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[1] Observations from the SMOS satellite are used to reveal
new aspects of Tropical Atlantic sea surface salinity (SSS)
variability. Over an annual cycle, the variability is dominated
by eastern and western basin SSS “poles,” with seasonal
ranges up to 6.5 pss (practical salinity scale), that vary out of
phase by 6 months and largely compensate each other. A
much smaller SSS range (0.08 pss) is observed for the region
as a whole. The dominant processes controlling SSS
variability are investigated using GPCPv2.2 precipitation (P),
OAFlux evaporation (E), and Dai and Trenberth river flow
(R) data sets. For the western pole, SSS varies in phase with
P and lags R by 1–2 months; a more complex relationship
holds for the eastern pole. The synthesis of novel satellite
SSS data with E, P, and R enables a new approach to
determining variability in Tropical freshwater fluxes and its
potential impacts on the Atlantic ocean circulation.
Citation: Tzortzi, E., S. A. Josey, M. Srokosz, and C. Gommenginger
(2013), Tropical Atlantic salinity variability: New insights from
SMOS, Geophys. Res. Lett., 40, 2143–2147, doi:10.1002/grl.50225.

1. Introduction

[2] Sea surface salinity (SSS) is a natural indicator of
changes in the hydrological cycle [IPCC, 2007; Bindoff
et al., 2007; Yu, 2011]. Salinity variations in recent decades
[Curry et al., 2003; Terray et al., 2012; Durack et al., 2012]
have been linked to the Atlantic meridional overturning circu-
lation (MOC) strength and variability [Thorpe et al., 2001;
Häkkinen, 2002; Vellinga and Wu, 2004; Wang et al., 2010].
The Tropical Atlantic is potentially important for the strength
of the MOC via its influence on the salinity of waters advected
to dense water formation regions [Vellinga et al., 2002;
Pardaens et al., 2008]. However, a historical lack of in situ
observations has prevented a reliable depiction of SSS vari-
ability in this region [Delcroix et al., 2005; Reverdin et al.,
2007; Gordon and Giulivi, 2008].
[3] The recent advent of L-band satellite SSSmeasurements

from the European Space Agency Soil Moisture and Ocean
Salinity (SMOS) mission, launched in November 2009,
provides a new opportunity to determine Tropical Atlantic
SSS variability. The SMOS and more recent Aquarius/SACD
salinity missions have started to provide new insights into
SSS-related processes, for example, the eastern Pacific fresh
pool [Alory et al., 2012], hurricanes [Reul et al., 2012a;
Grodsky et al., 2012], and Tropical Instability Waves [Lee
et al., 2012; Lagerloef et al., 2012].

[4] We present here the first analysis of SSS variability at
seasonal time scales in the Tropical Atlantic using data from
SMOS. The salinity balance in this region is expected to be
influenced by variations in precipitation and evaporation
associated with the north-south movement of the Inter-Tropi-
cal Convergence Zone (ITCZ) and outflow from two of the
largest global river systems: the Amazon/Orinoco and Niger/
Congo. We use SMOS SSS observations in combination
with the latest version of the GPCP precipitation (P), the
OAFlux evaporation (E), and the Dai and Trenberth river
flow (R) data sets to determine SSS changes throughout
the annual cycle and investigate the key processes that control
this variability.
[5] Previous analyses based on ship data are heavily limited

by the concentration of data along a few narrow shipping
routes and near-complete lack of information in between
(see, e.g., Figure 1 ofDessier andDonguy, [1994]). Such anal-
yses provide some indication of the influence of river outflow
on salinity but are necessarily climatological in nature and
only provide a “very crude picture of the SSS field” [Dessier
and Donguy, 1994]. SMOS offers a major step forward as,
for the first time, it is possible to quantify salinity variability
using spatially complete fields for individual years rather than
relying on heavily interpolated climatological data sets with
significant sampling issues. The data sets that we employ are
described in section 2, and our novel results are presented in
section 3. This is followed by a discussion of their significance
and conclusions in section 4.

2. Data Sets

[6] For this study, we use research SMOS SSS level 3
monthly mean products (V01) for the first complete year
(2010) at 1.0� � 1.0� spatial resolution from the French
Centre Aval de Traitement des Donnees SMOS (CATDS)
[Reul et al., 2011]. The uncertainty of SMOS SSS in individ-
ual 1.0� grid cells in the Tropics has been estimated to be
around 0.3 pss (practical salinity scale) [Reul et al.,
2012b]. Monthly P fields for the same period have been
taken from the latest satellite-gauge product of the Global
Precipitation Climatology Project (GPCP), version 2.2
[Huffman and Bolvin, 2012] released in August 2012, at
2.5� � 2.5� resolution. Monthly E fields are acquired from
the Objectively Analyzed air-sea Fluxes (OAFlux) hybrid
data set [Yu and Weller, 2007; Yu et al., 2008], which has
a 1.0� � 1.0� spatial resolution and is a combination of
satellite and reanalysis data. Finally, time series of monthly
river flow rates at the farthest downstream station for the
Amazon, Orinoco, Congo, and Niger rivers are obtained
from the Dai and Trenberth Global River Flow Dataset
[Dai and Trenberth, 2002; Dai et al., 2009]. These are used
to form climatological means for the common period of
January 1941 to December 1992 when data are available for
all four rivers. In addition, we have used data for 2010 from
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the ORE-HYBAM network stations (www.ore-hybam.org)
for the Amazon and Orinoco rivers. Note that data from this
source are not available for the Niger so we are not able to
include them in our eastern subregion analysis.

3. Results

3.1. SSS Variability in the Tropical Atlantic from SMOS

[7] Monthly mean fields of SSS from SMOS in the Trop-
ical Atlantic are shown in Figure 1 for January and July
2010. SSS displays its highest values at the northern and
southern extremes of this region throughout the year,
reaching up to ~37.4 pss. In contrast, in the equatorial band,
SSS is reduced, varying around 34.5–35.0 pss, and the loca-
tion of this band is displaced northward in July relative to
January. This is consistent with the northward displacement
of the ITCZ and hence the zone of maximum P in boreal
summer, as shown by the contours in Figure 1.
[8] By combining SMOS data with the latest version of the

GPCP satellite precipitation data set and evaporation from
OAFlux, we are able to carry out an observation-based com-
parison of these terms for individual months in 2010 (zonal
means for January and July are shown in Figure 2, where the
average at a given latitude is taken across the width of the
basin). There is a clear alignment between the SSS minimum
and the maximum (minimum) in P (E-P), indicating that at
basin wide scales the position of the salinity minimum is tied
to the precipitation maximum (the variation in E is relatively
small across the Tropics). This is the first time that such an
analysis has been possible using satellite data alone for the
two principal fields (SSS and P) and demonstrates the ability
of remote sensing for tracking variability in these key compo-
nents of the Tropical freshwater budget.
[9] In addition, the SMOS data reveal the presence of

seasonally dependent SSS minima (referred to hereafter as
“poles”) on opposite sides of the basin located north/south of
the equator in the western/eastern basin (see Figure 1). These
poles are close to the outflows of the major river systems,
and previous analyses of climatological ship observation-
based data sets suggest that outflow plays a significant role
in their generation [Dessier and Donguy, 1994]. In the western
Tropical Atlantic pole, the fresh signal is stronger in July
(SSS as low as 29.7 pss) than January (SSS minimum ~35.0
pss). In contrast, the eastern Tropical Atlantic pole in the Gulf
of Guinea has its lowest salinity in January (SSS ~28.8 pss)
and is more saline in July (minimum 33.5 pss).

Figure 1. SMOS SSSmean (pss) in the Tropical Atlantic for
(top) January and (bottom) July 2010, with GPCP P mean
contours (m/year) overlaid. Note that P contours for January
are shown every 0.5 m/year, while those for July are every 1
m/year (to avoid overcrowding of contour lines).

Figure 2. Tropical Atlantic zonal mean values for (red) SSS, (green) E, (blue) P, and (black) E-P for (left panel) January
2010 and (right panel) July 2010. The zonal mean at a given latitude is taken across the width of the basin.
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[10] The two salinity poles are clearly evident in Figure 3,
which shows the seasonal range of SSS in 2010 (i.e., the
difference between the maximum andminimummonthly mean
values in each grid cell). The magnitude of the range in each
pole is similar, up to 6.5 (6) pss in the eastern (western)
Tropical Atlantic. In contrast, the SSS seasonal range typically
lies between 0.1 and 1.5 pss for the rest of the region.
[11] We have quantified the area-weighted mean SSS for

subregions that encompass the two poles defined according
to the criterion that the seasonal range in SSS exceeds 1.5
pss (different choices for this threshold have been considered
and do not significantly modify our conclusions). These subre-
gions are indicated by the areas outlined in black in Figure 3.
The seasonal cycle of SSS for these two subregions, and the re-
gion from 20�N–20�S as a whole, is shown in Figure 4. SSS is
typically fresher in the eastern subregion and has a slightly

larger seasonal variability (here by ~0.35 pss) compared to
the western subregion. The subregions are characterized by
out-of-phase seasonal cycles and tend to compensate as the
mean SSS for the whole region shows little seasonal variation.
The seasonal range for the eastern subregion is 1.92 pss, for
the western subregion is 1.57 pss, and for the region as a whole
is 0.08 pss.

3.2. Relationship of SSS Variability to E, P, and R

[12] We now examine the extent to which the strong
seasonal variability in SSS revealed by SMOS in the eastern
and western subregions may be linked to variations in
surface freshwater forcing due to evaporation, precipitation,
and runoff. For this analysis, we focus on the phase relation-
ships between the seasonal cycles of the different terms. This
is supported by estimates of the relative magnitudes of the E,
P, and R seasonal ranges (obtained by integrating over the
relevant subregions in the case of E and P). The seasonal
cycles of SSS, E-P, E, P, and R in each subregion are
shown in Figure 5. In addition to climatological R, Figure 5
includes river discharge for 2010 obtained from the ORE-
HYBAM network stations for the Amazon and Orinoco rivers
in the western subregion.
[13] In the western subregion, strong seasonal cycles are

evident in SSS, P, E-P, and R. SSS varies in phase with P,
and lags R by about 1 month. To show the phase relationships
more clearly, vertical lines on the figure indicate the months of
maximum (February) and minimum (August) SSS. These
coincide with the minimum and maximum months of the P
cycle and lag the minimum (maximum) in R by 2 (1) months.
In contrast to the other terms, E is relatively constant through-
out the year and is thus unlikely to play a significant role in the
strong SSS variability observed by SMOS. Consequently, the
E-P seasonal cycle closely follows the variation found for P
alone. The amplitudes of the E-P and R seasonal cycles are
similar in magnitude implying a roughly equal contribution
of variability in the air-sea freshwater flux (dominated by P)
and the river outflow, R, to the seasonal variability in SSS.
Caveats that need to be borne in mind here are that the R data
are climatological in nature and that mixing and advective
processes have been ignored. Note that the ORE-HYBAM
data for R in 2010 show the same maximum and minimum
months as the climatological data, indicating that our phase
relationship conclusions drawn above are not affected by the
use of climatological data for R. The amplitude of the cycle
is larger than the climatological range, indicating a potentially
more significant role for R in this particular year relative to the
long-term mean.
[14] Seasonal cycles in all terms are observed in the eastern

subregion as E now has a clearer seasonal variation than in the
western subregion, although its amplitude remains smaller
than P. The clear in-phase relationship betweeen SSS and P
observed in the western subregion is no longer evident. The
maximum in SSS falls within a prolonged 4 month period,
July–September, in which P is at a minimum. However, the
SSS minimum in February occurs at a time when P is close
to the average for the year as a whole, and at this time, P
exhibits strong intermonth variability. The intermonth vari-
ability may reflect limitations with the satellite data set as the
eastern subregion is more coastally confined than the western
subregion and the accuracy of the GPCPv2.2 precipiation re-
trievals are potentially influenced by the proximity of land.

Figure 3. SMOS SSS range (maximum minus minimum
during the year) in the Tropical Atlantic 20�N–20�S for
2010. The solid black lines indicate the boundaries of the
western and eastern subregions defined according to the condi-
tion that the seasonal range in SSS is greater than 1.5 pss.

Figure 4. Area-weighted mean of SMOS SSS (pss) over
(red) the whole region 20�N–20�S, (blue) the western subre-
gion, and (green) the eastern subregion in 2010.
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The relationship between SSS and R in the eastern subregion
is also unclear as both the SSS maximum and minimum
months have similar values for R (although there is some con-
sistency as the SSS maximum falls at the end of a prolonged
period, March–July, of low river outflow). The difference in
strength of the SSS-R phase relationship between the two sub-
regions may arise from the considerably lower outflow rates in
the Congo/Niger river system (about 1500 km3 year�1) com-
pared to the Amazon/Orinoco (about 7000 km3 year�1) that
are likely to result in a weaker impact on SSS.
[15] In summary, the western subregion shows a clear rela-

tionship between SSS, P, and R with in-phase agreement
between SSS and P and a 1–2 month lag of SSS with respect to
R. The relationships in the eastern subregion are not well defined,
and this may reflect a weaker R signal. In both cases, a more
detailed treatment of the budgets, which takes into account
advection and mixing, is required to make further progress.

4. Summary and Conclusions

[16] Analyses of ocean surface salinity variability to date
have been severely limited by the lack of data as they have
relied primarily on irregular, spatially inhomogeneous mea-
surements from ships [e.g., Dessier and Donguy, 1994].
With the advent of spatially dense salinity measurements
from space through the SMOS and Aquarius/SACD satel-
lites, it is now possible to characterize sea surface salinity
(SSS) variability in more detail to investigate the processes
that drive it. We presented here the first satellite-based anal-
ysis of SSS variability at seasonal time scales in the Tropical
Atlantic using the first full year, 2010, of SMOS measure-
ments. Our results show that, in the Tropical Atlantic at
least, the SMOS SSS data from CATDS are of sufficient
quality to provide valuable scientific insight into processes
governing SSS variability.

Figure 5. Seasonal cycles for 2010 of (red) area-weighted mean SMOS SSS and (light green) integrated OAFlux E, (blue)
GPCP P, and (dark green) OAFLUX-GPCP E-P for the western subregion (left panel) and the eastern subregion (right
panel). Also shown are the sum of the long-term climatological means of riverine flow rates (R, cyan lines) for the period
1941–1992 for the (bottom left panel) Amazon and Orinoco in the western subregion and (bottom right panel) Congo
and Niger in the eastern subregion. Finally, ORE-HYBAM monthly river dicharge data for 2010 for the Amazon and
Orinoco in the western subregion are shown in purple.
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[17] The Tropical Atlantic has a relatively constant salinity
throughout the year during 2010 varying by just 0.08 pss
when averaged over the region as a whole. However, strong
local variations are evident at two poles on opposite sides of
the basin that are close to the outflows from the Amazon/
Orinoco and Congo/Niger river systems. The SMOS mea-
surements reveal large amplitude seasonal cycles up to 6.5
pss at these two sites that are out of phase by 6 months
and compensate each other in their influence on the whole
region’s mean salinity. The relationships between these
seasonal cycles and the surface forcing terms—E, P, and
R—were investigated. For the western pole, SSS varies in
phase with P, while it lags R by 1–2 months (E has little
seasonal variability). In contrast, it is difficult to establish a
clear relationship between SSS and the surface forcing terms
for the eastern pole, and this may indicate a significant role
for advection and mixing [Yu, 2011]. We plan to undertake
a more detailed treatment of the budgets that takes into
account advection and mixing in future research.
[18] Further analysis of the developing data record from

SMOS, supplemented by Aquarius/SACD and Argo float data
(which provide useful complementary information on surface
salinity but do not achieve the spatial and temporal sampling
possible using satellites), will reveal whether the seasonal
compensation between the two poles continues to hold at
multiannual time scales. The amplitude of the seasonal cycle
in SSS for the full region doubles to about 0.16 pss if either
pole is excluded from the full regional mean, indicating the
sensitivity of the Tropical Atlantic salinity budget to their
influence. Variations in the amplitude or phasing of the salinity
variability in either pole thus have the potential to significantly
modify Tropical Atlantic SSS with consequences for higher-
latitude Atlantic circulation through modified surface layer
density [Vellinga and Wu, 2004]. Such variations may be
expected as result of natural variability (e.g., through the
influence of El Niño) and anthropogenic climate change. To
conclude, the novel results presented here clearly demonstrate
(1) the potential of harnessing satellite-based SSS and P
observations to develop our understanding of controls on
ocean surface salinity and (2) their value in monitoring salinity
variability over Tropical regions that have the potential to
influence the larger-scale ocean circulation.
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