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Abstract For a quasi steady state condition, the water vapor flux from the ocean to atmosphere typical
of the salty subtropics must be compensated by ocean processes that transfer freshwater into the evapora-
tive regime. Observations of the North Atlantic subtropical sea surface salinity maximum region frequently
reveal the presence of eddies with distinct salinity/temperature signatures of up to 0.2 psu/1�C, with hori-
zontal scales of up to 200 km. Using the surface layer salinity and meridional velocity from the Simple Ocean
Data Assimilation (SODA) reanalysis data, we find that the eddy flux can accomplish 50% to 75% of the
required freshwater convergence into the subtropical regime, the rest being delivered by Ekman transport
convergence, and therefore represents a significant component of the marine hydrological cycle. Interan-
nual fluctuations of the eddy freshwater flux are reflected in sea surface salinity variability.

1. Introduction

The more often and better we observe the ocean, with improved instrumentation and models, the less it looks
like the familiar ‘‘climate’’ field of overly smoothed fields of sea surface temperature and salinity (SST, SSS), and
more of a highly textured pattern of O(100 km) and finer horizontal scales (Figure 1a). This is particularly true
of the saline subtropical regimes, where sea surface height anomalies revealed by satellite altimeter [Chelton
et al., 2011] reflect the ocean eddy field, which may be considered as the ‘‘weather of the ocean.’’

The North Atlantic subtropics (Figure 1) exhibit sea surface salinity (SSS) of greater than 37.0 practical salinity
units (psu), with a SSS-max residing near the 24�–25�N, making it the saltiest of the oceanic subtropical regimes.
The mean geostrophic surface flow is directed toward the south, marking the eastern limb of the subtropical
gyre. The trade wind induced Ekman transport south of the SSS-max is directed toward the north, forming the
upper limb of the ocean shallow meridional circulation cell [Worthington, 1976; Talley, 2008]. North of the SSS-
max to 40�N the Ekman transport is weak. The resultant Ekman convergence of relatively low salinity surface
water into the SSS-max regime is the traditional explanation for the ocean process that compensates the net
water vapor loss to the atmosphere, by excess evaporation (E) over precipitation (P) (Figure 2).

While the gradient of the meridional Ekman transport with latitude across the North Atlantic subtropical region
is nearly linear, the meridional gradient of the sea surface density is greater to the south of the SSS-max, in the
10�–25�N band (Figure 3), as the more buoyant, warm, low SSS tropical water, ‘‘presses’’ into the cooler, saltier
subtropical region of reduced northward Ekman transport. The meridional gradient of density (dq/dy) projects
below the Ekman layer by the induced downward vertical velocity at the base of this layer (Ekman pumping).
The large dq/dy of the surface layer coincides with the maximum of eddy kinetic energy as revealed by satellite
altimeter [Fratantoni, 2001] and simulated in models, reaching a seasonal maximum in late spring (Busecke
et al., 2014, Mesoscale turbulence within the subtropical North Atlantic surface layer, submitted to Journal of
Geographical Research: Oceans), which may be an important pathway of providing low SSS into the evaporative
subtropics via eddy processes, as discussed below. The relatively strong meridional gradient of sea surface den-
sity in the interval 15�–20�N generated by the Ekman transport, may induce baroclinic instability and eddy gen-
eration [Gill et al., 1974; Gill, 1982]. Cessi [2007] noted that Ekman pumping can introduce available potential
energy on which eddies can grow. In this way, the Ekman transport and eddy field are not independent.

The focus of this study is to evaluate the premise that Reynolds fluxes (u’S’), associated with ocean eddies is
a significant factor in compensating for the North Atlantic subtropical sea to air water vapor flux, and is an
essential part of the marine hydrological cycle. Using Simple Ocean Data Assimilation reanalysis data
[SODA; Carton and Giese, 2008], we focus on the >100 km eddy field. The complex patterns of smaller sub-
mesoscale features and their role in freshwater fluxes, investigated as part of the Salinity Processes in the
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Figure 1. North Atlantic subtropical sea surface salinity. (a) Sea surface salinity (SSS) for January-November 2012 (every other month) from Aquarius Version 2.0 Level-3 monthly binned
data (http://podaac.jpl.nasa.gov). (b) Climatological annual mean SSS (upper 20 m average), computed from the 1� 3 1� World Ocean Atlas [WOA09; Antonov et al., 2010]. The Ekman
transport vectors in Sverdrups (1 Sv 5 106 m3/s) were calculated within a 2.5� 3 2.5� cell using long-term mean wind stresses based on ECMWF (European Center for Medium Range
Weather Forecasting) 40 year reanalysis (ERA-40) monthly reanalysis data [Uppala et al., 2005]. Contours of mean ocean dynamic topography (MDOT) calculated from analyzed data from
near-surface drifters, satellite altimetry, NCEP wind, and the GRACE geoid model for the decade 1992–2002 [Maximenko et al., 2009; http://apdrc.soest.hawaii.edu/projects/DOT/]. The
box indicates the subtropical region (20�–30�N; 50�–25�W) considered in this study. All SSS data are displayed in practical salinity units (psu).
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Upper Ocean Regional Study (SPURS)
in the North Atlantic, are discussed by
Busecke et al. (submitted manuscript,
2014).

2. North Atlantic Subtropical
Sea Surface Salinity

Monthly SSS fields from Aquarius sat-
ellite data [Lagerloef et al., 2008, 2012;
Figure 1a] for 2012 reveal a seasonal
monthly shift in the position and
amplitude of the SSS-max pattern,
reaching the maximum areal extent
in the January-March period with a
northward displacement and contrac-

tion from July to December (also see Bingham et al., 2014, The North Atlantic sea surface salinity maximum
as observed by Aquarius, submitted to Journal of Geophysical Research: Oceans). The long-term mean
monthly values derived from the in situ ocean surface observations from Ships Of Opportunity Program
[SOOP; Delcroix et al., 2005; Reverdin et al., 2007; Figure 4] are consistent with the 2012 Aquarius SSS-max
shifts. The SOOP-derived data show that the SSS-max, within the latitude range of 20�–30�N and longitude
range of 50�W–25�W (the black box shown in Figure 1 referred to as the ‘‘subtropical box’’) shifts northward
by over 1� of latitude and increases in salinity by 0.2 psu from April to September. The seasonal range of
SSS is markedly higher to the north of the SSS-max.

The seasonal progression of the average SSS within the subtropical box (Figure 4d) has the SSS minimum in
March with a maximum in October. While E-P is always positive, it is greater in winter, with a secondary July
peak, and minimum in September-October, the SSS cycle is out-of-phase, with a maximum in October, and
a minimum in April. If the SSS were solely a function of E-P, the SSS would increase continuously, but at a
lesser rate in the summer/fall transition. Lower winter/spring SSS is presumed a consequence of greater
freshwater flux during winter, perhaps a result of fall and winter deepening mixed layer [Kara et al., 2003; de
Boyer Montegut et al., 2004], entraining lower salinity thermocline water and/or due to seasonality of the
horizontal eddy freshwater flux.

3. Data and Methods

To assess the hypothesis that flux of freshwater by eddies plays a significant role in providing for a quasi
steady state condition, we first use the salinity and meridional velocity data from a synoptic zonal section

across the North Atlantic subtropical
box obtained by the RAPID program
(http://www.rapid.ac.uk/rapidmoc/)
(Figures 5a–5c), specifically the Con-
ductivity-Temperature-Depth (CTD)
profiles and observations of currents
in the upper 500 m collected by the
RRS Discovery Cruise D279 section
along 24.5�N during April-May 2004
[Cunningham, 2005]. The RAPID D279
section provides an estimate of the
eddy fluxes across a latitude within
the subtropical box at a specific time.

To achieve a broader temporal and
spatial view of the eddy flux at scales
>100 km, we use salinity and meridi-
onal velocity data from SODA

Figure 2. Schematic of the meridional freshwater balance within the ocean sub-
tropical regime. Net evaporation associated with the poleward edge of the atmos-
pheric Hadley Cell is compensated by convergence of freshwater by ocean
processes. These include Ekman convergence and eddy fluxes, in addition to the
large-scale ocean advection from the north as part of the subtropical gyre. Subtrop-
ical surface layer is removed by sinking and spreading toward the tropics as part of
the shallow meridional overturning circulation.
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Figure 3. Ekman dynamics. Average meridional Ekman transport (Sv) across 1� of lon-
gitude within the North Atlantic subtropical region (50�–25�W) computed from the
meridional components of the Ekman transports shown in Figure 1b using ERA-40
(squares) and SODA (dash) wind stress values. The gray line shows the sea surface
density, from surface salinity and temperature values from the annual WOA09 data
[Antonov et al., 2010; Locarnini et al., 2010], zonally averaged over the same
longitudes.
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extending the analysis to other months, and eventually to other years and to other latitudes of the subtropi-
cal box. We use SODA reanalysis data version 2.2.4 for the period 1970–2010 (monthly data are available
from http://soda.tamu.edu/assim/). The ocean model is based on Parallel Ocean Program (POP) physics with
a horizontal resolution of 0.4� longitude 3 0.25� latitude and with 40 levels on the vertical, with 10 m spac-
ing near the surface. Output variables are monthly averaged and mapped onto a uniform global 0.5� 3 0.5�

3 40 levels grid, which at 25�N is 55 km in the north-south direction and 50 km in the east-west direction
[Carton et al., 2005; Carton and Giese, 2008; Giese and Ray, 2011]. Observations assimilated into SODA
include all available hydrographic profile data, as well as ocean station data, moored time series, surface
temperature, and salinity observations of various types from the World Ocean Database 2009 [Boyer et al.,
2009]; surface temperature data are from ICOADS 2.5 [Woodruff et al., 2011] and surface boundary condi-
tions for momentum and heat and salt fluxes are derived from the 20CRv2 reanalysis [Compo et al., 2011].

Mesoscale features shift westward across the North Atlantic subtropical box at a rate of �4 km/day [Fu and
Chelton, 2001; Chelton et al., 2011]. The RAPID section takes 11 days to span the 25�–50�W interval and so
captures the eddies. The monthly SODA reanalysis ‘‘data’’ provide a gridded smoothed product, relative to
synoptic sections, and therefore would underestimate the eddy flux. Additionally, the SODA resolution will
represent the eddy field >100 km, the lower frequency end of the mesoscale activity. The results of the
SPURS field program, and higher resolution models, capture the higher frequency behavior (Busecke et al.,
submitted manuscript, 2014).

To evaluate the SODA representation of the eddy freshwater (FW) flux across the latitudes of the subtropical
box, we first compare the SODA eddy flux to the FW flux derived from the RAPID section across 24.5�N (Fig-
ure 5). We then use the SODA data to calculate eddy FW flux within the other latitudes of the subtropical
box to determine the freshwater convergence, and compare to E-P data estimates, for all months of 2004.
We also examine interannual changes of the FW flux extending the same analysis for the SODA time span
of 1970–2010.

The meridional eddy freshwater flux in m3/s is calculated as follows: the product of the salinity anomaly and
the meridional velocity anomaly at 5 m depth across the longitude range of the subtropical box (Figure 1) is
determined. The anomaly values are the value at specific longitude, or grid point, relative to the section
mean salinity and meridional velocity. We assume that the 5 m (for a meter thick layer) FW flux represents
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but shown as a function of longitude and color coded by months. (c) Distribution of the validated SSS [Delcroix et al., 2005; http://www.legos.obs-mip.fr/observations/sss] for the period
1950–2003, color-coded by salinity. The SSS is distributed along the trans-oceanic SOOP tracks. (d) Monthly salinity (upper 20 m; blue) from the WOA09 [Antonov et al., 2010] and evapo-
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the FW flux within the mixed layer. Summarizing at each latitude, from 20�N to 30�N we estimate the fluxes
as:

X
s0i v
0
i

where, the salinity anomalies are defined as s0512si /s; i represents each longitude from 25�W to 50�W; s is
the mean SSS along that section and si is the salinity at a specific longitude; in the same way, the meridional
velocity anomalies v0 are defined as v05vi2v. Both salinities and velocities were taken from the first level of
SODA data (5 m) and represent the upper 10 m.

The September/October 2012 SPURS cruise data collected in the North Atlantic subtropical box show a
mean mixed layer of 50 m, whereas the mixed layer in March/April 2013 was 100 m (R. Schmitt, personal
communication, 2013). This is consistent with the mixed layer seasonal behavior reported by de Boyer Mon-
tegut et al. [2004], who estimate the monthly mixed layer depth within the North Atlantic subtropical
regime as varying from a winter value of approximately 100 m, decreasing to typical spring/summer values
of 50 m, returning to 100 m during the autumn months. These mixed layer values are also in agreement
with those derived from Argo profilers and reported at the Japan Agency for Marine-Earth Science and
Technology (JAMSTEC) database (http://www.jamstec.go.jp/ARGO/argo_web/prod/mila_monthly_e.html)
and with values from the Argo gridded products at the Asia Pacific Research Center (APDRC; http://apdrc.
soest.hawaii.edu/projects/Argo/). Busecke et al. (submitted manuscript, 2014) note that freshwater anoma-
lies to the south of the SSS-max extend down to 50–80 m. Here, we use 50 meters, the seasonal minimum
of the mixed layer, one that encompassed the low salinity surface layer features observed by SPURS, to esti-
mate the freshwater flux; we then consider the effect of the deeper winter mixed layer.

It is not the freshwater flux across specific latitudes, but rather the meridional eddy freshwater flux conver-
gence (negative divergence), which compensates for net E-P water vapor flux. Rather than differencing the

0

100

200

300

400

500

P
re

ss
ur

e 
(d

ba
r)

36
36

36.2

36.2

36.4
36.4

36.6

36.6
36.8

36.837
3737.2

37.2 37.2

37.4

37.4

S
S

S
 (

U
nd

er
w

ay
)

P
re

ss
ur

e 
(d

ba
r)

37.0

37.2

37.4

37.6
05001000150020002500

0

100

200

300
05001000150020002500

Distance (km) 

-0.2 -0
.2

-0.2

-0
.1

-0
.1-0

.1-0.1

-0.1

-0
.1

-0.1

-0
.1

-0
.1

-0
.1

-0.1-0.1

-0.1

-0.1

-0.1

-0.1

00

0
0

0
0

00

0

0

0

0

0

0

0

0

0

00

00

0

0

0

0.1

0.1

0.1

0.1

0.1

0.1

0.1

0.1

0.1

0.1

0.
1

0.2 0.2

0.
2

50 48 46 44 42 40 38 36 34 32 30 28 26

 

Distance (km) 

0

100

200

300

400

500

P
re

ss
ur

e 
(d

ba
r)

36

36

36.2

36.2

36.4
36.4

36.6

36.6

36.8

36.8

37

37

37.2

37.2

37
.4

37.4

37.0

37.2

37.4

37.6

S
al

in
ity

 (
5m

) 50 45 40 35 30 25

 

0

100

200

300

P
re

ss
ur

e 
(d

ba
r)

50 48 46 44 42 40 38 36 34 32 30 28 26

Longitude

-0.1

-0 .1

-0.1

-0.05

-0.05

-0.05

-0
.0

50 0 0

0

0

0

0

0

0

0

0

0

0
0

0.
05

0.
05

0.
05

Longitude °W

Longitude °W

RSS Discovery, 
24 April - 5 May 2004

Meridional Velocity

Salinity

SODA V2.2.4
April, 2004

Meridional Velocity

Salinity

a

b

c

d

e

f

°W

Figure 5. Salinity and meridional velocity sections along � 24.5�N. The sections are displayed against pressure (dbar) in the vertical and distance (km) and longitude (�W) in the horizon-
tal. Left plots from data collected by the RRS Discovery RAPID Cruise D279 from 24 April to 5 May 2004 [Cunningham, 2005]; right plots are constructed from April 2004 SODA ocean rean-
alysis Version 2.2.4 data. (a) RAPID Cruise D279 SSS data from the TSG system (gray line); the symbols (black) represent an average of the upper 10 m salinity data from the vertical
conductivity-temperature-depth (CTD) profiles. (b) RAPID Cruise D279 vertical salinity section from CTD data. (c) Meridional velocity measured by the underway hull mounted acoustic
Doppler current profiler (ADCP) system. Blue are southward-directed currents; red are northward-directed currents. (d-f) As the left plots, but for the April 2004 monthly SODA data.

Journal of Geophysical Research: Oceans 10.1002/2013JC009596

GORDON AND GIULIVI VC 2014. American Geophysical Union. All Rights Reserved. 5

http://www.jamstec.go.jp/ARGO/argo_web/prod/mila_monthly_e.html
http://apdrc.soest.hawaii.edu/projects/Argo/
http://apdrc.soest.hawaii.edu/projects/Argo/


meridional FW flux across 20� and 30�N, the latitude limits of the subtropical box (Figure 1b), the FW con-
vergence is determined from the slope of a linear fit to the eddy freshwater fluxes at each latitude of the
subtropical box, dFW/dy, to provide a more robust estimate. The FW flux across 25�W and 50�W longitude
boundaries are relatively small. The net accumulation of freshwater within the subtropical box is given in
meter per second.

4. Results

Inspection of the RAPID salinity and meridional velocity sections (Figures 5a and 5b) and temperature
sections (not shown), as well as of Aquarius SSS maps and ship-based ThermoSalinoGraph (TSG) data
reveal a pronounced mesoscale field with coherent surface and subsurface temperature and salinity sig-
nals. The TSG data collected during the April 2004 transect display sharp salinity fronts with significant
correlation (> 0.85) with the upper 20 m salinity derived from CTD data (Figure 5a). The hydrographic
sections show distinct alternating low-high salinity banding associated with meridional reversal velocities
(Figure 5b) of horizontal scales O(100) km. Vertical profiles (not shown) show a uniform surface layer
that extends down to �50 m, in agreement with climatology. The SODA section (Figures 5d–5f) reprodu-
ces these features, albeit with a smoother velocity field (Figure 5f), capturing, as discussed above, the
lower frequency end of the eddy pattern.

The Reynolds freshwater flux across the RAPID section taken from 24 April to 5 May at 24.5�N between
25�W and 50�W and for a 50 m thick mixed layer is 1310 m3/s. The SODA reanalysis data for April 2004
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yield a freshwater flux across 24�–
25�N of 1100 m3/s (Figure 6a),
about 1/3 of that determined from
the RAPID data. The reduced flux is
likely due to the averaging of the
SODA data across larger spatial and
temporal domain.

Applying the same methods to the
April 2004 SODA data and to the
rest of the latitudes of the subtropi-
cal box, we can determine the slope
of the linear fit to the derived fresh-
water fluxes versus latitude. This
value yields a convergence of fresh-
water of 0.15 m/yr, annualized from
the April 2004 value, representing
the freshwater accumulation spread
uniformly over the subtropical box.
This is repeated for each month
(Figure 6b) to derive the 2004
annual values of freshwater conver-
gence (Figure 6c).

We find that the freshwater convergence varies from a low of 0.15 m/yr in April and May 2004 to a maximum
in January, February, and November 2004, of greater than 0.70 m/yr. The yearly average is 0.5 m/yr. This would
compensate approximately 50% of the annual E-P of 1.1 m/yr estimated for the same region [Schanze et al.,
2010]. As the SODA data are expected to underestimate the freshwater flux by the mesoscale, the FW eddy
flux is expected to be larger. Eddy flux of freshwater into the evaporative subtropical North Atlantic represents
a significant source of freshwater as required for the maintenance of a steady state SSS-max.

We used a constant 50 m surface layer slab, as it is the minimum value for the seasonal mixed layer, and
includes the layer with the largest low salinity features (Busecke, et al., submitted manuscript, 2014). Using
an annual average mixed layer with a range of approximately 100 m for the winter months to decreasing
values of 50 m for the spring/summer months [de Boyer Montegut et al., 2004], would increase the annual
FW convergence to �75% of the annual net E-P loss of freshwater.

For comparison, we use the SODA data to estimate the effective E-P to balance the net Ekman convergence.
The Ekman transport across 1 meter wide strip at 20�N is 1.450 m3/s; across 30�N it is 0.170 m3/s. The SODA
salinity at 5 m for each latitude is, 37.1 and 36.8, respectively. The SODA subsurface S-max emanating from
the SPURS area is 37.45, in agreement with the Argo climatology shown by Busecke et al. (submitted manu-
script, their Figure 4, 2014). A simple calculation finds an E-P of 0.30 m/yr is needed to balance the Ekman
transport convergence. This value with the eddy FW convergence sum to around 1 m/yr (using seasonally
variable mixed layer thickness) which is close to the estimated annual E-P of 1.1 m/yr, with the eddy term
providing 2/3 of the required fluxes for a quasi stationary salinity pattern.

The eddy freshwater convergence (Figure 7a) for the period covered by the SODA reanalysis, 1970–2010,
reveals interannual variability, from a low of< 0.1 m/yr in 1970 and in 1983, 0.2 m/yr in 1988 and 0.25 m/yr
in 1996/97; to a high of 0.6 m/yr in 1998 and in 2002, though this result is far from robust, it is included
here only to indicate that interannual variability of eddy FW flux is a factor, in addition to E-P, in driving SSS-
max year to year fluctuations. In the western North Atlantic subtropics, the SSS fluctuations respond to
ENSO and PDO (El Ni~no Southern Oscillation, and Pacific Decadal Oscillation, respectively) [Gordon and Giu-
livi, 2008], which may extend to the subtropical box considered in this study [see Figure 6 of Gordon and
Giulivi, 2008]. Interannual changes in the SSS-max depend on many factors such as E-P and advection and
mixing processes, including Ekman transport variability and lateral and vertical turbulence. The monthly
cycle of FW flux does not show a marked seasonal cycle (not shown) suggesting that the SSS annual cycle
may be a product of seasonal deepening of the mixed layer rather than increased eddy activity.
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Figure 7. Variability of the freshwater convergence, evaporation minus precipitation,
and SSS variability. (a) 12-month running mean freshwater convergence (gray line; m/
yr), into the subtropical box (Figure 1b) for 1970–2010 SODA data and E-P (green), cal-
culated from WHOI OAFlux E and GPCP P. (b) Annual FW convergence and E-P differ-
ence (blue) and SSS anomalies (SSSa; orange) for the subtropical gyre box for 1990–
2010. The SSSa, based on WOAD09 data [Boyer et al., 2009], is the anomaly relative to
the mean SSS calculated with 2� boxes within the SSS-max region, defined as SSS
higher than 37.2 psu. Also shown, the scatter plot between these time series.
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Plotting the annual differences of E-P and eddy freshwater convergence (Figure 7b) against the SSS anoma-
lies within the SPURS area reveal an expected relationship, albeit weak, with SSS decreasing when E-P is
small relative to the eddy freshwater convergence.

5. Conclusions

We provide evidence based on SODA reanalysis data that eddy flux of freshwater into the evaporative sub-
tropics of the North Atlantic is likely a major factor in compensating for the net E-P. Freshwater convergence
by ocean eddies is an essential part of the marine hydrological cycle, shaping the sea surface salinity spatial
and temporal pattern. We can fine-tune the SODA analysis to the monthly mixed layer, but that is best left
for higher resolution model output and views of the regional salinity fields as evolving from satellite and
Argo data sets.

Satellite-based observations of sea surface salinity (from Aquarius and SMOS missions) with geostrophic sur-
face current calculated from sea surface height data from satellite altimeter, as well as a more complete
view of the seasonal and possible interannual fluctuations of the mixed layer depth within the subtropical
box of the North Atlantic, as afforded by Argo profilers, will enable a more quantitative evaluation quantify
freshwater convergence by mesoscale eddies on the near global ocean scale. HYCOM model output will
provide high-spatial/temporal resolution-based estimates.
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