrangian decorrelation time scale. These numbers
are also used to assess error bars in the eddy composite estimates. Figure 3b shows that
a larger number of eddy realizations is typically observed in mid-latitudes; fewer eddies
are found in the tropics. The latter can partially be attributed to the larger length scale of
eddies in the tropics (Figure 3d), such as fewer eddies can simultaneously fit into a bin.

The map of eddy RMS velocity in Figure 3c shows that large-amplitude eddies with
the RMS velocity up to 40 cm/s occur in the regions of major ocean currents such as
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the Gulf Stream in the North Atlantic (NA), the Kuroshio in the North Pacific (NP), the
Agulhas Return Current in the SIO, and the Antarctic Circumpolar Current (ACC) in the
Southern Ocean. In the interiors of the gyres, the eddy RMS velocities are generally small,
smaller than 10 cm/s. Unlike the eddy RMS velocity, the geographical distribution of the
average eddy length scale (Figure 3d) is characterized by a simple latitudinal dependence.
Eddy length scales gradually decrease with latitude from ≈200 km in the tropical band to
≈50 km at 60◦ latitude [9]. A concern here is that at high latitudes, the spatial resolution
of the satellite SSS data may be too close to the eddy length scales, which may affect the
construction of eddy composites.
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Figure 3. (a) Schematic illustration showing how eddy fluxes of salt are computed globally from eddy composites recon-
structed in 6◦-longitude × 6◦-latitude bins. Blue lines show the boundaries of the bins. The insert illustrates how the
meridional flux of salt in each bin is estimated. The flux through the zonal section of the bin is given by the flux per a com-
posite eddy multiplied by the number of eddies that can fit into the section (blue and red circles show schematically cyclonic
(C) and anticyclonic (A) eddies, respectively). (b) Number of eddy realizations observed in 6◦-longitude × 6◦-latitude bins
over the 4-year period from April 2015 to May 2019. (c) Eddy root-mean-square (RMS) velocity (cm/s), estimated as 0.71 of
the mean speed-based amplitude. (d) Mean eddy speed-based radius scale (km).

Estimates of the eddy salt flux through the eddy composite analysis are presented in
Figure 4. Shown are meridional and zonal components of the eddy salt flux in the surface
mixed layer estimated from both SMAP and SMOS SSS datasets.

The first thing to note in Figure 4 is that the estimates of the eddy salt flux agree very
well between the two satellites and show physically meaningful structure. This includes
both the meridional and zonal components of the flux. In each of the five subtropical gyres
(identified by the subtropical SSS maxima), the eddy flux is divergent—eddies pump salt
out of the gyre. The meridional salt transport is equatorward on the equatorward side of
the gyre and poleward on the poleward side. The zonal component also contributes to
this process, although its spatial structure is more complicated. In the NP, South Pacific
(SP), and NA, the zonal component is generally eastward (positive) over the eastern side
of the gyre and westward (negative) over the westward side. In the South Atlantic (SA),
the zonal component is eastward (positive) over the eastern side of the gyre. In the SIO,
the zonal component is westward (negative) over the equatorward limb of the subtropical
gyre, which is consistent with the direction of the mean SSS gradient (the mean isohalines
are tilted on the horizontal plane; the mean SSS is increasing toward the west). Overall, we
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can see that the zonal component of the flux appears significant in the regions of strong
zonal background SSS gradients, which is generally consistent with the “gradient-flux”
relationship [15]. In addition, in the subtropical gyres, the meridional structure of the
meridional component of the eddy salt flux is strongly asymmetric in magnitude. The
flux is one order of magnitude larger over the equatorward side of the gyre than over the
poleward side. The exception is probably the South Pacific (SP), where the meridional flux
is quite weak on both sides of the subtropical gyre. In the tropics, eddies tend to pump salt
into the areas of low SSS, such as in the eastern Pacific Fresh Pool [11]. There, the meridional
salt transport is equatorward (negative) on the poleward side of the pool and poleward
(positive) on the equatorward side (Figure 4a); thus, the transport is convergent. The
same feature can be observed in the tropical SIO. The meridional transport is equatorward
(positive) on the poleward side of the Indian Ocean fresh pool, along about 20◦S, and
poleward (negative) on the equatorward side, just south of the Equator. Eddy fluxes in the
sub-polar gyres are substantially smaller than in the tropics and subtropics. In the Southern
Ocean, the eddy salt transport is poleward across the Antarctic Circumpolar Current (ACC)
with the largest cross-ACC transport occurring in the Indian Ocean sector (Figure 4a). The
large poleward flux across the ACC suggests that eddies act to weaken strong background
salinity gradients associated with the Sub-Antarctic Front (SAF).
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Figure 4. Eddy salt fluxes in the surface mixed layer estimated through the eddy composite analysis from SMAP (a,c)
and SMOS (b,d) SSS data during the common observational period from 2015 to 2019. (a,b) Meridional salt flux. Positive
(negative) values indicate northward (southward) salt flux. (c,d) Zonal salt flux. Positive (negative) values indicate eastward
(westward) salt flux. Units are kg m−2 s−1. Shown on top of each figure are contours of mean SSS (C.I. = 0.5 psu).

Discrepancies in the eddy salt flux estimates from the two satellite missions start to
accumulate at higher latitudes. One such area where the discrepancies are quite significant
is in the Southern Ocean, particularly along the ACC where the meridional (zonal) eddy
fluxes estimated from SMOS data are generally smaller (larger) than those estimated from
SMAP data. Some quantitative differences are also observed in and around the Brazil–
Malvinas Confluence Zone in the SA and in the sub-polar NP and NA. These discrepancies
between the two datasets can be due to insufficient spatial resolution. Eddy length scales
generally decrease poleward with latitude and at high latitudes may not be well resolved
in the present datasets. Alternatively, the discrepancies can be related to large errors in SSS
retrievals. Due to the poor sensitivity of satellite radiometer to SSS in cold water, the level
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of noise in satellite retrievals at high latitudes increases dramatically. Then, the amount
of averaging performed to construct eddy composites may not be adequate to suppress
the noise. It is important to emphasize that the discrepancies in the eddy flux estimates
are solely due to discrepancies in the satellite SSS datasets, as all other data (SLA maps,
mesoscale eddy dataset) and procedures are exactly the same.

3.3. Eddy Salt Transport by Mean of Eddy Covariance

Next, we estimate the eddy salt flux as a covariance of salinity and velocity fluctua-
tions at a point as defined by Equation (2). To increase the statistical significance of our
estimates and for comparison with previous analysis, the covariances (2) are averaged in
3◦-longitude × 3◦-latidude bins. In addition, we use the full range of SMOS data spanning
the period from 2011 to 2019. The results are displayed in Figure 5.
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Figure 5. Eddy salt fluxes in the surface mixed layer estimated by covariance analysis from SMAP (a,c) and SMOS (b,d) SSS
data. (a,b) Meridional salt flux. Positive (negative) values indicate northward (southward) salt flux. (c,d) Zonal salt flux.
Positive (negative) values indicate eastward (westward) salt flux. Units are kg m−2 s−1. Shown on top of each figure are
contours of mean SSS (C.I. = 0.5 psu).

The maps of the eddy salt fluxes from SMAP and SMOS nearly mirror each other.
Again, some quantitative differences are observed in the Southern Ocean along the ACC,
where SMOS data demonstrate systematically lower meridional fluxes and somewhat
stronger zonal fluxes. This can partly be related to the longer period of averaging in
the case of SMOS data and/or higher level of noise. Other than that, the comparison
is remarkably good. In addition, we can observe quite large meridional and zonal salt
fluxes in the near-equatorial region, particularly in the Pacific Ocean, which are likely
related to the signal of Tropical Instability Waves (TIWs) [16], not captured by the eddy
composite analysis (Figure 4). We also note that the zonal salt transport is divergent in
the central equatorial Pacific (eddies mix salt out of the central Pacific and into both the
western and eastern Pacific freshwater pools) and convergent further east (change of sign
at around 120◦W). The results in the near equatorial region have to be interpreted with
caution though. The geostrophic balance breaks at the Equator (the Coriolis force vanishes)
and the altimetry-derived estimates of the zonal geostrophic flow near the Equator, where
the Coriolis force is weak, can be less accurate [35].
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For a more quantitative comparison, Figure 6 shows the zonally integrated meridional
transport of salt in the three oceans and globally as a function of latitude. Here, we use
estimates from the covariance analysis (Figure 5). The agreement between the two satellites
is striking, particularly in the Atlantic and Indian Oceans. Quantitative discrepancies
are in the subtropical Pacific (Figure 6c) and in the Southern Ocean between 60 and
40◦S (Figure 6a), where the eddy transport is weaker by about 30% in SMOS estimates.
Comparing the eddy salt transport in different basins, we also note large maxima in the
Atlantic and Pacific near-equatorial belt peaking at about 2–3◦N. These are the largest
peaks and are likely associated with the signal of TIWs that are active in both the Atlantic
and Pacific [21,36]. Similar peaks have been observed in the Pacific Ocean (but not in the
Atlantic) in a modeling study by [37], who also attributed the peaks to the signal of TIWs.
It appears that TIWs can play a very significant role in the local salt budget in the tropical
Pacific and Atlantic.
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3.4. Implications for the Subtropical SSS Maxima

To put our estimates into perspective, we consider the role of mesoscale eddies in
balancing the mean E–P flux in the interiors of the subtropical gyres. The importance of
the eddy salt transport to the mean salinity distribution in the subtropical gyres has been
investigated in a number of studies [7,10,25,33,38], all using different data and techniques.
The results vary significantly. Evaporation (E) typically exceeds precipitation (P) within
the subtropical gyres where local SSS maxima exist [39]. To maintain a steady-state distri-
bution of SSS, the E–P flux, which acts to increase surface salinity, should be compensated
by oceanic processes, which would transfer the excess of salt out of the SSS-maximum
regions [10]. Among these oceanic processes is the eddy transport of salt. Following the
approach by [10], we assess the relative role mesoscale eddies play in the surface mixed
layer in compensating the E–P flux.

Figure 7 shows the divergence of salt due to eddy transport. Shown on top are contours
of the mean E–P. The distribution of the divergence of the salt flux is patchy (taking a
derivative in space amplifies small scales), but the large-scale patterns are apparent. The
divergence of salt is negative in the five subtropical oceans, roughly coinciding with the
SSS-maximum regions. These regions are defined in Figure 7 as the regions bounded by
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specific isohalines (black bold contours). They are 37 psu in the NA, 35 psu in the NP,
36.8 psu in the SA, 36.0 in the SP, and 35.6 in the SIO. The choice is somewhat subjective, yet
it generally corresponds to the previous studies [39] and is suitable for further evaluation
of the eddy effects. In each of the five SSS-maximum regions, we evaluate the contribution
of the eddy salt flux and compare it to the surface forcing. The relevant terms in the surface
mixed layer salinity budget are the eddy-induced divergence of salt,∇u′S′, and the surface
forcing, which is determined as the “virtual salt flux” So(E− P)/h [40], where So is the
reference salinity and h is the mixed layer depth (MLD). The eddy salt flux divergence
in each area is estimated as the integral over the area (equivalent to the flux through the
boundary of the area) and is compared to the area integral of the surface forcing. The
influence of the MLD variability is not taken into account, fixing it to the mean value
of 50 m.
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Figure 7. Divergence of the eddy salt flux, ∇u′S′ , computed from SMOS SSS data. Units are
10−8 kg m−3 s−1. Negative values represent salt divergence. Shown on top are contours of mean
evaporation (E)–precipitation (P). C.I. = 0.5 mm day−1, zero contour is omitted. Solid contours show
E–P > 0 (evaporation exceed precipitation), dashed: E–P < 0 (precipitation exceed evaporation). The
subtropical SSS-maximum areas are bounded by contours of mean SSS (bold contours): 37 psu in the
North Atlantic, 35 psu in the North Pacific, 36.8 psu in the South Atlantic, 36.0 in the South Pacific,
and 35.6 in the South Indian Ocean.

The percentage of the mean E–P flux balanced by the eddy salt flux in each of the
five subtropical gyres is shown in Table 1. The highest surface forcing compensation is
observed in the SIO and NP: around 21% and 15%, respectively. The NA also has a high
percentage of the surface-forcing compensation of around 14%. The smallest values are
in the SP and SA, where the eddy flux compensates for no more than 6% of the surface
forcing. Likewise, we can see a very good agreement between SMAP and SMOS estimates.

Table 1. Percentage of the E–P flux in the subtropical SSS-maxima balanced by the eddy salt transport.

SIO NA SA NP SP

SMAP 21 14 3 15 6
SMOS 20 11 5 12 4

Comparing our results to previous studies, we find generally similar results. The most
relevant is probably the study by [7], who conducted a series of numerical experiments to
evaluate the contributions of the eddy transport of salt to maintaining a quasi-steady-state
balance in the subtropical SSS maxima. Their estimates of the surface forcing compensation
also show significant regional differences, ranging from 10% in the SP to 25% in the SIO,
which is comparable to our results. Using SMOS SSS data from 2010 to 2016, [20] obtained
slightly higher surface forcing compensation rates, ranging from nearly 50% in the SIO
to 12% in the SA. However, the quantitative comparison between different studies is
complicated by several issues. One of these is that the bounded areas vary significantly
from study to study, which affects both the integral of the eddy term and the surface
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forcing term [7]. Likewise, the results would depend on how mesoscale eddies are defined.
Contrary to our study, [25] defined the eddy field as everything that is time varying,
including the seasonal cycle. Although relatively small, the seasonal cycle and inter-annual
variability can contribute to the estimates of the eddy term [37], perhaps explaining the
larger numbers in [25]. However, overall, the regional characteristics and the differences
seem to compare well to our results. Relatively low numbers in Table 1 also indicate
that the eddy transport is not the only mechanism responsible for the compensation of
the SSS increase due to excessive evaporation in the subtropics. Other oceanic processes
are important, among which are the wind-driven Ekman transport as well as subsurface
processes such as entrainment and mixing across the base of the mixed layer (e.g., [40–42]).

4. Discussion and Conclusions

In this study, we have diagnosed the eddy transport of salt in the surface mixed layer
of the ocean from satellite observations of SLA and SSS. Given relatively large errors in
satellite SSS retrievals, we used two products from two different satellite missions, SMAP
and SMOS. We have also evaluated the eddy transport of salt using two methods. The first
method is based on the so-called eddy composite analysis. As a result of the averaging
over a large number of eddies in a given geographic area, composite eddies result in
quite small standard errors (<0.02 psu in most cases), producing robust estimates of the
associated transport of salt. The second method estimates the eddy transport of salt in a
traditional way by computing pointwise covariances between eddy-induced velocity and
SSS fluctuations.

Comparing between the two satellite missions, SMAP and SMOS, we find that the es-
timates of the eddy salt transport agree very well, particularly in the tropics and subtropics.
The transport is divergent in the subtropical gyres (eddies pump salt out of the gyres) and
convergent in the tropics. The estimates from the two satellites start to disagree regionally
at higher latitudes, particularly in the Southern Ocean along the ACC, where estimates
from SMOS data show systematically lower meridional fluxes but stronger zonal fluxes
(Figure 5). Some quantitative differences are also observed in the western tropical Pacific
(along ≈ 20◦N) where SMOS data demonstrate somewhat weaker meridional transport.
These discrepancies in the eddy salt transport estimates are exclusively due to discrepancies
in the satellite SSS datasets, as all other data and procedures have been used the same. The
discrepancies at high latitudes are likely related to a considerable increase in the level of
noise in the satellite retrievals (because of poor sensitivity of the satellite radiometer to SSS
in cold water), which may affect the computed correlations or can be due to resolution
issues. Eddy length scales generally decrease with increasing latitude (Figure 3d) and at
high latitudes may not be well resolved in the present SSS datasets. Yet, given relatively
small quantitative differences between the estimates from the two satellite missions, it is
quite difficult to say which one is more accurate in depicting mesoscale SSS variability.
In addition, there is no compelling theory that could be used to assess the expectations,
nor are there adequate high-resolution observational programs for a direct comparison,
particularly at high latitudes where the largest differences are observed. The accuracy can
be (and likely is) regionally dependent, e.g., one satellite can provide more accurate data
in one area and less accurate in the other, and for various reasons (for example, SMOS
observations seem to be much more affected by radio frequency interference (RFI) and land
contamination, which can be a source of large errors in SSS retrievals as far as 1000 km from
the coast [16,20]). Overall, we find the comparison very satisfactory, without discrediting
either satellite.

The comparison between the two methods (Figures 4 and 5) seems to validate the
assumption that the ocean is densely packed with mesoscale eddies, and the eddy transport
is mainly due to large eddies. The latter is to be expected. Both theoretical arguments [43,44]
and observational and modeling studies suggest that horizontal eddy fluxes in the ocean are
dominated by large mesoscale eddies. In particular, [45] explored spectral characteristics of
the eddy heat fluxes in the Pacific Ocean from satellite sea surface temperature (SST) and
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SLA data and found that the fluxes were dominated by contributions from length scales
that were very close to the length scales of large mesoscale eddies identified in the eddy
dataset by [9]. Likewise, numerical experiments by [46] have demonstrated that horizontal
eddy fluxes arise mainly due to large mesoscale eddies and change only slightly when the
model resolution is increased. These arguments make the analysis of the eddy salt fluxes
from satellite observations very relevant.

The comparison between the two methods (Figures 4 and 5) also emphasizes the
physical mechanism responsible for the eddy transport of salt—that is, horizontal advection
of background SSS gradient by eddy velocities. This results in the eddy-induced velocity
and SSS perturbations being generally in phase over the eddy wavelength (Figure 3),
providing necessary conditions for non-zero correlation [32]. One possible implication of
our analysis is also a potential to reconstruct a three-dimensional (3D) structure of the eddy-
induced transport of salt using in situ data, such as Argo profiling float data. Although the
spatial resolution of the Argo data is obviously not sufficient for direct estimates (such as
Equation (2)), it might be quite sufficient to construct 3D eddy composites (e.g., [33]), which
in turn can be used to reconstruct a 3D distribution of the eddy transport (similar to a
one-layer reconstruction such as in Section 3.2). Such a reconstruction would be meaningful,
as shown here by the comparison with direct estimates at the sea surface. This technique,
yet for the eddy heat flux, was used by [47] to reconstruct the eddy transport of heat across
a zonal section (47◦N) in the NA.

Our analysis also confirms that the eddy transport of salt (or, equivalently, freshwater)
is an essential component of the marine hydrological cycle. The regions of major eddy
transport of salt identified in our study occur in the tropical belt, across the equatorward
limbs of the subtropical gyres, and across the ACC. The eddy salt transport is poleward
across the ACC with the largest transport taking place in the Indian Ocean sector. The large
poleward transport across the ACC suggests that eddies act to weaken strong background
salinity gradients associated with the Sub-Antarctic Front. The eddy transport in the sub-
polar gyres is substantially smaller than the eddy transport in the tropics and subtropics. We
also note that the zonal component of the eddy salt transport is quite significant, particularly
over the western and eastern boundaries of the gyres and in the near-equatorial belt, where
strong zonal gradients of SSS are observed.

To put our estimates into perspective, we quantified the relative role of the eddy
transport in balancing the climatological mean E–P flux in the subtropical gyres, where
local SSS maxima exist. The eddy transport of salt plays an essential role in balancing the E–
P flux in each of the five gyres, yet with significant regional differences. The highest surface
forcing compensation, around 21%, is observed in the SIO. The lowest surface forcing
compensation, around 5%, is observed in the SP and SA. The numbers compare favorably
to previous studies [7,25], based on different data and techniques, adding confidence to
our results.

Our study demonstrates that the possibility to characterize and quantify the eddy
transport of salt in the ocean surface layer can rely on the use of satellite observations of SSS.
Here, we estimated the time mean effects of eddies based on less than ten years of satellite
data. However, recent studies suggest that temporal variability in the eddy salt transport is
particularly important and can be related to climate changes [3]. This interaction between
the scales is not yet well known and understood. Therefore, a continuation of satellite
observations of SSS with mesoscale resolution to assemble at least several decades of data
is needed to help understand these processes and scale interactions.

While past (Aquarius) and current (SMAP and SMOS) satellite missions have helped to
better understand how the ocean salinity operates, a considerable part of the SSS variability
associated with mesoscale and sub-mesoscale processes remains missing. Current satellite
missions still have limited spatial resolution and limited accuracy for mesoscale monitoring,
particularly at high latitudes. Thus, new technologies and observation approaches are
required to improve resolution capabilities of future satellite missions in order to observe
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mesoscale variability, improve the signal-to-noise ratio, and extend these capabilities to the
polar oceans [17].
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