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Coherent mesoscale eddies in the North Atlantic subtropical
gyre: 3-D structure and transport with application to the
salinity maximum

Angel Amores ()1, Oleg Melnichenko 2'1, and Nikolai Maximenko =1

"International Pacific Research Center, SOEST, University of Hawaii, Honolulu, Hawaii, USA

Abstract The mean vertical structure and transport properties of mesoscale eddies are investigated in
the North Atlantic subtropical gyre by combining historical records of Argo temperature/salinity profiles
and satellite sea level anomaly data in the framework of the eddy tracking technique. The study area is
characterized by a low eddy kinetic energy and sea surface salinity maximum. Although eddies have a
relatively weak signal at surface (amplitudes around 3-7 cm), the eddy composites reveal a clear deep signal
that penetrates down to at least 1200 m depth. The analysis also reveals that the vertical structure of the
eddy composites is strongly affected by the background stratification. The horizontal patterns of
temperature/salinity anomalies can be reconstructed by a linear combination of a monopole, related to the
elevation/depression of the isopycnals in the eddy core, and a dipole, associated with the horizontal
advection of the background gradient by the eddy rotation. A common feature of all the eddy composites
reconstructed is the phase coherence between the eddy temperature/salinity and velocity anomalies in the
upper ~300 m layer, resulting in the transient eddy transports of heat and salt. As an application, a box
model of the near-surface layer is used to estimate the role of mesoscale eddies in maintaining a
quasi-steady state distribution of salinity in the North Atlantic subtropical salinity maximum. The results
show that mesoscale eddies are able to provide between 4 and 21% of the salt flux out of the area required
to compensate for the local excess of evaporation over precipitation.

1. Introduction

Mesoscale eddies are ubiquitous features in ocean circulation [Chelton et al., 2007, 2011] that play an impor-
tant role in the redistribution of heat and salt throughout the ocean [Wunsch, 1999; Roemmich and Gilson,
2001; Hausmann and Czaja, 2012]. Despite their importance, the time-mean eddy heat and salt fluxes
remain poorly characterized, mainly due to difficulties in gathering observations on mesoscale time and
space scales. Most studies represent only limited geographic regions where adequate observations exist
[Amores et al., 2013; Roemmich and Gilson, 2001], or rely on the outputs of ocean general circulation models
[Tréguier et al., 2014; Jayne and Marotzke, 2002]. Ocean models, however, may have their own biases and
uncertainties, arising from misrepresented physics, limited resolution (both vertical and horizontal) and/or
errors in boundary conditions, among other factors [Jayne and Marotzke, 2002]. Thus, direct estimates of the
eddy fluxes from observations are much needed in order to create a consistent description.

Using model outputs can be avoided if one takes advantage of the ensemble of Argo profile data collected
over the past decade that, combined with the use of high spatial and temporal resolution of satellite data,
allows the reconstruction of a three-dimensional (3-D) structure of a mean eddy in a given area [Chaigneau
et al., 2011]. This idea has been successfully used to study mesoscale structures in areas with high eddy
kinetic energy such as the Agulhas rings [Souza et al.,, 2011], mesoscale eddies in the eastern South Pacific
[Chaigneau et al., 2011], South Atlantic Bight and the Gulf Stream Recirculation [Castelao, 2014], and the Ant-
arctic Circumpolar Current [Frenger et al., 2015]. However, to the best of our knowledge, it has not been
used before for areas of low eddy kinetic energy such as in the interior of a subtropical gyre.

In this study, we focus on the reconstruction of the 3-D eddy structure and its induced heat and salt tran-
sient transport in the North Atlantic subtropical gyre, a region characterized by a relatively low eddy kinetic
energy (EKE) level (Figure 1), where eddy heat and salt transports are traditionally considered to have a
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Figure 1. Root mean square variability (color shading) of the 20°-longitude X 10°latitude spatially high-pass-filtered SLA in the North
Atlantic Subtropical gyre based on satellite altimetry data from January 1993 to October 2014. Shown on top are contours (C.l. = 4 cm) of
Mean Dynamic Topography (MDT) from Maximenko et al. [2009]. The black dot indicates the mean climatological position of the SSS maxi-
mum (38°W, 25°N). The black rectangle approximates the interior of the subtropical gyre considered in this study.

negligible effect [Stammer, 1998; Wunsch, 1999]. This area also coincides with a sea surface salinity (SSS)
maximum, located around 25°N and 38’ W, with the highest open ocean SSS observed in the World Ocean
(Figure 2a). This SSS maximum is mainly caused by an excess of evaporation over precipitation that would
be compensated, in a classical explanation, by the Ekman transport [O’Connor et al., 2005; Schott et al., 2004;
Gordon and Giulivi, 2014]. In this scenario, the surface convergence causes subduction of high salinity water,
forming a subsurface “river of salt” [Qu et al., 2013; Schmitt and Blair, 2015]. Part of the high salinity water
spreads westward and emerges in the Gulf Stream [e.g., Laurian et al., 2009], while the rest is driven to the
tropics (Figure 2b) due to the equatorial upwelling, where it gets fresher. Finally, this fresher water is trans-
ported back into the subtropics, closing the shallow overturning cell [Qu et al., 2013; Gordon and Giulivi,
2014]. However, recent studies have shown that baroclinic eddies may play an important role in setting
stratification and distribution of water properties in the subtropical gyres [Marshall et al., 2002; Gordon and
Giulivi, 2014]. In particular, Gordon and Giulivi [2014] argue that the transport of freshwater induced by
eddies in the North Atlantic subtropical gyre could significantly compensate the excess of evaporation over
precipitation in this region. They concluded that the eddy flux can provide between 50% and 75% of the
required freshwater convergence into the SSS maximum, the rest being supplied by the Ekman transport
convergence and other ocean processes. Yet, this study was performed relying on model outputs.

The main goal of this paper is to use observational data to characterize the vertical structure and transient
transport properties of mesoscale eddies in the interior of the North Atlantic subtropical gyre. As a practical
application, we use a box model of the near-surface layer to estimate the role of mesoscale eddies in shap-
ing the distribution of salinity in the SSS maximum. The data sets used and the algorithm developed for
computing the eddy composites are described in section 2. Section 3 contains the main results on the verti-
cal structure of the eddies, their transport, and results of the box model. The last section includes the discus-
sion of the results and conclusions.

2. Study Region, Data, and Methods

2.1. Study Region

The mean SSS distribution in the subtropical North Atlantic (Figure 2a) is characterized by the geographical-
ly distinct maximum centered near 38°W and 25°N, which we use as an approximate estimate of the gyre
center [Melzer and Subrahmanyam, 2015]. In order to investigate the vertical structure of mesoscale eddies
in the interior of the subtropical gyre and assess their effect on the distribution of salinity in the SSS maxi-
mum, a broad study area from 50°—25°W and 16°-32°N (black box in Figure 1) centered on the SSS maxi-
mum (black dot in Figure 1) is determined. The northern boundary of the study area, at 32°N, is
approximately 200 km away from the mean position of the Azores Current (along ~34°N), associated with a
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Figure 2. Salinity and potential temperature annual climatology for the North Atlantic Subtropical gyre: (a) SSS (psu). The color-coded rectangles delimit the four different regions where
the eddy composites were computed. The dashed black lines delimit the central box where the salinity divergence was computed. (b) Latitude-depth section of the mean salinity (color
shading) and potential density (contours; C.l. = 0.2 kg/m?3) along 38° W. The thick solid line (1026.4 kg/m?3) approximates the core of the pycnocline. The dashed black vertical lines indi-
cate the boundaries of the central box. (c) Longitude-depth section of the mean salinity (color shading) and potential density (contours) along 25°N. (d) Mean sea surface temperature
(°C). (e) Latitude-depth section of the mean potential temperature (color shading) and potential density (contours) along 38°W. (f) Longitude-depth section of the mean potential tem-
perature (color shading) and potential density (contours) along 25°N. Note that in Figures 2b, 2¢, 2e, and 2f, the vertical scale from 0 to 300 m is twice the scale from 300 to 1400 m for
better visualization. The locations of the vertical sections plotted in Figures 2b, 2¢, 2e, and 2f are denoted in Figure 2a by the thin black lines.

zonal band of enhanced eddy activity between 33°-35°N (Figure 1). In the east, the limiting factor is the
presence of the Canary Islands near the African coast, allowing the eastern boundary to be not farther than
19°W. The southern and western boundaries of the study area are then automatically defined in such a way
that the area remains centered at the SSS maximum. Figure 1 shows that the area fulfilling the above crite-
ria falls generally within the same dynamical regime; namely, it is entirely in the interior of the subtropical
gyre characterized by a broad anticyclonic circulation and relatively weak eddy activity.

Because of the SSS maximum along 25°N, the meridional SSS gradient is southward to the north and north-
ward to the south of 25°N. Likewise, the zonal SSS gradient changes sign from eastward to westward at
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around 38°W. To take into account these (and other) changes in the background stratification and examine
the variability in the eddy structure across the gyre, the large area defined above is divided into four sub-
areas, structured around the gyre center (Figure 1a). In these subareas, hereafter referred to as box N (47°-
27°W, 26°-32°N), S (47°-27°W, 18°-24°N), E (35°-19°W, 21°-29°N), and W (55°-39°W, 21°-29°N), the eddy
composite analysis is performed following the procedure detailed in section 2.3. Middle sections of the four
boxes defined above form the central box (black dashed lines in Figures 2a and 2d). The potential for meso-
scale eddies to transport salt in or out of the central box through its lateral boundaries is investigated in sec-
tion 3.4 using the eddy composites computed in the associated boundary boxes.

2.2. Data

2.2.1. Eddy Data Set

The eddy data set used in this study is that provided by Chelton et al. [2011]. It consists of the coordinates
of eddy centers, amplitudes, radii, and rotational velocities for the eddies identified and tracked from their
surface signature in weekly sea level anomaly (SLA) fields, spanning the period 14 October 1992 to 4 April
2012. We consider this data set to be conservative because it applies some thresholds (eddy life-time longer
than 4 weeks, minimum amplitude of 1 cm, etc.; for details see Chelton et al. [2011]) that reduce the number
of detected eddies but ensure that the remaining structures are real ones. However, these thresholds may
also imply removing some real eddies with parameters below the imposed limits. To test the sensitivity of
the results to different eddy identification and/or tracking techniques, we tried other algorithms such as
Mason et al. [2014], Nencioli et al. [2010], and Faghmous et al. [2015], and found that the results were not
very sensitive.

2.2.2. Argo Data and Climatology

Argo is a continuing global array of more than 3000 profiling floats that measure temperature and salinity
profiles in the upper 2000 m of the ocean. Most of the floats conduct measurements every 10 days while
ascending from the parking depth. Argo profiles collected from 2000 through 2012 in the North Atlantic
were used to reconstruct the vertical structure of the eddies. For this purpose, we used the quality con-
trolled Argo profiles included in the EN4.0.2: quality controlled subsurface ocean temperature and salinity pro-
files and objective analyses database [Good et al., 2013]. The profile data are provided after having passed a
series of quality control procedures, including: implementing Argo quality control flags; removing profiles
with locations over land (bathymetric control); checking for density inversions; removing data with impossi-
ble depth; and others. A complete description of the quality control procedures applied to the Argo profile
data can be found in Good et al. [2013].

For the purpose of the present study, some additional quality controls were applied. We discarded the pro-
files whose positions and times were not flagged as good. From the remaining profiles, only the vertical
points flagged as good were retained. Also, the selected profiles had to satisfy the following sampling crite-
ria [Chaigneau et al., 2011]. Each profile should at least have 30 vertical measurements and the depth differ-
ence between two consecutive measurements in the depth range 0-100 m, 100-300 m, and deeper than
300 m should not be larger than 25, 50, and 100 m, respectively.

For the profiles that passed all the quality controls, we computed the anomalies with respect to the climato-
logical fields obtained from the IPRC Products based on Argo data (http://apdrc.soest.hawaii.edu/projects/
argo/). The monthly climatology was determined by averaging monthly mean temperature/salinity fields
obtained with variational interpolation of Argo float measurements (http://apdrc.soest.hawaii.edu/projects/
Argo/data/Documentation/gridded-var.pdf) at 27 standard levels from 0 to 2000 m depth on a 1° X 1° grid.
The temporal coverage used to compute the climatology was 8 years (2005-2012). To compute the anoma-
lies, the original profiles were linearly interpolated into the standard levels and climatological values at the
closest point and of the same month were subtracted from the profile data.

2.2.3. Other Data Sets

Daily gridded Sea Level Anomaly (SLA) fields with a global resolution of 1/4° X 1/4° on a Cartesian grid and
spatial coverage from 1 January 1993 to 24 October 2014 were obtained from the merged satellite Archiv-
ing, Validation, and Interpretation of Satellite Oceanographic data (AVISO) products available at www.aviso.
altimetry.fr. The product used here is the delayed time mapped sea level anomaly (SLA) with two satellites
merged with the same ground track using a reference period of 20 years (1993-2012). For further details,
refer to AVISO [2015]. Following Chelton et al. [2011], the SLA maps were high-pass filtered with a cutoff
wavelength of 20° longitude and 10° latitude to isolate mesoscale variability.
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The mixed layer depth (MLD) climatology was downloaded from http://mixedlayer.ucsd.edu. It is available
on a 1° grid, computed using Argo profiles and a hybrid method (both the density algorithm and density
difference threshold) as described by Holte et al. [2010].

The 1° gridded monthly evaporation data set, from 1958 to the present, was obtained from the OAFlux Pro-
ject (http://oaflux.whoi.edu/evap.html; Yu [2007]; Yu et al. [2008]).

The 2.5° gridded monthly precipitation data set was retrieved from the Global Precipitation Climatology
Project (GPCP) (http://precip.gsfc.nasa.gov/). Precipitation data from various sources are combined into a
final merged product that covers a time period from January 1979 to the present [Huffman et al., 2009; Adler
et al., 2003].

2.3. Eddy Composite Computation Algorithm
The mean 3-D structure of mesoscale eddies in a given geographical area was reconstructed using the fol-
lowing procedure:

1. Mesoscale eddies with amplitudes larger or equal to 2 cm and whose centers were located within a giv-
en geographical area were selected from the eddy data set. The amplitude threshold of 2 cm was applied
in order to discard possible false eddy center detections.

2. For each eddy, we selected Argo profiles whose measurement times occurred within £3.5 days of the
eddy date and were located within a 400 km distance from the eddy center. Their positions were referred
relative to the eddy center in a coordinate system (Ax, Ay), in km, centered at the eddy center.

3. Vertical levels with a relatively small number of observations (compared with the bulk of the water col-
umn) were eliminated, resulting in a vertical coverage from 5 to 1400 m (23 standard levels).

4. A dynamic height quality control was performed to eliminate obvious outliers, which could be caused,
for example, by erroneous positioning of profiles in the eddy-centered reference frame. For each profile,
the dynamic height at the surface was calculated assuming a level of no motion of 1400 m (the maxi-
mum available depth). The dynamic heights were sorted as a function of distance to the eddy center
and the mean and standard deviation were computed in 10 km bins. In each bin, the profiles with a
dynamic height anomaly outside the range of two standard deviations from the bin-average value were
excluded from further analysis (this procedure excludes ~5% of the profiles).

5. Given a set of 2-D points at each vertical level, potential temperature, salinity, and potential density
anomaly fields associated with a composite mesoscale eddy were reconstructed by least-square fitting of
a orthogonal Fourier series in polar coordinates [Wang et al., 2008] as follows:

f(r, ¢)=22An7m71 Im(Knm - 1) - sin (m c Qo g) (1)

knm 2=0

where r and ¢ are the radial and angular coordinate, respectively, J,, is a Bessel function of the first kind of
order m, A, are the amplitudes of each basis function, and k, , are the eigenvalues of the radial part.
The basis functions in 1 are defined on a finite radius L with zero-value boundary condition, such that
knm=Xnm/L, where x, n, are the positive zeros of J,,. The length scale L was in turn determined from SLA
composites obtained by averaging over all SLA snapshots around individual eddies identified in the eddy
data set (see Appendix A for details). The basis functions in equation (1) are arranged in descending order
of the magnitude of k,, ,, which also corresponds to the length scale of a particular mode. According to this
arrangement, the expansion 1 is truncated to 9 Fourier harmonics (15 different functions taking into
account the phase, see supporting information Figure S1), that were sufficient to reproduce the eddy struc-
ture. Introducing higher-order Fourier harmonics resulted in small-scale features that were related to errors
in the data rather than real physical processes. After computing the amplitudes A, , ,, by linear fitting the
available observations at every vertical level, the anomaly fields of the composite eddy were reconstructed
on a regular 5 X 5 km grid using the functional form 1.

1. The salinity and potential temperature anomalies associated with the eddy composite were scaled to
match the resulting eddy amplitude in dynamic height (computed from the associated potential density
anomalies) to the mean eddy amplitude in SLA maps (last row in Table 1; see an example in Figure 10d).
Here we assume that both the potential temperature and salinity anomalies and the magnitude of SLA
in the average eddy are linearly correlated [Castelao, 2014; Souza et al.,, 2011; Frenger et al., 2015]. The
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Table 1. Main Eddy Properties Computed From the Eddy Data Set [Chelton et al., 2011] in the Four Subregions in the Interior of the
North Atlantic Subtropical Gyre (Figure 2a)®

West North South East
Cyc Ant Cyc Ant Cyc Ant Cyc Ant
Amplitude (cm) 3.7 (59%) 3.3 (58% 4.6 (64%) 2.9 (61%) 3.2 (59%) 2.8 (58%) 3.0 (61%) 3.1 (63%)
Radius (km) 97.2 (55%)  97.3 (56% 88.7 (57%)  92.0(55%) 102.5(58%) 102.0(57%) 94.2(58%)  89.4 (59%)
Rot. Speed (cm/s) 10.3 (56%) 9.6 (56% 10.8 (61%) 8.0 (56%) 9.6 (58%) 9.0 (54%) 8.4 (56%) 9.1 (60%)

)
)
)
Prop. Distance (km)  586.9 (70%) 421.0 (68%) 554.1(70%) 290.5(71%) 485.0 (69%) 386.5(68%) 353.7 (70%) 303.0 (70%)
)
)
)

Life (days) 162.4 (69%) 1264 (68%) 1889 (68%) 111.6(72%) 117.5(68%) 106.5(69%) 107.8(69%)  97.7 (66%)
Trans. Speed (cm/s) 3.8 (52%) 3.6 (51% 3.0 (52%) 2.8 (50%) 4.5 (52%) 4.1 (53%) 3.5 (55%) 3.5 (52%)
# Eddies/day 6.1 (61%) 5.9 (42% 6.5 (49%) 4.3 (57%) 5.3 (57%) 4.9 (40%) 5.9 (41%) 5.5 (51%)
SLA eddy Amp. (cm) 6.7 6.2 7.7 6.2 4.7 4.7 5.1 54

#Accumulated probability below the mean value is shown in parentheses to note the cases in which the probability distribution is
not symmetric. Last row shows the amplitudes of the SLA eddy composites. These SLA composites were obtained by averaging over all
snapshots cut around individual eddies identified in the eddy data set.

scaling is selected to correspond to the SLA composites rather than to the mean eddy amplitudes from
the eddy data set because it is known that the latter are underestimated [Chelton et al., 2011]. The poten-
tial density anomaly field was recomputed, taking into account the scaled salinity and potential tempera-
ture anomalies and the mean background salinity and potential temperature profiles.

2. At each vertical level and grid point, the dynamic height was computed with a reference depth of
1400 m. The associated velocity fields were calculated using the thermal wind relation with the same ref-
erence depth. Finally, the origin of the coordinate system was adjusted to coincide with the maximum
(minimum) in sea surface dynamic height for the anticyclonic (cyclonic) composite, defining the eddy
center.

3. Results

3.1. Mean State

To examine the large-scale water mass distribution in the study region, Figure 2 shows cross sections of the
mean salinity, potential temperature, and potential density across the subtropical gyre. In the subtropical
regime, the highest salinity is observed near the surface as a result of strong evaporation. A subsurface
salinity maximum at around 100 m depth is clearly visible in the equatorward part of the subtropical gyre,
caused by the subduction of high salinity water from the center of the gyre [Talley, 2002; Schmitt and Blair,
2015]. The main thermocline extends from about 100 to 600 m depth and is a bit deeper in the northern
part of the domain. A prominent feature of the thermocline, particularly in the northern part of the domain,
is the presence of a nearly isothermal layer in the depth range 100-300 m, which signifies the North Atlantic
Subtropical Mode Water [Hanawa and Talley, 2001]. The isopycnals deepen from south to north in the
southern part of the domain and from north to south in the northern part (Figure 2b), reflecting the bowl
shape of the pycnocline in the subtropical gyre. In the zonal direction (Figures 2c and 2f), the isopycnals are
tilted from east to west, indicating southward geostrophic flow, consistent with the Sverdrup balance [Sver-
drup, 1947]. These horizontal gradients of potential density are indicative of available potential energy of
the mean flow, which is a likely source of eddy variability in the region [Spall, 2000; Gill et al., 1974].

3.2. Eddy Statistics

Prior to analyzing the vertical structure of mesoscale eddies in the subtropical North Atlantic, it is instructive
to have a closer look at their mean properties at the sea surface as identified in SLA fields [Chelton et al.,
2011]. The mean eddy properties in each defined area (W, N, S, and E in Figure 2a) are summarized in Table
1. Numbers in parentheses indicate the accumulated probability below the mean value and characterize
the asymmetry and effect of “tails” in the statistical distributions, as reported by Chelton et al. [2011]. The
mean eddy amplitudes in the eddy data set range between 2.8 and 4.6 cm, reflecting the low eddy kinetic
energy character of the study area. On average, cyclonic eddies possess slightly larger amplitudes than anti-
cyclonic eddies, except for the eastern part of the domain (box E), where the parameters of cyclonic and
anticyclonic eddies are nearly the same. The most significant differences are found in box N where the
cyclones are about 30% stronger than anticyclones. The average number of cyclones and anticyclones per
day inside a given region, computed as a ratio between the total number of eddies inside that region and
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the total number of days in the observation period (1992-2012), ranges between 4.3 and 6.5, with a slightly
larger number of cyclones in all regions (Table 1).

Eddies in the study domain have typical radii of around 95 km, varying weakly with latitude from about
102 km in the southern part of the domain (box S) to 90 km in the northern part (box N) with no significant
differences with respect to eddy polarity. We also observe that the average eddy lifespan is about 3 months
and average propagation distance is less than 300 km (~3 degrees of longitude). These distances are much
smaller than the dimensions of our boxes (Figure 2a), indicating that in each subregion eddies are generat-
ed mainly locally, presumably by means of baroclinic instability of the mean flow [Gill et al., 1974].

The last row in Table 1 lists the mean eddy amplitudes determined from their SLA composites as extremum
values at the eddy centers (Appendix A). The amplitudes defined in this manner are about 60% larger than
the average eddy amplitudes in the eddy data set. The discrepancy between the two estimates is mainly
due to the choice of a reference level. In the eddy composite analysis the average amplitudes are deter-
mined relative to a reference of zero SLA, while in the eddy data set the eddy amplitudes are determined
relative to some ambient SLA around the eddy periphery [Chelton et al., 2011]. The latter choice may result
in some underestimation of the true eddy amplitudes [Chelton et al., 2011].

3.3. Composite Eddies and Associated Fluxes

3.3.1. Vertical and Horizontal Eddy Composite Structures

The zonal sections across the composite eddies in the four subregions are shown in Figure 3. Except for the
near-surface layer, the structure of the anomalies along the eddy vertical axes corresponds to the mean T-S
profiles (Figure 4) perturbed by uplifted (depressed) isopycnals typically associated with the cyclonic (anti-
cyclonic) eddy.

The thermal structure of the composite cyclones (anticyclones) in the four areas is generally characterized
by a cold (warm) anomaly of about 1°C peaking within the thermocline layer at around 150 m and extend-
ing down to much greater depths. A secondary peak can be found from 400 to 800 m below the surface,
which is consistent with the background stratification showing enhanced vertical gradients of the mean
potential temperature in this layer (Figure 2). Note also that cyclones and anticyclones have very similar
temperature anomaly patterns, consistent with the notion that the anomalies at depth are closely related to
the eddy-induced displacements of the average isopycnal surfaces.

The cyclonic and anticyclonic eddies are also characterized by large salinity anomalies, which, except for
the near-surface layer, correspond closely to the temperature anomaly patterns and appear to be a conse-
quence of the eddy-induced vertical displacements of the average isopycnal surfaces. They also demon-
strate that, despite being relatively weak in SLA (Figure 1), the eddy signal penetrates to at least 1200 m
depth, which is clearly seen in the eddy-induced salinity anomalies at the depth of the Mediterranean Water
(MW). In the cyclones for all four areas, for example, salinity anomaly is positive below 800-1000 m depth
(Figured 3c, 3g, 3k and 30). This level coincides with the depth of a salinity minimum in the mean T-S dia-
gram (Figure 4) followed by a salinity maximum at around 1200 m depth associated with the MW. Due to
the doming of the isopycnal surfaces induced by the average cyclonic eddy, the high salinity waters associ-
ated with the MW are lifted to a shallower layer, creating positive salinity anomaly in the depth range 800-
1000 m (Figures 3¢, 3g, 3j and 30). The same mechanism, acting in the opposite direction, can be used to
explain deep salinity anomalies in the average anticyclonic eddy. Due to the depression of the isopycnal
surfaces in the anticyclonic eddy, the low salinity waters associated with the intermediate layer (800-
1000 m) are pushed deeper, resulting in negative salinity anomaly in the depth range of the MW.

In general, the cyclonic (anticyclonic) eddies are characterized by cold (warm) and fresh (salty) anomalies
whose effects on the density field are partly compensated. However, because the effect of temperature on
density is much larger than that of salinity, the resulting potential density anomalies are large (thin solid
and dashed lines in Figure 3) and correspond closely to the potential temperature anomalies. Yet, the pat-
terns do not coincide, indicating that salinity also plays a role, particularly in the near-surface layer. Consis-
tent with the distributions of the potential density anomaly, the eddy velocities are surface-intensified and
vertically coherent through the water column, decaying with depth. The maximum rotational speeds are
observed at a distance of about 90-100 km from the corresponding eddy centers, consistent with estimates
from the eddy data set (Table 1). The cyclonic and anticyclonic eddies have similar velocity structures with
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Figure 3. Zonal sections across the composite eddies in the four subregions delimited in Figure 2a. Each row corresponds to one region. The first two (third and fourth) columns

show salinity (psu) and potential temperature (°C) anomaly for the anticyclonic (cyclonic) eddy composite. Thick solid (dashed) lines show positive (negative) meridional velocity

(Cl.= 1 cm/s). Thin solid (dashed) lines show positive (negative) potential density anomaly (C.I. = 0.04 kg/m?). Note the vertical tilting of the velocity field in the upper layers, observed
in the inclination of the consecutive minimums of the velocity isolines, for example in panel m.

the exception of the composites in the northern subregion, where the cyclones are slightly stronger than
the anticyclones, in agreement with the eddy statistics computed from the eddy data set (Table 1). More-
over, a remarkable characteristic of the eddy composites in Figure 3 is the vertical phase tilts in the upper

AMORES ET AL. MESOSCALE EDDIES IN THE NORTH ATLANTIC 30



@AGU Journal of Geophysical Research: Oceans 10.1002/2016JC012256

. ~200 m, particularly evident in the
eddy velocity structure (e.g., Figure 3m),
that indicates that horizontal variations
in the eddy structure are dynamically
important.
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The horizontal structure of the eddy-
induced salinity anomaly at different
depths for the cyclonic composite
eddy in the northern subregion is
shown in Figure 5. Although the eddy
structures vary from one area to the
other, only this case will be discussed
in detail here because it is the most
illustrative and similar conclusions can
be applied to the rest of the areas.
At the sea surface, the eddy-induced
salinity anomaly can be characterized
by a dipole structure (see, also, Figure
35 3525 355 3575 36 36.25 365 36.75 37 37.25 6a) where the leading (western) pole

Salinity (PSU) is somewhat larger in magnitude and
closer to the eddy center than the
trailing (eastern) pole. Such a dipole

Potential Temperature (°C)

Figure 4. Potential temperature versus salinity (T-S) diagrams based on the clima-
tological profile data in the four subregions (Figure 2a). The depths of 500, 1000,

and 1500 m are marked by arrows. Contours show potential density structure is consistent with the inter-
(Cl.= 0.5 kg/m3). Properties of the North Atlantic Central Water (NACW) and the pretation of the anomalies as being
Mediterranean Water (MW) are marked by the grey boxes (from Emery and Meincke

caused by horizontal advection of the
background temperature/salinity gra-
dient by the eddy rotational velocities
[Chelton et al.,, 2011; Gaube et al., 2015]. The effect of advection is clearly observed in the surface salinity
anomaly field of the composite cyclone (Figure 5) showing a well pronounced dipole structure with a posi-
tive lobe located in the north-east quadrant and a negative lobe located in the south-east quadrant. The
mean SSS distribution in the study area (Figure 2a), shows that such a dipole pattern appears when the
cyclonic eddy advects saltier waters from south to north on its eastern side and fresher waters from north
to south on its western side. With increasing depth, however, the dipole loses its strength and the negative
anomaly converges toward the center of the eddy (Figure 5b). This occurs because the rotational velocities
of the eddy weaken with depth and because the mean isohalines become flatter (see the mean salinity dis-
tribution near the northernmost vertical line in Figure 2b), so that the advection effects disappear. With the
disappearance of the dipole, the dominant relevant process is elevation of the isopycnals that leads to the
emergence of the monopole structure centered on the eddy core.

[1986]).

The geometric decomposition of the eddy anomaly field into a monopole and dipole structure is visualized
in Figure 6. Figures 6a and 6e show the salinity anomaly for the composite cyclone at 5 and 600 m depth,
respectively. The monopole and dipole structures at both depths are shown in Figures 6b and 6f, and 6d
and 6g, respectively, and were computed by setting to zero the amplitudes of all the basis functions except
for those corresponding to either a monopole or dipole (see supporting information Figure S1). The recon-
structions by a linear combination of the monopole and dipole are shown in Figures 6d and 6h. In the sur-
face layer (Figures 6a-6d), the dipole dominates the horizontal structure of the eddy composite. The
negative anomaly monopole related, presumably, to the elevation of the isopycnals in the eddy core, con-
tributes to the combined structure by making the negative lobe stronger and slightly displacing it toward
the eddy center. At 600 m depth (Figures 6e-6h), the monopole dominates the horizontal structure, while
the dipole has almost disappeared. The reconstructed fields (Figures 6d and 6h) closely follow the original
fields, indicating that the main features of the eddy composites can well be characterized by taking into
account the two dominant physical processes: vertical displacements of the isopycnal surfaces in the eddy
core (monopole) and the horizontal advection of the background gradient by rotational eddy velocities
(dipole).
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Figure 5. Three-dimensional structure of the eddy-induced salinity anomaly (psu) for the cyclonic composite eddy in box N (Figure 2a).
The isosurfaces are —0.1 and *0.05 psu. The horizontal slices in Figure 5a are shown at five different depths: 0, 150, 300, 450, and 600 m.
Contours at the surface (z= 0 m) show dynamic height anomaly relative to 1400 m depth (C.I. = 2 cm; zero contour is omitted). Figure 5b
shows the same field but from the point of view of the arrow in Figure 5a. It allows observing the transition from a dipole-dominated
anomaly structure in the near-surface layer (<150 m) to a monopole-dominated structure at greater depth. Note that left part of the “hori-
zontal axes” refers to the zonal distance and the right part to the meridional distance.

3.3.2. Mean Salt and Heat Fluxes

The dipole structure in the temperature/salinity anomaly composites is related to lateral phase shifts
between pressure and temperature/salinity perturbations in the eddy, providing a mechanism for the eddy
heat/salt flux [Hausmann and Czaja, 2012; Frenger et al., 2015]. Note also the vertical tilts in the composite
eddies (Figure 3), which correspond to a necessary condition for the geostrophic eddies to have net heat/
salt transport [Bennett and White, 1986; Roemmich and Gilson, 2001]. Following Hausmann and Czaja [2012],
the heat and salt transports across the average eddy are estimated as:

Ly
FEon9(2)=C, - po(2) - [ W(x=0,y,2) - 0/ (x=0,,2) dy

Ay
T Lf
Fheair(2)=C, - po(2) - J , V'(x,y=0,2) - 0'(x,y=0,2) dx
—Lr

L
F?g[?al(z)=J L U/(X=O7y7z) 'S,(X:07y72) dy
—Lf

Le

F;’;ft’fdion"’(z):[ ) V/(x,y=0,2) - S'(x,y=0,z) dx
J-Lf

where v’ and v/ are the eddy composite zonal and meridional velocity, respectively, & is the eddy poten-

tial temperature anomaly, S is the eddy salinity anomaly, C, is the specific heat capacity

(4000 J-kg~"-K™"), and py(2) the mean climatological potential density profile over the area where the
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Figure 6. Approximation of salinity anomaly composite of the cyclonic eddy in the northern subregion (box N; Figure 2a) at (a) 5 m depth and (e) 600 m depth as a sum of a monopole
(b and f) and a dipole (c and g). The approximated structures are shown in Figures 6d and 6h, respectively.

eddy composite was computed. The choice of a value for the eddy length scale L is made to ensure that
the mass transport across the eddy is zero; thus it is set to the distance where the surface velocity field
decays to zero (~200 km).

The resulting estimates of the heat and salt transports induced by the composite eddies, cyclonic, and anti-
cyclonic combined, are shown in Figures 7a-7h (thick lines). A common feature in all four areas is that the
eddy-induced transports are the largest above the thermocline (<200 m) and then quickly decay with
depth. This decay of the eddy transport with depth can be attributed to the weaker potential temperature
and salinity gradients on the deeper isopycnal surfaces (Figure 2), the decay in the magnitude of the eddy-
induced salinity/temperature anomalies, the weakening of the eddy velocity field (Figure 3), and the struc-
tural changes in the salinity/temperature anomaly fields associated with a transition from a dipole to a
monopole-dominated structure. The fluxes have also been estimated from the eddy composites recon-
structed with a linear combination of only a monopole and dipole structures (thin lines in Figure 7). The
results were very similar to those computed with the full Fourier series (thick lines), and therefore, the basic
eddy structure and its associated fluxes are mainly determined by a combination of the vertical displace-
ments of isopycnal surfaces in the eddy core (monopole) and the horizontal advection of the background
field due to the eddy rotational velocities (dipole).

The magnitude and direction of the eddy flux appear to be closely related to the magnitude and direction
of the background gradient of the corresponding property, in agreement with a classical downgradient mix-
ing hypothesis. As example, Figure 7i shows the eddy heat fluxes in the top 50 m layer (arrows) on top of
the map of the mean mixed layer temperature. Evidently, the heat fluxes are directed down the mean SST
gradient and the role of eddies in the surface layer is to transport heat poleward. The same arguments are
valid for the eddy salt fluxes (Figure 7j). The fluxes are directed down the mean SSS gradient, in all four box-
es pointing away from the SSS maximum. The role of eddies, therefore, is to flux salt out of the subtropical
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Figure 7. Salt (a, ¢, e and g) and heat (b, d, f and h) fluxes associated with the composite eddies (cyclonic and anticyclonic combined) in the four subregions delimited in Figure 2a. Thick
and thin lines correspond to the eddy composites reconstructed using full series (equation (1)) and only a superimposition of the monopole and dipole, respectively (see text for detail).
Each row corresponds to one region. Shaded areas denote the uncertainty estimates (see Appendix B for details). (i) Eddy heat fluxes in the upper 50 m layer (arrows) shown on top of
the map of the mean mixed layer temperature. (j) Eddy salt fluxes in the upper 50 m layer (arrows) shown on top of the map of the mean mixed layer salinity.

gyre in order to compensate for the increase of salinity due to the excess of evaporation over precipitation
[Gordon and Giulivi, 2014; Tréguier et al., 2014]. To quantify this effect, we use a simple box model of the
near-surface layer in the subtropical gyre, which is a subject of the next section.
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Eddy fluxes

Figure 8. Schematic of a box model used to estimate the role of mesoscale eddies in shaping a quasi-steady distribution of salinity in the
North Atlantic subtropical salinity maximum.

3.4. Application to the Subtropical Salinity Maximum: A Box Model

To estimate the eddy contribution to the quasi-steady state distribution of salinity in the North Atlantic SSS
maximum, we use a box model of the near-surface layer. A schematic illustration is given in Figure 8. The
box is centered on the SSS maximum. The lateral boundaries of the box (47-27°W, 21-29°N) coincide with
the middle sections of the boxes where the eddy composites were computed (Figure 2a). In the vertical, the
box is set to correspond to the mixed layer depth (MLD), and can vary seasonally from ~25 m in summer to
~100 m in winter months. Following the approach by Gordon and Giulivi [2014], we consider the salt (or,
equivalently, freshwater) budget in the box and estimate the relative contribution of the eddy transport as
a fraction of the surface flux (E-P). This allows us to avoid closing the salt budget for which our box model is
too simplistic. In particular, we are not taking into account vertical processes at the base of the mixed layer,
and we assume that the eddy contribution to balancing the E-P flux is confined to the mixed layer. It is
worth mentioning, however, that the horizontal eddy fluxes in the layers below the mixed layer (down to
150 m or deeper (Figure 7), as pointed out by one of the anonymous reviewers) may contribute to the
mixed layer salt budget too, by working to reduce the maximum salinity gradients in the subsurface layers,
which would also affect the surface layer salinity through vertical entrainment and mixing.

The “virtual salt flux” due to E-P [Gill, 1982; Farrar et al., 2015], Fg—p, was computed as:

1 0
FE_p:ﬁJ (E(x,y)—P(x,y)) U S(x,y,2) dz} dA (3)
s —H
where E is evaporation, P is precipitation, H is MLD, A; is the surface area of the box, and S is the climatolog-
ical salinity inside the box. The eddy salt flux divergence in the box, Feqqy, is estimated as the sum of the
fluxes through the four lateral boundaries of the box:

4 [

Feddyzz J S’U,h . dAh,- (4)
i=1 JAi

where ' is the eddy salinity field, u'h is the horizontal eddy velocity, A; is the area of each one of the lateral

boundaries of the box, and the overbar denotes the time mean.

The eddy composites reconstructed in the four areas (section 3.3) were used to estimate the eddy fluxes
through the box’s lateral boundaries. Two approaches were used to provide a lower and upper bound esti-
mates. The first approach utilizes the 3-D eddy composites and combines them with the statistics of eddy
locations, polarities, amplitudes, etc., derived from the eddy data set of Chelton et al. [2011]. The eddy salt
fluxes in equation (4) were reconstructed as follows:

1. Each individual eddy identified in the eddy data set in a given area (N, S, E, or W) and at a given time
(date) was associated with its 3-D composite, according to the eddy polarity and amplitude. The scale
factor for each eddy was defined as n:(Aeddy/Aed‘comp‘)z, where Agyq, Was the eddy amplitude in the
eddy data set and Acg.comp. Was the amplitude of the composite eddy defined as the dynamic height at
the eddy center.
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Figure 9. (a) Seasonal variability of the salt flux divergence in the subtropical box (Figure 8). Black lines (left axis) show the eddy salt flux divergence computed using real eddy trajecto-
ries from the eddy database by Chelton et al. [2011] (dashed) and the densely packed eddies assumption (solid). The two provide lower and upper bound estimates, respectively (see
text for detail). The blue line (right axis) shows the virtual salt flux due to E-P. (b) Percentage of the E-P salt flux compensated by the eddy salt flux divergence. The dashed (solid) line cor-
responds to the lower (upper) bound estimate of the eddy salt flux. The mean over the year values are 11% and 21%, respectively.

2. The product of the velocity anomaly and salinity anomaly, S’u;,, was determined for each individual eddy
and positioned according to the eddy location (at a given time) in the eddy data set.

3. All the “one-eddy” fields from the previous step were added together to obtain a 3-D eddy salinity flux field
for each available day. All the days from the same month were averaged to obtain monthly climatology.
The flux fields through the lateral boundaries of the box (Figure 8) were then obtained from the associated
3-D distributions. To increase the statistical accuracy of the estimates, the flux fields were averaged across
each section over a ~200 km thick lateral layer (approximately the diameter of the average eddy).

4. Finally, the integrated fluxes across the boundaries of the box in equation (4) were estimated for each cli-
matological month given the corresponding MLD.

The above approach is thought to provide a lower bound estimate of the eddy fluxes because the weekly
data set retains only long-lived eddies (lifetimes >4 weeks) with amplitudes larger than 1 cm, it allows mul-
tiple SLA extremes inside one eddy, and may also underestimate the eddy amplitudes [Chelton et al., 2011].

In the second approach, the ocean is assumed to be populated with densely packed eddies. Any given zon-
al or meridional section can thus be viewed as a chain of eddies with alternating polarity. All eddies in this
sequence are assumed to be geometrically and dynamically similar. The average effect of eddies can then
be represented by a single “typical” eddy [Thompson and Young, 2006] and the eddy flux through the sec-
tion is given simply by the associated per eddy flux as a function of depth (Figure 7) multiplied by the num-
ber of eddies that can fit into the section length. For this task, the eddy width was set at 400 km (twice the
radial distance at which the eddy rotational speed decays to zero (Figure 3)) and the fluxes through the box
in equation (4) were estimated for each climatological month, taking into account the seasonal cycle in
MLD. This approach is thought to give an upper bound estimate as it may significantly overestimate the
number of eddies present at a given time in the region.

It is worth mentioning that estimates made with the first approach take into account monthly climatological
changes in the eddy amplitudes, number of eddies, and MLD, while the second approach only incorporates
seasonal variations in MLD.

The salt flux due to E-P (equation (3)) and the one due to eddies (equation (4)), computed with both
approaches detailed above, are shown in Figure 9a. As expected, the eddy salt flux divergence estimated
from the densely packed eddies assumption (solid black line) is always larger than that estimated from the
eddy trajectories in the eddy data set (dashed black line). Despite the difference in the magnitude, both
estimates present a minimum in summer and a maximum in winter, which reflect the seasonal cycle in the
MLD (minimum around 25 m in June and maximum around 100 m in February). If the effect of the MLD sea-
sonality is removed, e.g., by fixing the MLD to a constant value of 50 m, the eddy salt flux divergence com-
puted from the eddy trajectories reverses its behavior (not shown), with a maximum in summer (0.16
Sv - PSU) and a minimum in winter (0.10 Sv - PSU). These changes are a consequence of the seasonality in
the number and intensity of eddies, both having a maximum in summer and a minimum in winter.
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The MLD seasonality, with a reversed effect, is also reflected in the seasonal behavior of the surface flux due
to E-P (blue solid curve in Figure 9a). The maximum (minimum) Fz_p (equation (3)) is observed in summer
(winter) when the ML is the shallowest (deepest) and thus a smaller (larger) volume of water is subject to
salinification due to excessive evaporation.

The relative contribution of the eddies to compensate for excessive evaporation in the North Atlantic sub-
tropical salinity maximum is shown in Figure 9b. The figure shows that summer is the season when the
eddy contribution is the smallest, with the lower and upper bound estimates being around 1% and 4%,
respectively. This minimum can largely be explained by the minimum in the MLD in the summer months.
The maximum contribution of the eddies coincides with the moment of the deepest MLD, in February, with
the values between 8% (lower bound estimate) and 45% (upper bound estimate). The yearly averages are
4% and 22%, respectively. These would increase to 6% and 29%, respectively, if the effect of the varying vol-
ume of the subtropical box was taken out by using the annual mean MLD of 50 m.

4. Summary and Discussion

Salinity and temperature profile data from the Argo float array have been combined with the eddy database
by Chelton et al. [2011] to reconstruct 3-D eddy composites in the interior of the North Atlantic subtropical
gyre on the four flanks of the SSS maximum. The composites were used to study eddy vertical and horizon-
tal structures, their transient salt and heat fluxes, and to estimate the relative contribution of the eddy trans-
port to compensate for the local excess of evaporation over precipitation, characteristic of the study area.

Signals in velocity, potential temperature, and salinity anomaly of the eddy composites in the four areas
studied here extended below 1000 m depth, suggesting that the influence of eddies may be important,
despite their relatively low signal in SLA maps (~5 cm; Figure 1). In particular, the signature of the Mediter-
ranean Water was clearly observed in the eddy-induced salinity anomaly at around 1000 m depth.

The horizontal structure of the average eddy can be explained by a linear combination of a monopole and
dipole structure. The monopole would be related to the depression (elevation) of the isopycnal surfaces typ-
ically associated with the anticyclonic (cyclonic) eddy; the dipole would reflect the effect of horizontal
advection of the background temperature/salinity gradient by the rotational velocity of the eddy [Chelton
et al, 2011; Gaube et al., 2015]. In the upper ~200 m layer, above the thermocline, the effect of horizontal
advection dominates, while below the thermocline (depth > 300 m), vertical displacements of mean isopyc-
nal surfaces are mostly responsible for the anomaly patterns.

The dipole structure in the eddy composites is related to the lateral phase alignment between the tempera-
ture/salinity and velocity anomaly fields, providing a mechanism for the eddy heat/salt flux [Hausmann and
Czaja, 2012; Souza et al., 2011]. Consistent with a rapid decay of the eddy-induced temperature/salinity
anomalies and velocity perturbations with depth, the eddy fluxes in the study area are surface-intensified
and confined mainly to the upper 200 m layer (Figure 7). The magnitude and direction of the eddy heat
and salt fluxes appear to be closely related to the horizontal gradients of the corresponding property, con-
sistent with a downgradient mixing hypothesis. Eddy heat fluxes are mainly poleward, while eddy salt fluxes
transport salt out of the SSS maximum area, partly compensating for the salinity increase due to the exces-
sive evaporation over the area [Gordon and Giulivi, 2014]. It is important to emphasize that these eddy fluxes
are due to internal eddy structure, resulting in nonzero correlations between temperature/salinity and
velocity perturbations over the eddy “wavelength” [Roemmich and Gilson, 2001; Qiu and Chen, 2005; Souza
et al, 2011], and not a consequence of “trapped water” carried by eddies along their trajectories [Flierl,
1981; Early et al, 2011]. Because most eddies in the study area propagate only short distances (~350 km;
Table 1), comparable to their own size, and the background gradients of water properties are smooth (no
narrow fronts which eddies would cross), the effect of nonlocal transport due to trapped water is expected
to be insignificant and may not need additional consideration [Frenger et al., 2015]. There is a possibility
that few eddies formed in the coastal region with quite different water properties and dynamics (e.g.,
“mode” anticyclones identified by Schitte et al. [2016]) would live long enough to propagate far into the
eastern subdomain (box E), but their number and thus relative contribution is expected to be small.

A simple box model of the surface mixed layer was used to estimate the role of eddies in maintaining a
steady state distribution of salinity in the subtropical North Atlantic. The eddy salt flux divergence (equation
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(4)) in the SSS maximum area was computed with two different approaches, concluding that eddies can
compensate between 4% and 21% of the annual excess of evaporation over precipitation (between 6 and
29% if the variability of the MLD is not taken into account). Our estimates contrast with the values given by
Gordon and Giulivi [2014]. They concluded that mesoscale eddies can supply up to 75% (depending on the
MLD used) of the necessary freshwater convergence to compensate for the excess of evaporation over pre-
Cipitation in the SSS maximum area. They used data recovered from a hydrographic section crossing the
salinity maximum and outputs of a model (SODA reanalysis) for their estimations. One of the reasons for
this discrepancy could be in the different definition of the eddy field. While we considered only coherent
features detected in SLA fields, Gordon and Giulivi [2014] defined eddy salinity and temperature anomalies
as deviations from the section mean, which could overestimate the intensity of the anomalies since it could
include multiscale ocean turbulence and other processes that can generate additional fluxes. In our study,
we use a more narrow definition of the eddy field and consider only large, long-lived mesoscale eddies
observed by the satellites. However, there is a large and growing body of evidence suggesting that the hori-
zontal eddy heat and salt fluxes in the ocean are primarily due to large mesoscale eddies. This would be
consistent with theoretical arguments [Larichev and Held, 1995; Thompson and Young, 2007] and also sup-
ported by observations and modelling studies. For example, numerical experiment by Capet et al. [2008]
demonstrate that unlike vertical eddy fluxes, the horizontal eddy fluxes are dominated by contributions
from large mesoscale eddies and change only modestly under increasing resolution. Abernathey and Wor-
tham [2015] investigated spectral characteristics of the eddy heat fluxes near the ocean surface from

SLA eddy composite ’ Azimuthally averaged SLA
400 t g 6 N
o 200} 3 = |
- q == o 3}
g o @ || i
T {1112 2 4l
& 2 & £ 41
T -200 ¢ . 3 <
= I N P 0 \//_
5
-400 ¢ 1 W LT 1
L T 7 L. : : :
-400 -200 0 200 400 0 100 200 300 400 500
Zonal distance (km) Radial distance (km)
Dynamic Height, DH 7Azimuthally averaged SLA and DH
7
400 ¢ g 6 B
o 2001 3 = I
2 |11z §+4
8 1< ; 3t
[0}
2 ROA (| é
© { & | -1 é‘ = 27
5 ) 1 2% £ 4|
S -200 _—— e <
s '4 °
5
-400 ¢ 1 5 17
c g
_— 57 2
-400 -200 0 200 400 0 100 200 300 400 500
Zonal distance (km) Radial distance (km)

Figure 10. (a) Average composite map of SLA for anticyclonic eddies identified in the northern subregion (box N in Figure 2a)). (b) Com-

posite profile of eddy SLA (black) as a function of radius. Blue dot shows the second zero crossing, marking the maximum radius used for
computing the eddy composites (section 3.3). (c) Resulting dynamic height from the eddy composite salinity and temperature anomalies.
(d) Comparison between the SLA radial profile (black) and the dynamic height profile (red).
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concurrent satellite SLA and SST data and found that the dominant length scales for the heat fluxes were
very close to the scales of the mesoscale eddies identified by Chelton et al. [2011]. These arguments make
our analysis of eddy composites very relevant. Our estimates of the eddy salt fluxes from observations of
mesoscale eddies are also in line with the modelling study by Tréguier et al. [2012]. They estimated that the
eddy salt transport divergence across the subtropical gyre is significant and can account for as much as
30% of the evaporation-precipitation balance over the area. These estimates are also consistent with a
recent modelling study by Busecke et al. [2016], who conclude that mesoscale eddies play a significant role
in the mean surface freshwater balance in the subtropical North Atlantic providing about 20% contribution.
The remaining effect of the E-P flux on the ML salinity, not explained by the eddy salt divergence, must be
compensated, in a steady balance, by other ocean processes. Among them, the most important process is
the seasonal Ekman advection followed by vertical mixing and entrainment [Yu, 2011].

Appendix A: Sea Level Anomaly Composite Analysis and Determination of the
Reconstruction Domain

For the eddy composite analysis, weekly fields of SLA were sampled in 500 km by 500 km boxes centered
on each eddy identified in the eddy data set [Chelton et al., 2011]. The composite averaging was then per-
formed over all boxes. For each subregion identified in Figure 2a, the eddy composites included only eddies
located inside the areas’ geographic bounds. An example for the northern subregion, anticyclonic eddy, is
presented in Figure 10a. As expected [Chelton et al., 2011], the composite eddy has a bell-like shape across
the eddy interior with little or no sign of anisotropy. The amplitude of the composite eddy in SLA is deter-
mined as the extremum at the eddy center (6.2 cm in this particular case). The average eddy profile (black
curve in Figure 10b) is used to determine the outer boundary of the reconstruction domain, L, selected as
the second zero crossing (blue dot Figure 10b). The dynamic height anomaly of the composite eddy (Fig-
ures 10c and 10d) reconstructed with the procedure detailed in section 3.3 is in good agreement with the
SLA eddy composite obtained from the satellite images (Figures 10a and 10b).

Appendix B: Robustness Estimation

The sources of errors in the eddy composite analysis are diverse. These include, but are not limited to,
potential errors in the automated eddy detection and identification [Chelton et al., 2011], uncertainties in
the positioning of Argo profiles, instrument errors in temperature/salinity measurements along the profiles,
contamination from internal waves, and other fine-scale processes, among others. Characterization and
quantification of all these errors is a difficult task and beyond the scope of the present study. However, the
robustness of the eddy composites and the associated flux estimates (Figure 7) were evaluated in the fol-
lowing manner. For each eddy composite, 150 subsets of the Argo profile data (section 2.3) were generated
by discarding 50% of profiles, chosen randomly. For each subset of the data, the eddy composite and the
associated fluxes were computed following the procedures outlined in sections 2.3 and 3.3.2. A standard
deviation from the average over all such experiments was used to compute confidence intervals in Figure 7.
The shaded area around each curve in Figure 7 corresponds to one standard deviation computed from
those 150 realizations. As seen in Figure 7, the standard deviation intervals are relatively small, indicating
that our eddy flux estimates are robust with respect to errors and uncertainties in the data.
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