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Salinity Processes in the Upper-ocean Regional Study

Differences Among
Subtropical Surface Salinity Patterns
By Arnold L. Gordon, Claudia F. Giulivi,
Julius Busecke, and Frederick M. Bingham

ABSTRACT. The subtropical ocean, exposed to evaporation excess over precipitation,
is characterized by regional sea surface salinity maxima (SSS-max). Ocean circulation
and mixing processes inject freshwater, establishing a quasi-steady state, though
imbalances across the time spectrum result in periods of increasing and decreasing
SSS-max. The integrated effect of the array of atmospheric and oceanic forces governing
sea surface salinity is shaped by the specific regional ocean basin configuration as
well as their coupling to the global ocean system, resulting in SSS-max patterns and
locations that display marked differences between the subtropical regimes. We provide
a brief description of the SSS-max characteristics of the five subtropical regimes and
present aspects of their regional settings that may account for their dissimilarities.
INTRODUCTION
Dry conditions define the subtropical
climate belt around our planet, a consequence of the descending limb of the
atmospheric subtropical Hadley cell,
which is marked by deserts on land and
salty surface ocean water. However, the
characteristics of the subtropical climate
belt vary as land/ocean configurations
impose regional differences. The subtropical atmosphere imprints a distinct
salinity pattern onto the surface ocean,
which is further shaped by ocean circulation and mixing. As part of the shallow
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overturning circulation, this composes
a vital component of the marine hydrological cycle (McCreary and Lu, 1994;
Schmitt, 1995; 2008; Talley, 2002, 2008;
Schanze et al., 2010).
Subtropical sea surface salinity maxima (SSS-max) have been well-known
features since the early days of descriptive
oceanography. As in situ data sets grow,
most notably with the advent of the Argo
float array (http://www.argo.ucsd.edu),
we are gaining an ever more detailed
view of sea surface salinity, allowing us
to go beyond the climatic mean to delve

into temporal fluctuations. Recent additions to our observational toolkit are
near synoptic, near global views of SSS
from orbiting satellites: the National
Aeronautics and Space Administration/
Comisión Nacional de Actividades
Espaciales (NASA/CONAE) Aquarius/
SAC-D and the European Space Agency’s
Soil Moisture and Ocean Salinity (SMOS)
missions, which have greatly extended
our ability to chart SSS spatial patterns
and temporal behavior. Adding SSS to the
arsenal of satellite data is revolutionizing
oceanography, enabling more quantitative investigation of ocean dynamics, the
processes governing the SSS field, and the
associated marine hydrological cycle. The
field program Salinity Processes in the
Upper-ocean Regional Study (SPURS),
using a broad array of in situ observations in the subtropical North Atlantic
SSS-max, combined with the satellite
data stream, provides new insights into
the salinity observations and the physical
processes that affect salinity.

To place the SPURS North Atlantic
SSS-max view into perspective, we compare the SSS-max patterns for five subtropical regimes and discuss the underlying causes of these differences (for further
description of the SSS-max, see the World
Ocean Circulation Experiment atlas
series for the Atlantic, Pacific, and Indian
Oceans: Koltermann et al., 2011; Talley,
2007, 2011, respectively; as well as standard textbooks, e.g., Talley et al., 2011).
We use climatological data, monthly
Aquarius SSS data for 2012–2013, and
Argo data for 2011–2013. The SSS-max
patterns are placed within the fields
of evaporation–precipitation, Ekman
transport, and dynamic topography.
The five subtropical regimes are those
of the North and South Atlantic, the
North and South Pacific, and the southern Indian Oceans. Not included is the
unique situation of the monsoon-dominated Indian Ocean north of the equator,
which is composed of two large embayments: the salty Arabian Sea and the
fresher Bay of Bengal.
DATA
To describe the subtropical SSS-max climatology, we use the Monthly Isopycnal/
Mixed Layer Ocean Climatology
(MIMOC; http://www.pmel.noaa.gov/
mimoc; Schmidtko et al., 2013). This
optimal interpolated data set is provided as gridded data with a spatial resolution of 0.5° × 0.5° on selected standard pressure levels from the surface to
the 1,950 dbar level. The climatology is a
long-term average, with values provided
for each month, and it is based mostly
on Argo data, supplemented by shipboard and conductivity-temperature-
depth (CTD) data.
For recent years, in particular the
2011–2013 period, we analyze SSS from
an in situ observational based gridded
product and from remote satellite measurements. The in situ derived gridded
product, generated by the Japan Agency
for Marine-Earth Science and Technology
(JAMSTEC) as part of the Japan Argo
Delayed-Mode Data Base, is the MOAA

GPV (Grid Point Value of the Monthly
Objective Analysis using the Argo data).
This data set is a monthly global analysis of temperature and salinity mapped
by optimal interpolation based on Argo,
TRITON (Triangle Trans-Ocean Buoy
Network), and available CTD data since
January 2001 (Hosoda et al., 2008) on a
1° grid in the global ocean and from 10
to 2,000 dbar (http://www.jamstec.go.jp/
ARGO/
J_ARGOe.html). For the satellite-derived SSS, we use data from the
Aquarius/SAC-D
satellite
mission
(Lagerloef et al., 2008, 2012; Lagerloef,
2012), providing, since August 2011,
global SSS maps every seven days. The latest available version of Aquarius salinity
(V3.0) has been greatly improved, with an
overall accuracy for monthly 150 km averages estimated to be 0.265. This number is
based on an intercomparison of SSS measurements from Aquarius and Argo floats
and model salinity field from HYCOM
(http://www.hycom.org). Over most of the
open ocean, the errors are less than 0.2 psu
(Lagerloaf et al., 2013; Meissner et al.,
2014). Aquarius retrieves the salinity over
the top few centimeters of the ocean using
a microwave radiometer and a scatterometer to account for surface roughness. In
our study, we use the monthly 1° latitude/
longitude gridded (Level-3) version 3.0
SSS bias adjusted product downloaded
from NASA PO.DAAC (ftp://podaac-ftp.
jpl.nasa.gov/allData/aquarius/L3).
The
SSS-max regions are located over the
open ocean in relatively calm and warm
subtropical regions, far from continents
(except for the South Atlantic SSS-max),
which minimizes radio frequency interference, surface roughness, and cold sea
surface temperature (SST) problems. To
avoid any further contamination of the
Aquarius SSS signal close to the coast or
islands, any data closer than 3° to land
are masked out.
Although we expect good agreement
between the in situ and satellite gridded
SSS measurements, we note that these
data sets are independent, with their
own limitations and spatial and temporal
resolutions, and gridded with different

methods. Aquarius measures the skin
layer salinity of the ocean more closely,
reflecting local atmospheric events such
as local rainfall, while the MIMOC climatology and MOAA GPV products are
bulk measurements representative of the
ocean’s upper 10 m. Under certain conditions, bulk and skin SSS values can be significantly different (Henocq et al., 2010).
SPATIAL PATTERNS
The MIMOC climatology (Figure 1a)
clearly reveals differences in SSS-max
patterns: the North and South Atlantic
subtropical surface waters are the saltiest
(in excess of 37), while the North Pacific
SSS-max is the least salty (less than 36),
and the South Pacific and southern Indian
Oceans fall between the two extremes.
The SSS-max of the North Atlantic
and North Pacific are found within
the 25°–30°N latitude range; the South
Atlantic and South Pacific SSS-maxima
are closer to the equator, falling between
15°S and 20°S; and the southern Indian
Ocean SSS-max near 30°S is the most
poleward of the five regimes.
There are differences in where the
SSS-max feature is situated within the
anticyclonic subtropical gyres, as revealed
by mean sea surface dynamic topography
(Figure 1a; Maximenko et al., 2009). In all
areas but the South Atlantic, the SSS-max
falls fully within the equatorial-flowing
limb of the subtropical gyre at the central or eastern sector of the subtropical
belt. In the North and South Pacific, the
SSS-max falls close to the apex of the sea
surface dynamic topography ridge, marking the switchover from currents with
an eastward component to those with
a westward component, whereas in the
North Atlantic, the geostrophic surface
flow is strongly meridional. In the South
Atlantic, there is a broad flow toward the
northwest, with its SSS-max “pressed
up” against the western boundary. In the
western South Pacific, there is a secondary (weaker) SSS-max in the Tasman Sea
near 30°S, at the same latitude band as the
SSS-max of the southern Indian Ocean.
In all five regions, the strongest Ekman
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transport (Figure 1a) within the open
ocean is found within the trade wind
belt, or equatorward of the SSS-max.
The decreasing magnitude of the Ekman
transport across the SSS-max imposes
surface convergence, forcing downwelling of 20–40 m yr–1 in the SSS-max
region, defining the downward-flowing
limb of the shallow subtropical meridional circulation cell with equatorward
spreading of a subsurface salinity maximum core layer (O’Connor et al., 2005).
The Ekman transport opposes and is of
greater strength than the equatorward
flowing surface geostrophic flow. In the
eastern reach of the SSS-max, the Ekman
transport vectors have a significant westward component, associated with eastern boundary upwelling, an attribute that
is less evident in the North Pacific. The
North and South Pacific have the freshest eastern boundary currents (California
Current and Chile-Peru Current, respectively), both drawing water from their
subpolar belts. The North Atlantic and
southern Indian Oceans have the saltiest
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equator. The saltiest and larger SSS-max
area is observed in the central and eastern
South Pacific. The secondary SSS-max
found in the western South Pacific near
30°S is more aligned with the southern Indian Ocean SSS-max than with
the central South Pacific max. A trough
of lower SSS separates these two regions
near 170°W to 180°.
The mean SSS in all ocean basins varies strongly (Figure 1a). In order to
compare the SSS patterns of each subtropical region, we subtract a constant
salinity value (S-ref) within each domain
(Figure 2a). In this study, the five reference values are derived from the MIMOC
climatology and are kept constant for all
other data sets shown, assuming that the
climatology is the best representation
of the mean state of the ocean. For each
region, we derive a monthly SSS-max time
series1, with the lowest value of each series
defining S-ref (Figure 2a; mean position in
thick contour). Values of SSS greater than
or equal to the S-ref were averaged and
anomalies were referenced to S-ref; hence,

20
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40°E

a

eastern boundary currents, the Canary
and Leeuwin Currents, respectively; in
both cases, the low salinity subpolar
water input is stymied by larger-scale circulation patterns, as discussed below.
Aquarius satellite SSS for the 24-month
period of 2012–2013 (Figure 1b) displays
a similar pattern as the MIMOC climatology, though the Aquarius SSS-max for the
South Pacific is fresher, while the North
Pacific SSS-max is saltier than the climatology (Figure 1a). Evaporation minus
precipitation (E–P; Figure 1b) reveals
the extent of net evaporation within the
subtropics. In all regions, the maximum
E–P occurs equatorward of the SSS-max,
within the trade wind belt. Presumably,
the salty products of net evaporation are
shifted poleward by the large poleward
Ekman transport, overwhelming the
opposing surface geostrophic currents.
In the western tropical Pacific, areas
of negative E–P (dashed contours on
Figure 1b) are found near 5°N and 10°S,
separating a band of relatively salty surface water projecting westward along the

-0.5

FIGURE 1. (a) Annual average sea surface salinity (SSS) climatology from the Monthly Isopycnal Mixed Layer Ocean Climatology (MIMOC; Schmidtko
et al., 2013) data in color. The white contours show the mean dynamic topography (MDOT; Maximenko et al., 2009) with a contour interval of 10 cm. The
arrows represent the Ekman transport in Sverdrups (Sv = 106 m3 s–1), computed using ERA-40 wind stress data (Uppala et al. 2005). (b) Years 2012–2013
mean SSS from Aquarius v3.0 Level 3 bias adjusted data (available via the NASA PO.DAAC portal) in color and evaporation minus precipitation (E–P)
in m yr–1 as contours, only plotting the –1.5 to 1.5 range, every 0.5 m yr–1, E > P with solid lines. Evaporation data from the WHOI OAFlux Project (http://
oaflux.whoi.edu) and precipitation from the GPCP v2.2 combined observations and satellite data (NASA’s GPCP project at http://precip.gsfc.nasa.gov.)
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FIGURE 2. Subtropical surface
salinity maximum (SSS-max)
patterns. (a) Color patterns
show the MIMOC climatological SSS anomalies within
the five SSS-max subtropical
regions. The anomalies are relative to a reference SSS indicated in parenthesis for each
of the subtropical regions.
The thin and thick contours
denote the reference salinity
(S-ref) and the –0.2 deviation
from it. (b) Magnitude of the
MIMOC SSS horizontal gradients (log10). The contours
as shown in (a) are included.
(c) Aquarius v3.0 Level 3 bias
adjusted SSS anomalies for
2012–2013 in color. The contours are the same as in (a) but
shown for the Aquarius data.
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the values shown in Figures 3 and 4 are by
definition positive, indicating the salinity
contrast within the S-ref isohaline.
The SSS-max coincides with the minimum SSS gradient band (dark blue pattern in Figure 2b). As mentioned above,
the climatological low SSS gradient
regions in the North Atlantic and in the
North Pacific are situated between 20°N
and 30°N, centered near 26°N, whereas
in the South Atlantic and South Pacific,
the SSS-max regions are closer to the
equator, between 15°S and 22°S, centered at 18°S, reflecting the general shift
of the Intertropical Convergence Zone
(ITCZ) to north of the equator within
these ocean basins. The North and South
Pacific SSS maxima tend to slope toward
the equator from east to west. The North
and South Atlantic SSS maxima display a
similar trend, but to a lesser degree. The
southern Indian SSS-max is the most
poleward, falling near 26°S and 32°S, and

South Pacific

South Atlantic

curves equatorward between 80°E and
90°E, but is flat west of that.
The North and South Atlantic SSS-max
climatologies (Figure 2a) cover the smallest areas, yet display approximately the
same range of SSS anomalies as the North
and South Pacific, and they reveal greater
contrast (“peakiness”) within the maxima regions (Figure 2b). The Indian sector displays the least variations from S-ref
compared to all other sectors, with weak
gradients that are almost comparable to
those in the Pacific.
The Aquarius 2012–2013 subtropical
SSS anomalies (Figure 2c) differ somewhat from the climatology (Figure 2a),
not only showing variability of the maxima attained during that period but
also in the extent of these regions. The
Atlantic and North Pacific SSS anomalies
within the reference isohaline contour
(thicker black line) attain higher values,
near 0.4 (Figure 2c), than the ~0.3 values

estimated from the climatology. The area
of maximum salinity in the North Pacific
also appears to be more widespread in the
Aquarius data, while it is more limited in
the MIMOC data set, particularly in the
northeast of the region (Figure 2a,c).
The South Pacific and southern Indian
Ocean Aquarius anomalies are lower
than the climatology (Figure 2a,c). While
these differences of about 0.1 may reflect
2012–2013 conditions relative to climatology, they are within Aquarius uncertainty (Lagerloef, et al., 2013).
The SSS-max centroid positions (not
shown), defined as the “center of mass” of
all grid cells that are above the S-ref, were
determined monthly for the MIMOC
climatology and for the 2012–2013
Aquarius data. The monthly climatology
centroids for all of the SSS-max regimes
cluster within a more confined region
than those estimated from Aquarius data,
which display seasonal scatter that spans a

1

The SSS-max is defined as the 94th percentile of SSS within each domain at each time step. We chose this method to enable comparison among data
sets used in this study. When the absolute maximum of SSS is chosen instead, the area enclosed by the S-ref isohaline becomes very small or disappears intermittently in the other data sets due to interannual variability and lower spatial resolution.
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wider range of longitudes. This is particularly the situation for the southern Indian
Ocean, where the Aquarius monthly centroids fall within the longitude of 79°E to
94°E, whereas for the climatology, seasonal scatter is confined between 93° and
94°E. In the South Atlantic and South
Pacific, the Aquarius centroids fall about
2° of latitude poleward of the climatological centroid. We suggest that these differences are due to the near synoptic coverage of the Aquarius data set relative to the
MIMOC gridded product.

as winter relaxation of E–P allows ocean
processes to rebuild the freshwater content (Gordon and Giulivi, 2014). All three
of the southern SSS maxima tend to have
broader SSS anomaly maxima and minima. The South Pacific displays a particularly large and broad SSS-anomaly spanning the months from April to August. A
less regular seasonal cycle in the South
Pacific (compare Figure 4) could manifest as a broader peak when the climatological average is computed, while the
magnitude of the seasonal cycle might
be slightly biased by the land mask that
removes SSS values around the southwestern Pacific islands, leading to a S-ref
that might be biased high.
The amplitude of the seasonal range
of salinity for all five regimes within the
areas bounded by the reference salinities is about 0.05, with the North Pacific
having a slightly larger amplitude and
the southern Indian Ocean displaying
the smallest. In the North Atlantic, the
seasonal anomalies vary from approximately 0.11 in April (boreal spring) to
0.16 in September (boreal late summer),
with an average annual value of 0.13. The
North Pacific values are near 0.06 in April
and 0.12 in September, with an average
annual value of 0.09. The lower seasonal

SEASONAL CYCLE AND
INTERANNUAL FLUCTUATIONS
All of the SSS-max regions display a climatological seasonal cycle (Figure 3).
Area averages within the salty confines of
the constant S-ref isohaline are shown as
differences relative to the constant reference salinity. While the value of the SSS
anomaly varies with SSS-max, the North
Pacific and southern Indian Oceans having the smallest SSS anomalies, the timing (after adjusting for the boreal and
austral seasons) of the maximum and
minimum SSS anomaly is similar for each
SSS-max regime: a fall season maximum
as summer conditions lead to increasing SSS and a spring season minimum
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(relative to basin reference)
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FIGURE 3. Seasonal
cycle
SSS anomaly for each ocean basin from MIMOC climatology data. Values
represent the average for those latitude/longitude cells that have SSS equal to or higher than the
basin reference (thick black contours in Figure 2a). Anomalies are referenced to each basin, permitting better comparison of seasonal cycles among the five subtropical regimes. Months of the year
are shifted for six months between hemispheres to compensate for north/south seasonal phase shift.
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anomaly values mean that the North
Pacific SSS-max has a lower salinity contrast than that of the North Atlantic.
The Southern Hemisphere seasonal
cycles are less similar to each other than
are their Northern Hemisphere counterparts. In the South Atlantic, seasonal
anomalies vary from approximately
0.095 in October to December (austral
spring) to 0.15 in May (austral fall), with
an annual average of 0.12. Of all of the
subtropical SSS-max regimes, the South
Pacific displays the largest SSS anomalies, 0.17 from April to July (austral fall
into winter) and 0.12 in November (austral spring) for an annual average of
0.15. The southern Indian Ocean displays the smallest anomalies, maximum
of 0.1 in March (austral fall) and near
0.06 in September (austral late winter).
There have been many studies of the
interannual and longer fluctuation of
subtropical SSS (e.g., Leadbetter et al.,
2007; Roemmich et al., 2007; Lukas et al.,
2008; Durack et al., 2012). A detailed
time series of SSS (Figure 4) is accumulating from Aquarius and Argo profiler fleet data. Aquarius salinity anomalies show a seasonal cycle of greater
amplitude than those drawn from the
Argo data (Figure 4). This may reflect the
more complete spatial coverage offered
by Aquarius, but it may be a consequence of the Aquarius data representing
the sea surface while Argo surface values
are measurements from depths greater
than a meter.
For the two Northern Hemisphere
SSS-max regimes, the seasonal cycles are
similar, though 2013 is saltier than 2012
in the Aquarius data. As noted above, the
Aquarius mean 2012–2013 SSS is saltier
than the Northern Hemisphere SSS-max
climatology (Figure 2). The Argo data
indicate that the North Atlantic and
North Pacific were both relatively
salty in 2010.
In the Southern Hemisphere, Aquarius
SSS portrays a slightly saltier South
Atlantic in 2013, as also observed in the
North Atlantic. The southern Indian
Ocean displays the lowest salinity

anomaly, consistent with climatology, as
mentioned above. However, the Aquarius
SSS for the South Pacific exhibits a low
salinity anomaly and weak seasonality (Figure 4), in contrast with the climatology (Figure 3), which shows the
South Pacific as having the highest salinity anomaly. The Aquarius and JAMSTEC
Argo South Pacific seasonalities are very
different in phase, with peaks about
three months apart. In the two Northern
Hemisphere SSS-max regimes, the seasonal cycles are similar in phase. In the
North Atlantic, it is relatively steady with
only small variations in the peaks and
troughs. The North Pacific exhibits more
variation, with the Argo data showing a
peak in boreal fall 2010.

SSS anomlaly

SSS anomlaly

DISCUSSION
While there are similarities in the five
SSS-max regimes, they also display
marked differences in their characteristics. Each has a slightly different “personality,” a likely consequence of the different land/ocean geometries of their ocean
basins that affect SSS, such as E–P, mean
circulation, and vertical and horizontal mixing processes (Vinogradova and
Ponte, 2013; Busecke et al., 2014; Gordon
and Giulivi, 2014). Additionally, each
basin is linked in its own unique manner to global-scale, interocean circulation and overturning patterns (Gordon,

0.24
0.22 a
0.20
0.18
0.16
0.14
0.12
0.10
0.25
0.20

North Atlantic

2001; Sprintall et al., 2013; Talley, 2013).
In-depth, detailed study to explain the
underlying causes of dissimilarities of
the SSS-max regimes is needed. Here, we
briefly point out aspects of the oceanographic settings of each of the five subtropical regions that are likely related
to these dissimilarities. A more detailed
view of SSS-max spatial and temporal characteristics will unfold as the
Aquarius and SMOS (Font et al., 2010)
satellite time series lengthen.

the Leeuwin Current, discussed below)
because the eastern limb of the North
Atlantic subtropical gyre does not advect
low-salinity subpolar water toward the
equator as occurs in the North-South
Pacific and South Atlantic. Rather, the
subpolar region feeds into the lower limb
of the AMOC.

North Atlantic unique feature: the
Atlantic Ocean is the saltiest of the five
subtropical regions. Dry air blowing off

quence of the AMOC. Most of the South
Equatorial Current (SEC) feeds into the
cross-equatorial transport via the North
Brazil Current, rather than turning southward into the South Atlantic subtropical
western boundary Brazil current, becoming more concentrated in the regional
salty subtropical water. The Benguela
Current, the eastern boundary current
of the South Atlantic subtropics, is fed
by Indian Ocean subtropical water, with
some inclusion of South Atlantic Current
water (Gordon et al., 1992). A mixture
of lower salinity Indian Ocean water, the
Agulhas leakage, and subpolar water as
parts of the South Atlantic Current curl
into the Benguela Current (Beal et al.,
2011). The SEC advects this water within
a broad sweep toward the northwest,
feeding into the cross-equatorial flow of
the AMOC, “washing away” the SSS-max
within the central and eastern subtropical
sectors of the South Atlantic.

the Sahara Desert leads to large freshwater fluxes out of the surface (Schanze
et al., 2010) and thus high SSS values. The
trade winds export the resultant water
vapor across Central America into the
tropical Pacific (Zaucker and Broecker,
1992). An additional factor, though not
unrelated to the net water vapor export,
is the Atlantic Meridional Overturning
Circulation (AMOC). Relatively salty
water from the South Atlantic is injected
into the North Atlantic as a component of
the upper limb of the AMOC. The North
Atlantic subtropical eastern boundary
current, the Canary Current, is notably saltier than those of the other basins
(though the southern Indian Ocean has
its own unique eastern boundary current,

North Pacific unique feature: it is the
freshest of the five SSS-max. The
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South Atlantic unique feature: the
South Atlantic SSS-max is located at
the western sector of the subtropical belt. This feature is likely a conse-
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FIGURE 4. Interannual SSS anomaly time series for interannual data sets. The values are computed
similarly to those in Figure 3. Values are smoothed using a four-month Gaussian window. The solid
lines are Aquarius v3.0 Level 3 bias adjusted data and the dashed lines are from JAMSTEC Argo
interpolated fields. (a) Northern Hemisphere. (b) Southern Hemisphere, with the time axis shifted six
months to line up the seasonal cycles in both hemispheres.

North Pacific has negative E–P due to
input of water vapor from the Atlantic
across Central America, and Southern
Hemisphere water vapor into the ITCZ,
near 10°N. Low SSS subpolar water is
mainly injected into subtropical latitudes in the eastern boundary California
Current, as export into the Arctic via
Bering Strait is small <1 Sv (Roach
et al., 1995), with the primary export of
low salinity North Pacific water into the
Indian Ocean within the Indonesian
Throughflow (Gordon, 1986).
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South Pacific unique feature: it has a primary and secondary SSS-max. Within

the central and eastern Pacific, the ITCZ
is located north of the equator. However,
in the western Pacific, there are two bands
of high precipitation characteristic of the
ITCZ, one north, the other south of the
equator (Figure 1b; also see Figure 4 of
Schanze et al., 2010). The southern ITCZ
is more prominent during boreal winter and during La Niña years and is likely
coupled to the increased presence of the
western Pacific warm pool during these
periods (Wallace and Hobbs, 2006, see
their Figures 1.25, 10.21, and 10.25).
The South Pacific displays a large SSS
anomaly and a broad seasonal cycle compared to the other four SSS-max regions
(Figure 3). This may be due to the presence of a western South Pacific secondary SSS-max characteristic in the southwest corner of the primary South Pacific
SSS-max box (Figure 2), or it may be
related to the land-masking procedure
that removes the SSS around the South
Pacific islands, as mentioned above.
Bingham et al. (2010), using ship-based,
TAO/TRITON mooring, and Argo data,
inspect the seasonality of the North and
South Pacific SSS from 60°N to 40°S.
They find that the within the western
tropical South Pacific near 15°S, the maximum SSS occurs in August/September,
whereas more variable timing of the
SSS-max occurs in the eastern South
Pacific. This is likely a result of the details
of the seasonal variability of the precipitation. The South Pacific is the only ocean
basin with this kind of variable phase
in the relevant latitude band (Bingham
et al., 2012). However, as their in situ data
coverage is sparse within the subtropical
SSS-max of the South Pacific, inspection
of the growing Aquarius and SMOS time
series is needed to decipher the seasonality of the South Pacific SSS-max.
Southern Indian Ocean unique feature:
the SSS-max exhibits a broad zonal
band and is furthest from the equator.

Similar to the western South Pacific, the
Australia-Asian monsoon shifts the rainy
38
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ITCZ into the Southern Hemisphere
during the boreal winter (see Wallace and
Hobbs, 2006, Figure 1.25). In addition,
low salinity waters of the high precipitation Indonesian seas are injected into the
eastern Indian Ocean near 12°S with the
Indonesian Throughflow (Gordon, 1986);
there is also low SSS advected into the
region by the South Java Current, drawing
water from the Bay of Bengal (Figure 1).
The low SSS water spreads westward
within the zonal-flowing South Equatorial
Current, forcing the subtropical SSS-max
water to reside well to the south of the
high E–P band that lies slightly north of
20°S. The eastern boundary is relatively
salty as low SSS subpolar water is not funneled northward by Australia, blocked
by the southward-flowing Leeuwin
Current. Additionally, Tasman leakage
allows salty subtropical water from the
Great Australian Bight to spread into the
Indian Ocean (van Sebille et al., 2014).
The western boundary Agulhas Current
injects salty water from the evaporative
western Indian Ocean into the southern subtropical belt.
CONCLUSIONS
The subtropical ocean SSS maxima of the
North and South Atlantic, the North and
South Pacific, and the southern Indian
Oceans constitute integrated responses
to excess evaporative air-sea freshwater
flux and convergence of freshwater by
ocean circulation and mixing processes,
and they display similarities and differences. The five subtropical regimes
all have slightly different “personalities” that likely are consequences of specific land/ocean regional geometries. The
basins are not isolated from the larger
ocean; each is linked in its own unique
manner to global-scale interocean circulation and overturning patterns. We
introduce a simple methodology that
enables comparison of SSS-max features
with each other globally, reducing the
impact of arbitrarily chosen isohalines to
define SSS maxima.
Our descriptive discussion of the
SSS-max regimes and underlying causes

of dissimilarities is meant to inform the
general readership of the uniqueness
of each SSS-max regime and to encourage in-depth, comparative study in order
to fully understand the governing forces
that shape the SSS-max subtleties and
their places within the global hydrological system. Insights into the nature of
the spatial and temporal characteristics
of SSS patterns will no doubt be further
enabled as the Aquarius and the SMOS
time series grow.
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