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Abstract The signature of westward propagating mesoscale eddies in sea surface salinity (SSS) is
analyzed for the tropical Pacific by collocating 7 years (2010–2016) of Soil Moisture and Ocean Salinity
SSS satellite data with coherent mesoscale eddies automatically identified and tracked from
altimetry‐derived sea level anomalies. First, the main characteristics of the long‐lived coherent eddies are
inferred from sea level anomalies maps. Then, the mean signature of the mesoscale eddies on SSS is depicted
for the whole tropical Pacific before focusing in regions centered around the central and eastern parts of the
tropical North Pacific. In these areas, composite analyses based on thousands of eddies reveal regionally
dependent eddy impacts with opposite SSS anomalies for cyclonic and anticyclonic eddies. In the central
region, where the largest meridional SSS large‐scale gradients and smallest eddy amplitudes are observed,
results show dipole‐like SSS changes with maximum anomalies on the leading edge of the composite eddy.
In contrast, in the eastern region, where the largest near‐surface vertical salinity gradients and largest
eddy amplitudes are observed, the composite eddy shows monopole‐like SSS changes with maximum
anomalies near the composite eddy center. These distinct dipole/monopole SSS patterns suggest the dominant
role of horizontal advection and vertical processes in the central and eastern regions, respectively. Other
possible explanations, notably one involving the contrasted eddy amplitudes of the two regions, are discussed.

Plain Language Summary Sea surface salinity (SSS) is an Essential Climate Variable needed to
improve our knowledge of the Earth's water cycle and climate. SSS has proven to be valuable for improving
estimates of evaporation minus precipitation (E − P) budgets, describing and understanding climate
variability at seasonal to decadal time scales, testing physical processes, assessing numerical model skills,
quantifying the role of salinity on sea level change, improving El Nino prediction lead time, and quantifying
the ocean‐atmosphere CO2 exchanges. Very few studies have, however, focused on what we call small‐scale
(that is mainly eddies of the order of 50‐ to 300‐km radius) SSS changes in the open ocean, mainly due
to the lack of high‐resolution measurements. Relying on unprecedented satellite measurements of SSS, the
present study shows how eddies in the tropical Pacific can modify the spatial distribution of SSS. We
suggest that these modifications are likely due (i) to the rotational sense of the eddies, which move SSS
horizontally, and (ii) to their capability to move or mix waters up and down while rotating.

1. Introduction

Changes in the oceans occur over a broad range of time and space scales. Among those scales, the mesoscale
includes energetic features having typical spatial scales of tens to several hundreds of kilometers and time
scales ranging from a few days to several months. Although previously intuited, the importance of mesoscale
variability for the ocean dynamics was pioneeringly revealed from in situ measurements in the North
Atlantic Ocean during the 1970s (Mode Group, 1978). This importance was intensely highlighted in the fol-
lowing decades in all ocean basins after the advent of satellite altimetry measurements such as GEOSAT,
ERS, and TOPEX/Poseidon (Le Traon et al., 1990; Stammer, 1997). Nowadays, there is no doubt mesoscale
variability needs to be considered to properly document and understand the full oceanic variability (Fu et al.,
2010; Le Traon & Morrow, 2001).

Mesoscale eddies constitute the main physical process accounting for mesoscale variability, together with
current jets andmeanders, fronts, and filaments. Based on remote sensing observations, the impact of mesos-
cale eddies has been identified on various oceanic and atmospheric variables, such as sea surface temperature
(SST), sea surface height (SSH), chlorophyll‐a concentration (Chl), and surface winds (Chelton et al., 2007;
Chelton, Gaube, et al., 2011; Dufois et al., 2014; Stumpf & Legeckis, 1977). Mesoscale eddies were also
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documented using eddy‐resolving numerical simulations (e.g., see Ubelmann & Fu, 2011, and the references
therein). Mesoscale eddies are known to propagate mainly westward due to the beta effect, roughly at the
Rossby wave phase speed depending on latitude (Cushman‐Roisin et al., 1990), although trajectories of antic-
yclonic (ACE) and cyclonic (CE) eddies slightly deflect equatorward and poleward, respectively (Chaigneau
et al., 2008; Cushman‐Roisin et al., 1990; Morrow et al., 2004). At midlatitudes, eddies have mean radii and
SSH amplitudes of the order of 50 to 200 km and 5 to 15 cm, respectively (Chelton, Schlax, & Samelson, 2011).
They account for as much as 50% of the global SSH variability and, due to their nonlinear character, can trap
and transport mass, heat, salt, nutrients, and biological constituents (Chelton, Schlax, & Samelson, 2011;
Wunsch, 1999). Eddy horizontal transport occurs in two different ways: over long distances, trapping fluid
into their cores while moving westward, and over shorter distances, displacing fluid around their periphery
while rotating (the latter to be further discussed). They can also interact with the atmosphere modifying
winds, cloud cover, heat fluxes, and precipitations (Frenger et al., 2013; Ma et al., 2016; Villas Bôas et al.,
2015). For readers interested in more details, two recent overviews of the main findings about mesoscale
eddies can be found in Chelton, Schlax, and Samelson (2011) and McGillicuddy (2016).

Despite the importance of sea surface salinity (SSS) for the global oceanic thermohaline circulation, ocean
and atmosphere interactions, and, generally speaking, for climate studies (e.g., Lagerloef et al., 2010), our
knowledge of the SSS mesoscale variability remains very limited, mostly due to the small number of high‐
resolution measurements. To the best of our knowledge, only few observational studies have investigated
SSS mesoscale variability and most of them were based on high‐resolution (1 to 2 km) thermosalinograph
SSS measurements collected from Volunteer Observing Ships (Alory et al., 2015). For instance, measure-
ments along main ship routes in the tropics show that the spatial SSS standard deviation (used to quantify
spatial variability) can reach as much as 0.4 over 100 to 200 km, which is the same order of magnitude as
the mean regional seasonal cycle amplitudes (Boutin et al., 2016; Delcroix et al., 2005). Note that salinity
computations are based on the practical salinity scale (pss‐1978), with no units (see Millero, 1993, and
recommendations of United Nations Educational, Scientific and Cultural Organization, 1985). Similar
values were found when analyzing high‐resolution SSS derived from numerical eddy‐resolving simulations,
for instance, in the global ocean (Vinogradova & Ponte, 2013) or in the Atlantic Ocean (Sena Martins et al.,
2015). Focusing on the Coral Sea in the Southwest Pacific, Maes et al. (2013) further showed that a large part
of the mesoscale SSS variability in that area can be attributed to mesoscale eddies.

Our recent ability to document SSS from satellites, providing global coverage in less than 8 days at ~50‐ to
150‐km resolution, allows us to enrich our knowledge of SSS mesoscale variability. Notable in this regard
are the key contributions of the SSS data sets issued from the Soil Moisture and Ocean Salinity (SMOS;
2010 and ongoing), Aquarius (2011–2015), and Soil Moisture Active Passive (2015 and ongoing) satellite
missions (Kerr et al., 2010; Lagerloef et al., 2008; Reul et al., 2013; Tang et al., 2017). Based on these satellite
data sets, the signature of mesoscale variability and eddies on SSS has been documented in various regions,
in particular, in the North Atlantic subtropical gyre, in the Gulf Stream region, in the Gulf of Mexico, in the
Bay of Bengal, in the southern Indian Ocean, and in line with the occurrence of tropical instability waves in
the Atlantic and Pacific Oceans (Fournier et al., 2016, 2017; Kolodziejczyk et al., 2015; Lee et al., 2012, 2014;
Melnichenko et al., 2017; Reul et al., 2014; Yin et al., 2014). Despite these few studies, little is known about
the eddy‐induced SSS changes, especially in tropical regions where the influence of mesoscale eddies on SSS
remain poorly documented in the literature compared to the influence of the large‐scale circulation, climate
modes, and long‐term trends. Hence, as a complement to these earlier studies, the goal of this paper is to
assess how eddies detected from satellite altimetry during the 2010–2016 time period impact the concomi-
tant SSS field inferred from SMOS satellite mission. The emphasis is put on two regions of relatively intense
eddy activity and large SSS meridional or vertical gradient in the tropical Pacific Ocean. The study is com-
plemented in these two regions with a quantification of the eddy signatures on the vertical salinity distribu-
tion (0–500 m) inferred from Argo floats.

2. Data and Methods
2.1. Satellite Data

SMOS is a Sun‐synchronous polar‐orbiting satellite mission equipped with an interferometric radiometer. Its
orbit covers the entire globe with a 3‐day repeat cycle. SSS (and soil moisture) is retrieved across a 1,600‐km‐
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wide swath. The unprecedented spatial resolution, of the order of 50 km, has already proven quite useful in
detecting SSS eddy patterns and meanders in the Gulf Stream region (Reul et al., 2014) and in the frontal
region of the Azores current (Kolodziejczyk et al., 2015). The 4‐day and 25‐km gridded SMOS SSS data
set, smoothed with a 9‐day Gaussian filter and with a 25‐km median filter, was used here to assess the
SSS eddy signature. This gridded product was generated by the LOCEAN (Laboratoire d'Océanographie et
du Climat: Expérimentations et Approches Numériques) expertise center of the CATDS (Centre Aval de
Traitement des Données SMOS). We used the so‐called SMOS SSS CEC‐LOCEAN L3 debiased‐v2 version
(Boutin et al., 2017; see the URL link in the Acknowledgements) that has improved filters for outliers and
reduced systematic biases, especially close to the coasts (Boutin et al., 2018). The effective spatial resolution
of this product is of the order of 75 km. The standard deviation of the difference between these SMOS SSS
fields and volunteer observing ship SSS at a similar spatial resolution is 0.28 (farther than 800 km from
the coast). Additional comparisons with Argo SSS data are given in section 2.2. While SMOS was launched
in November 2009, we only use data from July 2010 to December 2016 since the instruments and the orbit
were in a commissioning/testing phase until June 2010, potentially corrupting data quality.

The daily and ¼° gridded sea level anomalies (SLA) distributed by the CMEMS (Copernicus Marine and
Environment Monitoring Service; see the Acknowledgements for details) were used to automatically detect
and characterize mesoscale eddies. Started in November 1992, the SLA gridded field is constructed by opti-
mally merging measurements of multiple altimeter missions (see Ducet et al., 2000). To be consistent with
the SMOS data processing, the 2010–2016 and ¼° and daily SLA data set was further smoothed with a
9‐day Gaussian filter (with one standard deviation equals to 3 days) to remove unanalyzed small time scale
variability and then subsampled every 4 days.

In order to detect eddy‐induced SSS changes and remove the large‐scale and seasonally varying SLA and SSS
changes not associated with eddies, the 4‐day SLA and SSS maps were high‐pass filtered in space and time
with a 6° × 6° longitude‐latitude and 120‐day Hanning filters, respectively. Sensitivity tests using slightly
different filter spatial lengths in longitude and latitude (as in Chelton, Schlax & Samelson, 2011, or Dufois
et al., 2014) have shown no significant effects on our results. Eddy‐induced SSS anomalies were computed
by colocalizing eddies detected on SLA (as discussed below in section 2.3) and high‐pass‐filtered SSS anoma-
lies. Unless otherwise stated, SLA and SSS anomalies discussed below refer to high‐pass‐filtered values.

2.2. Argo and SST Data

Themean eddy vertical structure was also investigated using vertical salinity profiles acquired by Argo floats
in the tropical Pacific over the 2010–2016 time period (Roemmich & Owens, 2000). The related salinity pro-
files, S(z), were obtained from the Coriolis center (http://www.coriolis.eu.org), and we only retained profiles
for which: (1) the quality flags are “good” or “probably good,” (2) the data are available at least within 10 and
950 dbar, and (3) the depth difference between two consecutive data does not exceed a given threshold (25 m
for the 0‐ to 150‐m layer, 50 m for the 150‐ to 300‐m layer, 75 m for the 300‐ to 500‐m layer, and 100 m below
500m; see Pegliasco et al., 2015). Based on these three criteria, a total of 1,449 and 488 profiles was selected in
the central (4° to 12°N, 180–120°W) and eastern (2–16°N, 100–70°W) tropical Pacific regions, respectively, to
be further discussed (see Figure 1). About 10% of these profiles surfaced within the retained coherent eddies
analyzed here. Given the Lagrangian nature of the Argo floats and their relatively low spatial sampling (the
Argo nominal array has 1 float every 3° of latitude and longitude), we could not properly high‐pass filter the
related salinity fields in space and time as we did for the SMOS SSS. As a makeshift solution, anomalous ver-
tical salinity profiles associated with eddies were obtained in the central and eastern regions by subtracting,
from each profile surfacing within an eddy, the average of all Argo profiles located within 100 km of the
given profile and not surfacing within eddies. Other methods to compute anomalies, based on either 120‐
day Hanning filters, or Chaigneau et al. (2011) or Dong et al. (2014) were also tested and gave similar results.
Noteworthy, the colocalized (within 0.25° and 4 days) SMOS SSS and Argo near‐surface (z ≤ 5 m) salinity
compared quite well in these two regions. The correlation coefficient, root‐mean‐square (rms) difference,
ratio of standard deviations, and mean difference for the central region are 0.88, 0.25, 1.1, and 0.02, respec-
tively. For the eastern region, the correlation coefficient, rms difference, ratio of standard deviations, and
mean difference are 0.90, 0.39, 1.0, and 0.05, respectively. The rather large rms difference in the eastern
region is likely due to a vertical stratification effect (Boutin et al., 2016). Indeed, SMOS SSS is representative
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of the first top centimeter, while Argo measurements are at several meters depth, and this region is charac-
terized by a strong salinity stratification in the near‐surface layer as will be shown later in the paper.

The high‐resolution SST analysis product from Reynolds et al. (2007) combined with the SMOS SSS data was
used to compute surface density. This SST product based on satellite data and in situ data from ships and
buoys have a spatial grid resolution of ¼° and a temporal resolution of 1 day.

2.3. Eddy‐Tracking Algorithm

As a reminder, ACE and CE are characterized by local SLA maxima and minima, and they rotate clockwise
and anticlockwise in the Northern Hemisphere, respectively. Mesoscale eddies were automatically detected
on high‐pass‐filtered SLA maps using the algorithm developed by Chaigneau et al. (2008, 2009). This SLA‐
based method identifies the eddy edges as the outermost closed SLA contour around local SLA extrema
(minima for CEs and maxima for ACEs) associated with eddy centers. For each identified eddy, the ampli-
tude is defined as the absolute difference value between the eddy center's SLA and the outermost SLA con-
tour, and the eddy radius is defined as the radius of a disk having the same area as the detected eddy
(Chaigneau et al., 2008). Eddy trajectories are then constructed from individual eddies detected from
4‐day SLA maps using the algorithm developed and fully described in Pegliasco et al. (2015). In order to
investigate the most energetic and coherent mesoscale structures, only eddies having a mean radius equal
to or greater than 50 km, a mean amplitude equal to or greater than 2 cm, and a lifetime longer than 30 days
were retained.

3. Results

This section describes the mean tropical Pacific SSS and its variability and mean eddy characteristics, dis-
cusses the overall SSS signature of ACE and CE, and then focuses on the composite eddy‐induced SSS and
S(z) changes in the central and eastern parts of the tropical North Pacific.

Figure 1. (a) Mean Soil Moisture and Ocean Salinity SSS and corresponding standard deviation values (color shading)
denoting the (b) full and (c) mesoscale only variability, as computed from 2010 to 2016 measurements. Note that the
color scale is divided by two in (c) compared to (b). The black dashed lines in all figures represent the location of minimum
SSS values in the Northern Hemisphere. The two black rectangles denote the central and eastern regions discussed in the
main text. Overplotted in (a) are contours of the mean dynamic topography derived from the CMEMS fields, with
contour intervals equal to 10 cm. A 2° longitude/latitude smoothing was applied in (b) and (c), for clarity. pss = practical
salinity scale; SSS = sea surface salinity; CMEMS = Copernicus Marine and Environment Monitoring Service.
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3.1. SSS: Mean and Variability

To first set the context about SSS in the tropical Pacific, Figure 1a shows the mean SMOS unfiltered SSS (i.e.,
not high‐pass filtered in space and time with a 6° × 6° longitude‐latitude and 120‐day Hanning filters, see
section 2.1). We observe the well‐known large‐scale distribution of mean SSS as documented more than
30 years ago (e.g., Levitus, 1986). Maximum SSS values are located near the large‐scale anticyclonic gyre cen-
ters (east of French Polynesian and west of Hawaiian Islands), whereas minimum SSS values are observed in
a belt centered at 8–10°N beneath the Intertropical Convergence Zone and near the South Pacific
Convergence Zone that extends southeastward of Papua New Guinea. The SSS minimum zone in the
Northern Hemisphere (dashed line in Figure 1a) highlights the existence of a positive (negative) SSS meri-
dional gradient to the north (south), to be further discussed.

The unfiltered SSS standard deviation map (Figure 1b) indicates that maximum SSS variability (higher than
0.5) overall coincides with the mean large‐scale SSS minimum zones. These rough overlaps partly reflect the
meridional displacements, at seasonal and El Niño–Southern Oscillation time scales, of the areas of large
SSS meridional gradients related to the Intertropical Convergence Zone and South Pacific Convergence
Zone heavy rainfall bands, as documented by Tchilibou et al. (2015). The large variability found in the equa-
torial band (~5°N to 5°S) and west of the dateline is mainly associated with the zonal displacements of the
eastern edge of the warm and fresh pool during El Niño–Southern Oscillation (Delcroix & Picaut, 1998;
Hasson et al., 2013). Also, the large variability found in the far eastern Pacific fresh pool is due to a combina-
tion of monsoon rain, trade, and gap winds and strong surface currents, as discussed in Alory et al. (2012)
and Guimbard et al. (2017).

The standard deviation map of the high‐pass‐filtered SSS is shown in Figure 1c to assess the amplitude of the
SSS mesoscale variability. The comparison between Figures 1b and 1c reveals that the SSS mesoscale varia-
bility accounts for 40% to 60% of the total SSS variability, a percentage similar to what was found for SSH
(Chelton, Schlax, & Samelson, 2011), with maximum values still appearing near the SSS minimum zone
in the Northern Hemisphere.

3.2. Mean Eddy Characteristics

As an illustration of the eddy detection method, Figure 2a shows the SLA map and the corresponding 326
coherent eddies (43% are ACE) identified on 5 April 2011. Some of the largest ACE and CE are located
around 8–12°N in a region associated with a trough in the mean dynamic topography (see black contours in
Figure 1a). This trough is associated with the strong zonal current shear between the westward flowing
North Equatorial Current (~8–20°N) and the eastward flowing North Equatorial Counter Current (~3–
8°N). The associated high‐pass‐filtered SSS anomalies are shown in Figure 2b for the eastern part of the tro-
pical North Pacific, indicating that some (but not all) eddies have a somewhat complex SSS signature at
that time.

Themain eddy properties are summarized in Table 1 for the whole analyzed period. A total of 72,202 CE rea-
lizations and 57,792 ACE realizations was detected on the SLAmaps within 19°N to 19°S and 150°E to 70°W,
corresponding to 2,739 CE and 2,171 ACE trajectories, respectively. Little seasonality in the number of
eddies and trajectories was found, possibly because the alternating periods of strong La Niña and El Niño
events from 2010 to 2016 mask that seasonality. On average, over the whole tropical Pacific, the mean eddy
amplitude, radius, lifetime, and rotational speed (within the radius R of the eddies) are approximately 4 cm,
110 km, 140 days, and 10–15 cm/s, respectively, with slight differences between CE and ACE properties
(Table 1). Noteworthy, the probability distribution (not shown here) of these four properties is not sym-
metric but positively skewed. Using two practical indices of asymmetry, we note that about 55% to 70% of
the values are lower than the mean, and differences between the mean and the median values normalized
by the standard deviation are of the order of 0.25 (Table 1). This result is consistent with previous studies
characterizing mesoscale eddies in other parts of the world ocean (e.g., Melnichenko et al., 2017).

The spatial distribution of the mean radius and amplitude (Figure 3) indicates that the largest values appear
roughly in the central basin within about 4–8°N and off Central America (and 4–8°S for the ACE, not dis-
cussed here). Previous results show that the main mechanisms accounting for the large eddy radius and
amplitude in these two areas are (i) the strong shear between the North Equatorial Current, the North
Equatorial Counter Current, and the South Equatorial Current (extending from 20°S to 3°N) in the
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central region (Flament et al., 1996; Ubelmann & Fu, 2011), as seen from the surface dynamic topography
shown in Figure 1a, and (ii) the strong intermittent transoceanic wind jets blowing from the Atlantic to
the Pacific in the eastern region (Willet et al., 2006). Major differences between ACE and CE amplitudes
are observed in the eastern Pacific, with ACEs being much more intense than CEs (Figures 3c and 3d).

3.3. Mean SSS Signature in ACE and CE

The spatial distribution of the mean SSS anomalies collocated with all detected long‐lived (>30 days) coher-
ent CE ranges within −0.2 to +0.2 (Figure 4a). We observe maximum negative and positive anomalies in the
central and eastern parts of the tropical North Pacific, respectively, noting that these two regions roughly
straddle the SSS minimum zone. Noteworthy, the spatial distribution of the mean SSS anomalies collocated
with all detected ACE (Figure 4b) is almost identical, however, with a reverse sign. The spatial correlation
between the mean SSS anomalies collocated with CE (Figure 4a) and ACE (Figure 4b) is of −0.65. The
regionally contrasted eddy‐related SSS signatures strongly suggest that different physical mechanisms are
at work in the central and eastern parts of the tropical North Pacific. As a matter of fact, Figure 4c reveals
that the temporal correlation between SLA (an alias of pycnocline depth in the tropics; Rébert et al., 1985)

Figure 2. (a) SLA (cm) and detected mesoscale eddies on 5 April 2011; positive (negative) SLA closed contours denote
anticyclonic (cyclonic) eddies. (b) Colocalized sea surface salinity anomalies (color shading) observed in the eastern
region; full and dashed closed contours denote anticyclonic and cyclonic eddies, respectively. SLA = sea level anomalies;
pss = practical salinity scale.

Table 1
Mean Cyclonic (CE) and Anticyclonic (AE) Eddy Properties in the Full Analyzed Domain (19°N–19°S; 150°E–70°W) and in the Central (4° to 12°N, 180–120°W) and
Eastern (2–16°N, 100–70°W) Regions (See Figure 1)

N Ntraj
Amplitude

(cm)
Radius
(km)

Lifetime
(days)

Rotational
speed (cm/s)

Zone CE AE CE AE CE ACE CE ACE CE ACE CE ACE

19°N to 19°S;
150°E to 70°W

72,202 57,792 2,739 2,171 3.8 (0.25) 3.7 (0.26) 108 (0.17) 110 (0.17) 143 (0.38) 145 (0.34) 13.2 (0.20) 12.6 (0.23)
62% 65% 57% 57% 69% 68% 59% 62%

Central region 4,633 3,570 316 221 3.3 (0.20) 3.4 (0.27) 136 (0.15) 142 (0.19) 157 (0.37) 157 (0.33) 13.8 (0.17) 13.4 (0.24)
59% 63% 56% 57% 72% 70% 57% 59%

Eastern region 3,841 3,269 206 176 4.6 (0.28) 6.5 (0.35) 111 (0.17) 122 (0.17) 139 (0.37) 142 (0.32) 20.2 (0.19) 22.7 (0.20)
62% 66% 56% 55% 68% 67% 58% 58%

Note. N is the number of eddies, and Ntraj the number of eddy trajectories. Values in parentheses for the amplitude, radius, lifetime, and rotational speed denote
the differences between the mean and median normalized by the standard deviation. Values in percentage denote the accumulated probability below the mean
value.
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and SSS anomalies is positive in the central region and negative in the eastern region, suggesting that influ-
ence from subsurface waters are much more pronounced in the latter. In the eastern Pacific, high‐salinity
subsurface water would be uplifted toward the surface in the core of surface‐intensified CE, generating
positive SSS anomalies collocated with negative SLA, while positive SLA anomalies associated with
surface‐intensified ACEs would result in a depressed pycnocline and consequently a reduced influence of
high‐salinity subsurface waters, resulting in negative SSS anomalies for ACE. The absence of this negative
correlation between SLA and SSS anomalies in the central region suggests that other processes are more
important in this area. We next restrict our attention to these two significant regions delimited by the two
rectangles in Figure 1.

3.4. Composites in the Central and Eastern Parts of the Tropical North Pacific
3.4.1. SLA and SSS Composites
About 8,200 coherent eddy realizations were detected in the central region and 7,100 in the eastern region
during the whole analyzed period (about 45% are ACE). On average, CE and ACE crossing the central region

Figure 3. (a, b) Mean radius (km) and (c, d,) amplitude (cm) of (left column) cyclonic and (right column) anticyclonic eddies per 2° longitude/latitude area, aver-
aged over July 2010 to December 2016. The two black rectangles are as in Figure 1.

Figure 4. SSS anomalies averaged within all detected (a) cyclonic and (b) anticyclonic eddies. (c) Temporal correlation
coefficients between high‐pass‐filtered sea level anomalies and SSS anomalies. Values were computed over 2010–2016.
The two black rectangles are as in Figure 1. pss = practical salinity scale; SSS = sea surface salinity.
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have larger radii (+20%) and longer lifetimes (+10%) than the ones crossing the eastern region. In contrast,
eddies have larger amplitudes (+40% for CE, +90% for ACE) in the eastern region, which combined with
smaller radii, leads to eddies characterized by higher vorticities and rotational speeds (+45% for CE, +70%
for ACE). Details about the main eddy properties in the two regions are given in Table 1.

We computed the mean composite eddy SLA and SSS anomalies in the two regions using a rotated coordinate
frame where the large‐scale SSS meridional gradient (∂SSS/∂y) is directed to a polar angle of −90°, as is found
south of about 8°N. We adopted such an approach, following Gaube et al. (2015), to highlight the role of hor-
izontal advection in regions that include opposite SSSmeridional gradients, such as in the central regionwhere
∂SSS/∂y reverses across the minimum SSS zone (Figure 1a). The eddy‐induced SLA and SSS anomaly compo-
sites are presented in physical coordinates in Figures 5a–5d for the central region and in Figures 6a–6d for the
eastern region. Given the large number of detected eddies and trajectories (Ntraj, see Table 1), the uncertainty
in the composites is small (with a standard error of the order of 0:3

√N traj
for SSS) and hence the differences between

Figure 5. Composite averages of eddy‐induced (a, b) sea level, (c, d) SSS, and (e, f) surface density anomalies for the
(a, c, and e) cyclonic and (b, d, and f) anticyclonic eddies detected in the central region (as denoted by the larger rectan-
gle in Figure 1). Values in (c) and (d), and (e) and (f) were computed in a rotating coordinate system where ∂S/∂y was
directed to a polar angle of −90°. Numbers in the upper left quadrants in (a) and (b) represent the number of eddies
used to compute the related composites. Numbers in (c) and (d) denote the mean eddy radius (km) delimited by the heavy
lines. The heavy dashed lines in all panels correspond to two eddy radii. SLA = sea level anomalies; SSS = sea surface
salinity.
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ACE and CE composites are significant. The corresponding sections (crossing the eddy center at Y = 0) of the
SSS and swirl geostrophic velocity anomalies are shown in Figures 7a and 7b. (Note that using normalized
instead of physical coordinates did not change our main conclusions for the SSS composites.) There, the
swirl velocity was computed assuming geostrophy and using the SLA composite (e.g., Figures 5a and 5b,
and 6a and 6b), with the Coriolis parameter (f) calculated using the mean latitude of all eddy centers in
each subregion. One may question the use of geostrophy for regions close to the equator, especially for
the southern part of the eastern region. This potential shortcoming is discussed in the last section.

The averaged eddies of the central region have a maximum SLA of the order of 6 cm and a radius of
about R = 140 km (Figures 5a and 5b). The spatial distribution of the SLA has a near Gaussian shape,
with maximum value centered at the eddy core and a zero crossing at a distance of about 2R. The
eddy‐induced SSS composites exhibit a somewhat dipole‐like pattern (clearer for the ACE) with a ten-
dency to have opposite SSS anomalies in the leading edge (i.e., western side when ∂SSS/∂y is directed
to a polar angle of −90°) of the eddy as compared to the trailing edge, as well as clear opposite SSS
anomalies for the ACE and CE (Figures 5c and 5d, see also Figure 7a). There is also a slight tendency
for the larger anomalies to be located on the leading edge of the ACE and CE. As discussed in
Chelton, Gaube, et al. (2011), the dipole‐like pattern is indicative of horizontal advection and the
leading/trailing edge asymmetry would occur because the eddy trailing edges tend to come across a

Figure 6. Same as Figure 5 but for eastern region (denoted by the smaller rectangle in Figure 1). SLA = sea level anoma-
lies; SSS = sea surface salinity.
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∂SSS/∂y recently reduced by the eddy leading edges. The central region composites hence could
emphasize the likely role of horizontal advection that combines the rotational sense of the ACE and
CE and the ∂SSS/∂y direction, as shown schematically in Figure 8.

The eastern region averaged eddies have a maximum SLA of the order of 10 cm, that is, about 65% larger
than for the central region, and a radius R of 110 to 120 km (Figures 6a and 6b). The spatial distribution
of the SLA also exhibits a near Gaussian shape, although with a tendency (especially for the ACE) to
have opposite SLA values outside of one eddy radius (note that this tendency is slightly reduced when
using normalized coordinates). Contrasting with the central region, the eastern region SSS composites
(Figures 6c and 6d) reveal a monopole‐like structure in which the SSS anomalies are almost symmetrical
about—and maximum at—the eddy centers. There, the ACE and CE composites are nearly mirror
images with a sign reversal, and the SSS anomalies are 2–4 times larger and opposite to those found
in the central region (see Figures 5c and 5d). Given the regional 10‐ to 20‐m‐shallow mixed‐layer depth
(e.g., Alory et al., 2012; Delcroix et al., 1996), the eastern region SSS composites would thus support one
of the classical views of expected eddy effects. Namely, that in the absence of winds and during their
growth phase, surface‐intensified CE would tend to upwell (or mix) high‐salinity subsurface waters into
the surface layer generating positive SSS anomaly, and inversely for ACE (see schematic in Figure 8).
The eastern region eddy‐induced SSS anomalies could then likely highlight the leading role of vertical

processes. There are, however, other possible explanations, notably
those involving the occurrence of more energetic eddies in the eastern
versus central region; these are discussed in section 4.
3.4.2. Surface Density and Vertical Salinity Composites
Combining SSS data from SMOS and SST data from Reynolds et al.
(2007), we computed the eddy‐induced surface density (ρ) anomaly, also
using the rotated coordinate frame where the salinity meridional gradi-
ent (∂SSS/∂y) is directed to a polar angle of −90°. The eddy‐induced
density anomaly patterns (Figures 5e and 5f and 6e and 6f) resemble
the corresponding SSS anomaly patterns in both regions, indicating
the dominant effect of SSS on surface density patterns. Of note, compu-
tation of the eddy‐induced SST anomaly patterns (not shown here)
shows the amplitude of the density patterns are, however, slightly
reduced by the SST patterns in the central region (same signs in SST,
SSS, and ρ) and slightly enhanced in the eastern region (same signs in
SSS and ρ, and opposite sign in SST). The dipole‐like and monopole‐like
structures are even enhanced in surface density as compared to SSS in
the central (Figures 5e and 5f) and eastern (Figures 6e and 6f) regions,
respectively. The surface density anomaly has maximum amplitude of

Figure 7. Zonal sections across the composite averages of (a) the central region in Figure 5 and (b) the eastern region in
Figure 6. Full lines denote sea surface salinity (SSS) anomalies scaled on the left axes, and dashed lines denote swirl
velocity anomalies scaled on the right axes. Full and dashed black lines with red (blue) envelopes representing the stan-
dard errors are for anticyclonic (cyclonic) eddies.

Figure 8. Schematic diagrams of eddy‐induced (top panels) horizontal and
(bottom panels) vertical advection of salinity gradient by (left panels)
anticyclonic and (right panels) cyclonic eddies. The top panels would apply
for the central region, the bottom panels for the eastern regions (see
Figure 1). SSS = sea surface salinity.
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the order of ±0.15 kg/m3 in the eastern region, which is about 3–4 times higher than in the
central region.

The relative sign of the eddy‐induced SLA and corresponding surface density can be used to infer qualitative
information on the eddy vertical structure (see Assasi et al., 2016). Physically, for instance, ACE are always
associated with positive SLA (as in Figures 5b and 6b), while the surface density anomaly is expected to be
negative for surface‐intensified ACE and positive when the eddy core is in subsurface, and vice versa for the
CE (see Figure 2 of Assasi et al., 2016, for a schematic). Noting this difference is interesting here because we
found opposite sign in SLA and ρ in the eastern region (both for CE and ACE), whereas we tend to have the
same sign in SLA and ρ in the central region (at least for the CE, not that clear for the ACE). This suggests
occurrence of surface‐intensified eddies in the eastern region and subsurface‐intensified eddies in the central
region. To test this hypothesis, we also computed the eddy‐induced S(z) composites derived from Argo floats
in both regions. The composites S(z) show the largest anomalies in the upper 50 m in the eastern region
(Figures 9b and 9d), whereas the perturbations do not seem to preferentially appear within the upper
200 m in the central region (Figures 9a and 9c), making it difficult to reach a firm conclusion. Whether or
not this is due to the inability to properly high‐pass filter the Argo salinity profiles due to their too poor
time/space sampling remains to be elucidated.

3.5. Estimating the Eddy SSS Meridional Salt Transport

Following the approach of Haussmann and Czaja (2012) for the transport of heat, we computed the meridio-
nal transport of fresh water (F) associated with the central and eastern regions eddy composites as in
Melnichenko et al. (2017):

F ¼ −
h
S0

∫
L

−Lv
′:s′dx (1)

where h is the mixed‐layer depth estimated from climatology (see Figure 4 in Delcroix et al., 1996), s' and v’
the eddy composite anomalous SSS and meridional velocity of Figures 7a and 7b, S0 the mean SSS

Figure 9. (top) Mean salinity profiles in the (a) central and (b) eastern regions (see Figure 1). (bottom) Eddy‐induced sali-
nity anomalies in the (c) central and (d) eastern regions. Black curves in (a) and (b) are computed from all Argo floats, red
curves in (a)–(d) from Argo floats surfacing in anticyclonic eddies only, and blue curves in cyclonic eddies only.
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determined from the SMOS data set (as in Figure 1a), and L the integration length bracketing the eddy
composite center. The eddy‐related meridional transport of fresh water is given in Table 2 for the central
and eastern regions with values of L = R and L = 2R. As inferred from the antisymmetric shape of the
meridional velocity of Figures 7a and 7b, the integration over L = ±R or L = ±2R closely verifies that the
mean meridional mass transport across the eddy is 0 (where R is the mean eddy radius given in Table 1).
Noteworthy, as discussed above, the eddy‐induced SSS composites in Figures 7a and 7b were determined
using a rotated coordinate frame where the large‐scale SSS meridional gradient (∂SSS/∂y) was directed to
a polar angle of −90°. Hence, the “meridional” transport of fresh water given in Table 2 must be viewed
as a transport parallel to the large‐scale SSS meridional gradient (see Figure 1a). Values of F in Table 2
range within −200 and −800 m3/s, depending on the region and on the CE or ACE contributions, with
error bars 2–3 times as much. To put this eddy composite contribution in perspective, one would first
need to have much smaller error bars and second to compute all terms of the surface fresh water (or
salinity) budget. We believe all those terms are quantifiable only with realistic high‐resolution model
outputs (as in Tréguier et al., 2012) and not with the observations we have in hand. However, for
comparison purposes, we note that our values of F are about twice as much as values found in the
subtropical North Atlantic (Melnichenko et al., 2017).

4. Conclusion

A large amount of literature has been published on mesoscale variability and eddies in the last decades,
mostly since the advent of satellite altimetry and trustworthy eddy‐resolving simulations. Despite this, aside
from the recent studies of Reul et al. (2014) andMelnichenko et al. (2017), little has been found yet regarding
the observations and interpretation of eddy‐induced salinity changes, notably in the tropics. Findings of the
present study, which focuses on the tropical Pacific Ocean and relies on both SLA altimetry measurements
and the unprecedented and basin‐scale high‐resolution SSS measurements derived from SMOS since the
mid‐2010s, usefully complement those of earlier studies.

Our results first indicate that the SSS mesoscale variability accounts for as much as 40% to 60% of the total
SSS variability from 2010 to 2016. They further reveal that the most pronounced and consistent eddy‐related
SSS perturbations, of the order of ±0.2, occur in the central and eastern parts of the tropical North Pacific
region. In the central part we observe the largest eddy radii and meridional gradients of SSS, while in the
eastern part we observe larger amplitude eddies and largest near‐surface vertical salinity gradients. In the
central part, composites of eddy‐induced SSS changes reveal a dipole‐like pattern, also detected in density,
with maximum anomaly on the leading edge of the westward propagating eddy, while in the eastern part
composites show a monopole‐like pattern centered in the eddy core. The contrasting dipole/monopole
patterns between the central and eastern region composites suggest that the two mechanisms that explain
these patterns are horizontal advection and vertical processes, respectively.

Interpreting the monopole structure of the salinity composites in the eastern region as an evidence of
vertical processes may actually be more complex than simply suggested here. Another possible explana-
tion for the monopole structure would be that the more energetic eddies in this region (compared with
the central region) are more effective at trapping anomalously high or low salinity water in the nonlinear
cores of the eddies. For instance, Gaube et al. (2015) show how SST composites can evolve from a dipole
structure for small‐amplitude eddies to a monopole structure for large‐amplitude eddies. It may also be

Table 2
Eddy‐Induced Meridional Transport of Fresh Water (m3/s) Multiplied by −1 for the Central and Eastern Regions (See
Figure 1) as Determined From Equation (1)

Region

L = R L = 2R

h (m) So CE AE CE AE

Central region 35 34.0 203 (742) 348 (836) 351 (1,323) 790 (1,511)
Eastern region 10 33.1 244 (773) 251 (978) 542 (1,324) 431 (1,642)

Note. Values in parentheses denote the standard errors.
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the case for SSS of the energetic eddies (especially ACEs) in the eastern region (see Table 1). A future
study focusing on the monopole structure should thus be undertaken. Such a study would also need
to discriminate the respective role of different physical processes that lead to the vertical advection of
subsurface waters, if any (see Gaube et al., 2015, and the references therein). These processes involve
(i) surface vorticity effect and (ii) eddy air sea flux feedbacks into Ekman pumping. The respective con-
tributions of all these processes and how they vary in time depending on the eddy age, amplitude,
growth, or decay as well as on the background wind field and SST gradients clearly need further
clarification.

As noted in section 3.4.1, the use of geostrophy to characterize the surface velocity field from SSH may be
questionable, in particular, for near‐equatorial regions. Comparisons made in the Pacific Ocean between
direct equatorial current measurements and geostrophic velocities derived from SSH indicate that the varia-
bility of the equatorial currents are reasonably well represented by geostrophy for periods greater than one
month and with a 1–2° latitudinal scale (e.g., Delcroix et al., 2000; Picaut et al., 1990). These comparisons,
right at the equator, represent the most stringent tests for geostrophy given the high sensibility of the calcu-
lation to small SSH errors.

In order to test the validity of the geostrophic assumption, in particular, in the eastern region located close to
the equator, we computed for each retained eddy, the Rossby number as follows:

R0 ¼ Umax

f R
(2)

whereUmax is the maximum swirl velocity of the eddy, f the Coriolis parameter at the eddy center, and R the
eddy radius. R0 characterizes the dynamical balance of eddies, with R0 ~ 1 (R0 ≪ 1, respectively) indicating
an eddy in cyclostrophy (quasi‐geostrophic) balance (Cushman‐Roisin & Beckers, 2011; Rudnick et al.,
2015). Note that these Rossby number estimates remain imperfect as the (unavailable) total rather than swirl
geostrophic velocity should have been used in the R0 computation.

In the eastern region, about 83% (31%, respectively) of the 7,100 (~480) eddies detected between 2°N and
16°N (2–5°N) have a R0 < 0.2, indicating that our composites analysis may partly be biased by ageostrophic
eddies mainly located south of ~5°N. Close to the equator, nonlinear effects like cyclostrophy, which is a
dynamical balance between the pressure gradient and the centrifugal force of a curved flow, modify the geos-
trophic momentum balance of the eddies (e.g., Cushman‐Roisin & Beckers, 2011). This is in agreement with
the findings of Qiu et al. (2017, 2018) that suggested, based on high‐resolution observations and a global
ocean model, that unbalanced motions dominate scales as large as 250–500 km in the tropical Pacific.
About 55% of the eddies considered here have radii of 50–140 km (Table 1), corresponding to length scales
of 200–560 km, and are thus likely influenced by the divergent component of the flow. Also, Amores et al.
(2018) showed that current gridded altimetry products underestimate the number of small‐scale eddies,
while they overestimate the density of large‐scale eddies. This adds another reason for caution with the
degree of accuracy of the composite analyses, especially in the eastern region of the tropical Pacific, where
some of our results (e.g., horizontal advection and salt fluxes) might be influenced by a significant nongeos-
trophic component of the flow field. Further analyses, notably based on the next generation Surface Water
and Ocean Topography interferometric satellite with higher SSH resolution (Fu & Ubelmann, 2014), will
help to refine the present conclusion.

Despite these novel results, there are still numerous unanswered questions, notably regarding (i) the
respective contribution of all other factors affecting the high‐frequency surface layer salinity (or fresh
water) variability that we were not able to quantify with the available observations and (ii) causes for
the diversity of the eddy‐induced SSS changes we detected outside of the tropical North Pacific region.
In partly addressing these issues, our investigation of high‐pass‐filtered precipitation (and assumed
derived SSS) changes colocalized with eddies proves inconclusive (using the TRMM3B42 product).
Hence, there is abundant room for further progress in quantifying all factors affecting eddy‐induced
SSS changes and their role in the mixed‐layer salinity budget. Dedicated analyses of eddy‐resolving simu-
lations, validated with the present observed features, are clearly good candidates for further clarification.
The use of coupled simulations could also shed light on the likelihood of eddy‐induced combined SSS,
SST and atmospheric perturbations.
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