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Hampshire, Durham, New Hampshire, USA

Abstract Large rivers are key hydrologic components in oceanography, particularly regarding air-sea
and land-sea exchanges and biogeochemistry. We enter now in a new era of Sea Surface Salinity (SSS)
observing system from Space with the recent launches of the ESA Soil Moisture and Ocean Salinity (SMOS)
and the NASA Aquarius/Sac-D missions. With these new sensors, we are now in an excellent position to
revisit SSS and ocean color investigations in the tropical northwest Atlantic using multiyear remote sensing
time series and concurrent in situ observations. The Amazon is the world’s largest river in terms of dis-
charge. In its plume, SSS and upper water column optical properties such as the absorption coefficient of
colored detrital matter (acqnm) are strongly negatively correlated (< —0.7). Local quasi-linear relationships
between SSS and a.qm, are derived for these plume waters over the period of 2010-2013 using new space-
borne SSS and ocean color measurements. Results allow unprecedented spatial and temporal resolution of
this coupling. These relationships are then used to estimate SSS in the Amazon plume based on ocean color
satellite data. This new product is validated against SMOS and in situ data and compared with previously
developed SSS retrieval models. We demonstrate the potential to estimate tropical Atlantic SSS for the
extended period from 1998 to 2010, prior to spaceborne SSS data collection.

1. Introduction

Large rivers are key components of the global water cycle, and their discharge into the ocean plays an impor-
tant role in several physical, biological, optical, and chemical ocean processes. Freshwater inputs into the
open ocean modify the local sea surface salinity (SSS) and therefore the buoyancy and vertical stratification of
the surface layers [Pailler et al., 1999; Masson and Delecluse, 2001; Ferry and Reverdin, 2004]. They also provide
organic and inorganic particulates into the ocean, impacting biogeochemical and ecological activity [McKee
et al,, 2004; Hickey et al., 2010]. Being able to routinely monitor the dispersal patterns of river plumes, their spa-
tial extension and mixing rates, is an important goal to support a better understanding of these processes.

Today, sea surface salinity (SSS) observations are available from the ESA Soil Moisture and Ocean Salinity
(SMOS) and the NASA Aquarius/SAC-D satellite missions. SMOS and Aquarius measurements now provide
unprecedented mapping capabilities at improved spatiotemporal resolution. The SMOS revisit time at the
Equator is about 3 days and the spatial resolution is 43 km. Aquarius provides global coverage every 7 days
and its spatial resolution is about 100 km. With satellite SSS now available, this enables a more in depth
examination of the spatiotemporal behavior of coincident colored detrital matter and salinity over the Ama-
zon plume.

Salinity change caused by mixing of adjacent water masses can be considered as a conservative property of
water masses [Tomczak, 1999], as there is no significant source or sink of salt in the ocean interior. Ocean-
atmosphere fluxes thus are neglected over this area, as the precipitation rate represents less than 10% of
the freshwaters supplied by the Amazon River [Lentz and Limeburner, 1995]. Assuming that dilution is the
sole mixing process, salinity tends to increase linearly as fresh waters mix into the saltier open ocean. In
these conditions, riverine constituent concentration also tends to decrease proportionally to salinity
changes. Oceanic water properties that undergo dilution are considered to follow a conservative mixing
assumption. Accordingly, a strong negative linear correlation between sea surface salinity and biological,
chemical, and optical parameters is often reported for numerous river estuaries [Ferrari and Dowell, 1998;
Binding and Bowers, 2003; Hu et al., 2003; Chen et al., 2007; Granskog et al., 2007; Bowers and Brett, 2008; Del
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Castillo and Miller, 2008; Urquhart et al.,, 2012; Bai et al., 2013] (e.g., Del Vecchio and Subramaniam [2004]
reports R* = 0.93 between sea surface salinity and light absorption at 490 nm). This linear SSS-riverine con-
stituents relationship can vary significantly [Blough and Del Vecchio, 2002]. The variation of riverine constitu-
ent concentration at river mouths is indeed a function of hydrology and land cover attributes for a given
river [Battin, 1998; Salisbury, 2003; Huang and Chen, 2009; Salisbury et al., 2008]. Both vary geographically
and seasonally, and can exhibit time scales of variability that depend on accumulated rainfall upstream. In
addition, departures from the linear conservative mixing may occur due to physical and chemical processes
downstream of the mouth. These include mixing with additional water masses [Blough and Del Vecchio,
2002] or in situ subsidies of river constituents released via net phytoplankton growth [Twardowski and
Donaghay, 2001; Yamashita and Tanoue, 2004], microbial utilization [Moran et al., 1999; Obernosterer and
Herndl, 2000], or photochemical oxidation [Miller and Zepp, 1995].

Within the Amazon and Orinoco plumes, relationships between SSS and colored detrital matter (cdm), chlo-
rophyll concentration, and dissolved organic carbon have already been extensively studied [Del Vecchio and
Subramaniam, 2004; Hu et al., 2004; Molleri et al., 2010; Salisbury et al., 2011]. The Amazon river discharges
about 15% of the global freshwater runoff [Baumgartner and Reichel, 1975] with a strong seasonal variation
reaching a maximum of about 2.4 X 10° m3/s in mid-May and a minimum of 0.8 X 10° m®/s in mid-
November [Lentz, 1995]. It also supplies the largest riverine flux of suspended (1200 Mt yr™') and dissolved
matter (287 Mt yr~') to the global ocean, which includes Colored Dissolved Organic Matter (CDOM) [Mey-
beck and Ragu, 1997]. Including the Orinoco River, which has the fourth largest river discharge on the
planet, 20% of the global freshwater runoff enters the northwestern tropical Atlantic (NWTA). These river
plumes have been tracked in the tropical Atlantic Ocean to more than 1000 km from shore [Muller-Karger
et al., 1988; Hu et al., 2004]. They are fresher and warmer than the adjacent ocean, highly concentrated in
dissolved and suspended matter, and have a key impact on the biogeochemical processes (sink for atmos-
pheric CO, [Kortzinger, 2003]), optical properties [Muller-Karger et al., 1988; Longhurst, 1995; Muller-Karger
et al., 1995; Fratantoni and Glickson, 2002; Del Vecchio and Subramaniam, 2004; Hu et al., 2004], ecology [Mul-
ler-Karger et al., 1995], and physical properties [Masson and Delecluse, 2001; Mignot et al., 2012].

Optical properties can be estimated either from spaceborne or in situ sensors. Two examples are absorption
coefficient of colored detrital matter (a.qm), at several wavelengths (355, 400, and 443 nm), and diffuse attenu-
ation coefficient at 490 nm (K490). Hu et al. [2004] found SSS = 38.18-118.24 acpom(400 nm), using about 40
samples of colocalized S-PALACE floats SSS measurements and satellite CDOM values, acquired during two
winter months in 1999. Based on CTD and in situ optical measurements along several ship transects, Del Vec-
chio and Subramaniam [2004] found different linear relationships between SSS and K490 depending on the
location within the plume (proximity of the Amazon mouth or ~1000 km north-west off the latter). Del Vecchio
and Subramaniam [2004] also investigated the relationship between SSS and CDOM absorption at 355 nm.
During the low flow period (winter), no clear dependence on salinity was found. During the high flow period
(spring), CDOM absorption at 355 nm decreased with increasing salinity for inshore waters along the river
plume. Combining in situ SSS and the NASA Sea-viewing Wide Field-of-view Sensor (SeaWIFS) optical data,
Molleri et al. [2010] determined the relationship (SSS = —126.03 a.gm(443 nm) + 37.259), from 30 colocalized
samples at oceanographic stations in the proximity of the Amazon mouth, acquired at different periods of the
seasonal cycle between 1999 and 2003. Finally, Salisbury et al. [2011] studied the spatial coherence between
the Amazon discharge, cdm absorption and SSS, and the nature of the SSS-a.qn, relationship using spaceborne
estimates of sea surface salinity deduced from the AMSR-E instrument [Reul et al., 2009].

The objective of this present study is to employ the newly available SMOS SSS data in conjunction with
standard optical products, to more thoroughly document relationships between sea surface salinity and col-
ored detrital matter in the Amazon plume at finer time and spatial scales. The correlation between SSS and
optical properties in the Amazon plume is studied from 2010 to 2013 using remote sensing data to investi-
gate its spatiotemporal variability. A methodology to map SSS in the Amazon plume from ocean color data
is then proposed to map SSS back in time, from 1998 to 2013.

2. Data

We use sea surface salinity data from the SMOS mission. The Level-3 gridded 0.25° resolution SMOS SSS
data were obtained from the Ocean Salinity Expertise Center (CECOS) of the CNES-IFREMER Centre Aval de
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Traitement des Données SMOS (CATDS) (http://catds.ifremer.fr). We use daily products averaged with a 10
day running mean, reprocessed in 2012. Due to land contamination, the first three pixels from the coast are
discarded, i.e., excluding data within 150 km of the coast. Overall accuracy of the 10 day composite prod-
ucts at 25 km resolution is on the order of 0.3 practical salinity scale (pss) in the tropical oceans [Reul et al.,
2013; Fournier, 2014].

We use the level 3 daily, 4 km resolution estimates of optical parameters processed and distributed by
ACRI-ST GlobColour service (http://www.globcolour.info/). We specifically use the absorption coefficient of
colored detrital matter at 443 nm (acqm)- This product is spatially interpolated at 25 km and it is resampled
with a 10 day running mean. The product used in this study is based on the Garver, Siegel, and Maritorena
(GSM) model [Maritorena et al., 2002]. Over the global world ocean, this product shows a good agreement
with in situ data (rms = 0.14) [Maritorena et al., 2002]. Nevertheless, it is expected that errors in acgm could
be considerably greater in waters with high sediment concentrations [Salisbury et al., 2011].

Daily and monthly discharge data of Amazon and Orinoco rivers, at the Obidos and Bolivar gauging sta-
tions, respectively, were obtained from the Environmental Research Observatory Geodynamical, Hydrologi-
cal, and Biogeochemical control of erosion/alteration and material transport in the Amazon basin (ORE-
HYBAM), available at http://www.ore-hybam.org/.

In situ sea surface salinity observations are used to validate our SSS retrieval model from ocean color. We
use the 5 m depth salinity data transects acquired in the Amazon-Orinoco River plume region during 2010-
2012 from the ThermoSalinoGraph (TSG) sensors onboard ships of opportunity and gathered during the
Global Ocean Surface Underway Data (GOSUD) project. These include data from transects regularly acquired
along a Europe-French Guiana shipping route collected by vessels Colibri and Toucan. We considered a col-
lection of underway TSG SSS measurements at 3 m depth collected from also the R/V Knorr during several
cruises in 2010 across the Amazon River plume. Comparing in situ measurements with SMOS SSS measure-
ments raises issues considering the differences in the respective spatiotemporal sampling characteristics of
the space and in situ sensors. An overall bias on the order of 0.3-0.5 pss is obtained that is in-line with open
ocean comparisons. Yet, a generally higher standard deviation of the satellite/in situ SSS differences (~1 pss
for SSS < 35 pss) is found in the plume waters. This is not unexpected given the high horizontal and vertical
spatiotemporal variability [Reul et al., 2012; Fournier, 2014].

The 16 km 8 day Carbon-based Production Model (CbPM) Net Primary Productivity (NPP) products from
Ocean Productivity were used. Such data are available on their website (http://www.science.oregonstate.
edu/ocean.productivity/). These products have been averaged at the SMOS product 25 km resolution.
CbPM data used here are based on the updated model by Westberry et al. [2008].

Finally, we use data from the 6.9 and 10.7 GHz frequency bands of the Advanced Microwave Scanning
Radiometer-EOS (AMSR-E) onboard NASA EOS Aqua satellite. The spatial resolution of the instrument is
38 km in the C-band (6.9 GHz) and 56 km in the X-band (10.7 GHz). We specifically apply the L2A and L2B
brightness temperature products resampled at 56 km spatial resolution from the National Snow and Ice
Data Center (NSIDC) (http://nsidc.org/data/). The revisit time of the platform Aqua is about 1-2 days. This
along-track product is spatially interpolated at 25 km and it is resampled with a 10 day running mean, as
done for SMOS data.

3. Correlations Between SSS and Optical Properties

Spatial and temporal SSS variability from 2010 to 2013 for the northwestern tropical Atlantic (NWTA) region
are provided in the mean monthly SMOS maps shown in Figure 1. The plume waters, fresher than 35.5 pss,
are spreading from the Amazon mouth to the open ocean further than 1000 km from the mouth, north-
westward, or eastward. To delimit the Amazon plume, the 35.5 pss value has been chosen as a threshold to
extract river plume waters from the open ocean. While somewhat arbitrary, 35.5 pss represents an inflection
point at which SSS and aq.,, No longer covary. A map of the correlations between daily =5 days SMOS SSS
and acgm over 2010-2013 is presented in Figure 2. At each 0.25 X 0.25° grid point, the correlation between
SMOS SSS and ocean color time series is evaluated, and only pixels for which the p-value (significance of
the SSS-acgm correlation) is below 0.01 are shown. A strong negative correlation (below —0.5) between
SMOS SSS and acgm is obtained inside the river plume delimited by the 35.5 pss contour. The largest
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Figure 1. The 2010-2013 monthly mean SMOS SSS maps.

negative correlations between SMOS SSS and a.gm (below —0.95) are found in the eastern part of the plume
(pointed out by a black dot).

Monthly time series of SMOS sea surface salinity and a.gm at three NWTA locations [6.5°N 46°W],
[14°N 55°W], and [19°N 51.5°W] (labeled as 1, 2, and 3 in Figure 2) are shown in Figure 3. In the Ama-
zon plume area, a seasonal cycle is clearly observed in accordance with the Amazon River discharge
cycle. Once per year, as Amazon waters reach a given area, SSS locally drops below 35 pss and the
Acgm iNCreases.

In the eastern part of the plume, the SMOS SSS varies between approximately 30-31 pss, in August, and 36
pss (outside of the plume), from February to May. The monthly mean a.ym in this area varies between
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SR 2010-2013 SSS/acdm correlations o 001 m™", du_ri1ng winter and spring, and
: : 0.06-0.08 m " in August. In the north-
055 western part of the plume, the SMOS
0.6 SSS evolves between 32 and 33 pss in
-0.65 June-August, and 36 and 37 pss from
0.7 October to April. The monthly mean
.0.75 acdm Ppeaks in June-August when the
o8 minimum SSS is reached.
-0.85 As the extension of the plume varies
0.9 from year to year, strong negative corre-
e lations (below —0.85) are also found out-
¥ side the average plume contour (shown
5°§5°w 65°W 55°W 45°W 35°W — by a red dot in Figure 2). There SMOS
SSS is quasi constant, around 36-37 pss
Figure Z.Forrelation between- da.ily +5 days SMOS SSS.and acam for each 0.25 and acgm, around 0.005-0.01 m~. OnIy
X 0.25° pixel. Only p-values (significance of the correlation) below 0.01 are X
shown. The square, pentagram, and triangle (labeled 1, 2, and 3) are represent- one anomalous event in JU|y 2011
ing the pixels with coordinates: [6.5°N 46°W], [14°N 55°W], and [19°N 51.5°W], occurs, during which SMOS SSS dropped

respectively. The black thick line is the average location of the plume delimited

to 33 pss while a increased to
by the 35.5 pss contour. P cdm

0.03 m™' (see Figure 3c). The plume
reaching this area during the 2011
summer is also confirmed with Aquarius data [Grodsky et al., 2014]. SSS and a.ym are strongly synchronized
at these three locations and more generally over the whole plume region.

At the Obidos gauge, the Amazon discharge is maximal around June-July with a discharge of about 2.5 X 10°
m>/s, and at its minimum around October-November with a discharge of approximately 0.5-1 X 10° m®/s
(see Figure 3d). SSS and a.gm signals are clearly related to the Amazon discharge cycle. In the eastern area of
the plume, lags of about 2-3 months are found between the maximum discharge level and the minimum SSS
or the maximum a.yn (see Figures 3a and 3d). As found (not shown), the highest correlations are near —0.7,
for a time lag of 3 months. In the northwestern part of the plume, the discharge and SSS signals and the dis-
charge and acqm Signals are correlated, around —0.6, with no time lag (see Figures 3b and 3d) because Ama-
zon waters rapidly and continuously reach this area to influence the ambient sea surface properties.

Typically Amazon plume waters reach each location at different periods of the year. The seasonal variability
of the plume in the northwestern tropical Atlantic is mapped in Figure 4 (red patterns in Figure 4 indicate
acgm Maximum occurrence for each pixel). The signal extrema (SSS minimum, acq, Maximum) occur when
the Amazon influence is largest: near the river mouth in April; in the northwestern part of the plume around
June-July; and in the northern areas—around August-October. In the retroflection region of the North Bra-
zilian Current (NBC) [Richardson and Walsh, 1986], maxima occur in August and out to September-October
in the northeastern part of the plume. During the boreal winter and spring seasons, as the Amazon dis-
charge level is low, the Amazon plume waters accumulate in the vicinity of the mouth due to northeastern
trade wind events oriented roughly perpendicular to the coast [Muller-Karger et al., 1988, 1995; Geyer et al.,
1996]. In late spring, as the discharge level increases, Amazon waters flow northwestward along the Brazil-
ian shelf up to the Caribbean Sea when the wind relaxes and then reverses, to spread largely northwest-
ward in May. In summer-early fall when the North Equatorial Counter Current develops, the river plume is
carried eastward through the North Brazilian Current retroflection [Muller-Karger et al., 1988, 1995]. The
plume starts to vanish northwestward in September and eastward in November. The maximum Amazon
influence duration time (in months) is also analyzed (see Figure 4). Next to the mouth and northwestward
along the Brazilian shelf, the influence is almost continuous between 10 and 12 months, as the plume is
present in these areas almost all year long. The plume is only detected less than 6 months per year in gen-
eral at the northern edges of the domain exhibiting high correlation between SMOS SSS and acgm.

4, Comparison Between SSS and a4, in the Amazon Plume

An illustration of results using different spatiotemporal sampling strategies is shown in Figure 5 for which
the 25 km 10 day running mean SSS and a4 time series at location 1 ([6.5°N 46°W]) are represented. More
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Figure 3. Time series of the monthly mean SMOS SSS (circles) and the monthly mean a.qm, (squares) computed at locations (a) 1, (b) 2, and (c) 3 shown on Figure 2; (d) time series of the
monhtly Amazon discharge at Obidos gauge.

generally, for each 0.25 X 0.25° pixel, the 2010-2013 25 km 10 day running mean acqn, and SMOS SSS sig-
nals exhibit a very strong overall anticorrelation with short-term fluctuations. As we are interested in the
seasonal variations of SSS and a.gm signals, both signals are first filtered using a time window *45 days to
get rid of high temporal variations (see Figure 5). This filter was selected to filter processes occurring at sub
monthly time scales and to highlight those processes at seasonal scales. In this figure, the red solid line
marks the maximum a.q,,, occurence. In Figure 6, an example of the relationship between SSS and acym is
shown at location 1. The red solid line represents the linear regression over the filtered SMOS SSS and acgm
time series (represented as black dots). We obtain a single linear relationship, robust for SSS>30 pss
(R* = 0.92). In this figure, we also provide the linear model reported by Molleri et al. [2010] (magenta). In Fig-
ure 7, the red solid line in each subplot represents the linear regression over the filtered SMOS SSS and acgm
time series (represented as black dots) for each year 2010, 2011, 2012, and 2013. We also provide for each
year, the relationship between daily =5 days acgm and SSS (blue dots). For smaller SSS, corresponding to
larger acgm Vvalues, clear variability is evidenced, mostly as a function of the different years of joint observa-
tions. Taking the linear regression evaluated with smoothed products, the map of the slope coefficient is
further evaluated over the whole domain (see Figure 8). The slope significantly varies spatially, high in the
northwestern part of the plume, around —0.025, to low in the eastern part of the plume and next to the
mouth, around —0.005. To recall, Molleri and coauthors suggest a slope fixed at —0.008, which does not
appear to be adequate to capture the natural variability of the salinity/a.qm relationships. Amazon waters
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Figure 4. Seasonal evolution of the Amazon plume extension. Every month, the 0.25 X 0.25° pixels reached by the plume (months during which the a4 peak occurs for each pixel) are
colored in blue. The pixels for which the time series extrema occurs in the current month are colored in red.

reaching the eastern part, during summer months, are fresh but apparently clearer (less absorption per pss)
than the plume waters reaching the northwestern part of the plume. This could be due to removal proc-
esses that can affect the conservative mixing, these waters have generally been exposed to air-sea
exchanges over longer periods and advected over larger distances from the source.
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mean temporal resolution, and on the bottom plot, the time series filtered using a daily = 45 days. The red line marks the occurrence of the maximum of acgnm.

5. Application

Applications of the conservative identity can be exploited for the reconstruction of a sea surface salinity product
based on ocean color data. A benefit of this is the ability to estimate sea surface salinity back in time to correspond
to the advent of ocean color data (e.g, 1997-2010 for NASA SeaWIFS). The spatial and temporal resolutions of
ocean color sensors allow for interannual evaluations of plume dynamics. Moreover, using an adapted mean
relationship helps to reveal anomalies to be possibly associated to biogeochemical optical properties and/or
air-sea interaction variation [Reul et al., 2013; Grodsky et al,, 2014]. Several examples have already been reported
[Binding and Bowers, 2003; Del Castillo and Miller, 2008; Molleri et al., 2010; Urquhart et al., 2012; Bai et al., 2013].

5.1. Methodology

We apply the linear regression between the 25 km daily =45 days SMOS SSS and a.g4m computed for each
0.25 X 0.25° pixel in the Amazon plume over 2010-2013 (see Figure 8). Again, the regression was evaluated

2010- 201 3

—acdm = 0 008SSS + 0 287, R2= 0 92
— — Molleri et al

0.06 |- ~ -

0.05 f~ -

acdm (/m)

0.03

Figure 6. The 25 km 90 day running mean acqm as a function of 25 km 90 day run-
ning mean SMOS SSS over 2010-2013 (black dots) at location 1 shown in Figure 2.
The red solid line represents the linear regression computed for that pixel over 2010-
2013. The magenta dotted line represents the Molleri et al. [2010] linear model.

only for pixels in the plume for which
the p-value (significance of the SSS-
acam correlation) is below 0.01 and the
time lag between the SMOS SSS mini-
mum and acgm mMaximum is zero.
Then, from 25 km daily =45 days acgm
products, a 25 km daily =45 days SSS
product is retrieved.

In parallel, we compute 25 km daily
+45 days SSS products retrieved using
Molleri et al. [2010] and Del Vecchio
and Subramaniam [2004] linear regres-
sion models, based on 25 km daily
+45 days acgm and K490, respectively.

5.2. Validation

We first assess the expected consis-
tency of this ocean color-derived SSS
with SMOS SSS over the 2010-2013
period and with in situ data over
2010-2012. In Figure 9, the evolution
of the retrieved SSS is shown as a
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Figure 7. The 25 km 90 day running mean aqm as a function of 25 km 90 day running mean SMOS SSS in (a) 2010, (b) 2011, (c) 2012, and (d) 2013 (black dots) at location 1 shown in Fig-
ure 2. The red solid line represents the linear regression computed for that pixel for each year. The magenta dotted line represents the Molleri et al. [2010] linear model. The blue dots
represent the 25 km 10 day running mean acqn, as a function of 25 km 90 day running mean SMOS SSS in each year.

black solid line at the three particular locations 1, 2, and 3 (see Figure 2). The SMOS SSS evolution from 2010 is
shown as a magenta solid line. In the eastern part of the plume, at location 1, the SSS agrees well in compari-
son with SMOS (R? = 0.92 (see Figure 6)). Low SSS waters differ at location 2 in the northwestern part of the
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Figure 8. Slope of the linear regression between the time series of filtered
SMOS SSS and acgn, for each 0.25 X 0.25° pixel over 2010-2013. Only pixels
in the plume for which the p-value (significance of the SS5-a.y4m correlation)
is below 0.01 and time lag between the SMOS SSS minimum and a g, maxi-
mum is zero are shown.

plume (Rtern part of the plume, at location
1, the SSS agrees well in comparison with
SMOS (R* = 0.92 and bias = 0.46 pss). More-
over, the SSS is not well retrieved for SSS
higher than 35.5 pss. It corresponds to the
plume limit where SSS and a.4m no longer
covary. There, at high SSS values, the aym,
signal tied to salinity is weak. It has reached
the open ocean value. At location 3, an area
which is only reached by the plume in 2011,
the marked SSS gradients are adequately
retrieved (R* = 0.77 and bias = 0.18).

For the three locations (see Figure 10),
Hovmoller maps are provided to show the
evolution of SMOS SSS and retrieved SSS
from ocean color from 1998 to 2013. In
each part of the plume, we identify the
arrival of plume waters every year and the
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Figure 9. The 1998-2013 time series of retrieved SSS from ocean color (black) at locations 1, 2, and 3 shown in Figure 2. The magenta solid line represents the 2010-2013 time series of

SMOS SSS.

variability in the extension of plume waters. An overall good agreement is noticed between the spatial
extent of fresh and highly concentrated in organic matter pools spreading each year. In the eastern part of
the plume (see Figure 11a), we can notice that in 2003 and 2009, the plume waters are carried further east
than during other years, reaching 42°W. The Figure 11c shows the northeastern extension variability of the
Amazon plume. As during most years, the plume does not reach 15°N in that part of the ocean in 2000,
2005, or 2010. The Amazon waters reach almost 17°N in 2011 and the plume extends further northeastward
than other years, reaching 20°N. This shows that this new SSS product retrieved back in time from ocean
color can be used to highlight, among others features, the interannual variability of the Amazon plume
extension in order to relate it to other parameters (e.g., the discharge, precipitation, trade winds).

Retrieved SSS from ocean color is next compared to TSG transects in the Amazon plume. We show particu-
larly the evolution of SSS along three different TSG tracks carried out in July and August 2010. Figure 12
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2010 SMOS SSS - shows the average July to August 2010
Acam ON top of which are represented the

37 TSG tracks crossing the Amazon plume, an

area of strong SSS gradients. The retrieved

36 SSS from ocean color using our regression

model, Molleri et al. [2010] and Del Vecchio

35«,;; and Subramaniam [2004] models, SMOS

34& SSS and in situ SSS along the three TSG

tracks are represented as functions of the

33 latitude in Figure 13. The strong SSS gra-

dients, obtained when the ships cross the

32 plume, are adequately retrieved by the

i different models. The Molleri et al. [2010]

550W 40°W 2l model tends to underestimate low SSS
(R>=0.5, R* = 0.77 and R* = 0.63 for each

Figure 10. The 2010-2013 mean SMOS SSS on top of which are drawn the transect) whereas Del Vecchio and Subra-

three boxes (a, b, and c) in which Hovm top of which are drawn (around loca-

tions 1, 2, and 3 shown in Figure 2). maniam [2004] model tends to underesti-

mate high SSS (R*=0.84, R*=0.37 and
R? = 0.49 for each transect). As constructed, our model follows SMOS observations closely at high SSS. Low
salinities retrievals are problematic, but overall agreement is clearly obtained (R*=0.84, R*=0.91 and
R? = 0.86 for each transect).

At locations [7.75°N 50.75°W] and [8.75°N 50°W], labeled 4 and 5 in Figure 12, 1998-2013 time series of
SMOS (magenta solid line) and retrieved SSS from ocean color (black solid line) are shown in Figure 14. At
these two locations, in situ SSS data from Colibri and Toucan vessels are available from 2002 to 2013 and
they are superposed as red dots on the time series. On the plot, we add the C-band and X-band brightness
temperature differences from AMSR-E (blue solid line). Reul et al. [2009] already demonstrated that SSS in
the Amazon plume region can be retrieved from space combining the vertically polarized C and X-bands
brightness temperature (T,,) from AMSR-E. In warm waters, the SSS associated with the Amazon plume sig-
nal was shown to be clearly detectable using AMSR-E C and X-band T, data, despite a much weaker sensi-
tivity to SSS than the SMOS and Aquarius L-band sensors. The difference between the vertically polarized C
and X-band Tps estimated at the surface level is used in that method to isolate SSS signatures, minimizing
the competing sea surface roughness and temperature impacts. For that purpose, we used the AMSR-E
Level-1A Ty, antenna data that were corrected for the atmospheric effects to estimate the C and X-band
emission in vertical polarization from the ocean surface. These atmospheric corrections were evaluated
using the radiative transfer model given by Wentz and Meissner [2000] applied to the coincident AMSR-E
Level-2B water vapor, cloud liquid water, and sea surface wind products. In addition, the Reynolds et al.,
[2002] sea surface temperature products were used. The resulting surface reflectivities at each frequency
were then combined to estimate the difference in surface brightness temperature between 6.9 and
10.7 GHz vertical polarization channels. At the two locations 4 and 5 shown in Figure 14, the spatial, sea-
sonal, and interannual SSS variability seems well retrieved in the model SSS and in the AMSR-E Tys differ-
ence compared to in situ and SMOS SSS (at these positions, rms < 1 pss between the model SSS and in situ
SSS and between the model SSS and SMOS SSS).

6. Discussion

Retrieving SSS from ocean color based on the conservative mixing in the Amazon plume permits access to
spaceborne SSS estimates back in time from 1998. Using this new product, the interannual and seasonal vari-
ability of the water plume dispersal in the northwestern tropical Atlantic Ocean using SSS as a tracer can be
explored (see Figure 10). Thanks to spaceborne SSS measurement, a region north of the mouth reached by
the Amazon plume waters only in summer 2011 has been highlighted. Moreover, using this new product as
Amazon water plume tracer, we have demonstrated that in summer 2003 and 2009, the plume extended fur-
ther north than during other years. This could be due to a change in currents and wind direction and speed
or to more intense on land precipitation associated with the Inter Tropical Convergence Zone. Such processes
can now be explored in depth and will undoubtedly aid in our understanding of air-atmosphere exchanges,
especially regarding hurricane intensification [Grodsky et al., 2012].
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Overall the method which retrieves
SSS based on the conservative mixing
established in this study shows good
agreement with in situ data in compar-
ison with methods based on conserva-
tive mixing relationship established in
precedent studies (rms=2.1 pss and
bias = 1.2 pss for the current method;
rms = 3 pss and bias = 1.7 pss for the
Molleri et al. [2010] method; rms =2
pss and bias=1.5 pss for the Del
Vecchio and Subramaniam [2004]
method). However, different sources of
error can impact in the retrieval of SSS
based on ocean color products and
the conservative mixing assumption.
While validating SMOS SSS data
against in situ data, discrepancies are
noticeable, especially at low SSS (i.e.,
SSS < 30 pss). These discrepancies can
be attributed to: (i) the high spatio-
temporal variability of the SSS within
the plume waters (horizontal and verti-
cal variability). Horizontal and vertical
SSS gradients in the Amazon plume
region are strong (up to 7 pss over
50 km (SMOS resolution) and up to 3
pss/m). These gradients have a high
variability in time and space that can
be resolved by in situ instruments but
not by SMOS. The discrepancies can
also be attributed to (ii) potential
errors in the satellite products in the
proximity of land masses and/or when
the radiometer data are contaminated
by radio-frequency interferences (RFI);
(iii) potential errors in the dielectric
constant model used in the SSS
retrieval algorithm; (iv) eventual issues
in the L3 SMOS SSS products correc-
tion based on climatologic SSS data;
(v) differences in the respective spatio-
temporal sampling characteristics of
the space and in situ sensors [Boutin
et al, 2012; Reul et al.,, 2012; Font et al.,
2013]. The validation against in situ
data is based on a comparison
between data acquired at a precise
time and location and data averaged
over 43 km. This spatial and temporal
difference can impact the compari-

sons. Moreover, in situ data are often measured at around 3 or 5 m deep, whereas spaceborne instruments
measure only the first few centimeters of the ocean. In the Amazon plume area, vertical SSS gradients can
certainly be large.
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Figure 12. Average July to August 2010 a4y, map on top of which are rep-
resented as solid black lines, three TSG transects. The white dots, labeled 4

and 5, mark the locations [7.75°N 50.75°W] and [8.75°N 50°W].

Near the coast, where turbid waters are
present, acym retrieval algorithms may also
not be precise enough, inducing additional
errors in the model. In addition to its role
as a tracer of freshwater in coastal regions,
colored detrital matter contributes to total
light attenuation in the blue region of the
spectrum where chlorophyll-a also absorbs
strongly. This can lead to large errors in
ocean color retrievals.

Deviations from the conservative mixing
can occur due to biogeochemical processes
such as primary production and removal
processes. Photolysis or photo-oxidation,
the degradation of the cdm mainly due to
irradiance exposure, is one of the possible
removal processes that can affect the con-

servative mixing. Riverine light absorbing materials are highly concentrated in the waters discharged by the
Amazon River and this can attenuate light penetration and reflectance. At the edges of the plume, where
the riverine materials have less impact on the optical field, light will penetrate deeper where it can degrade
optically active riverine constituents. Primary productivity may also add cdm to the pool (source of cdm)
disrupting the conservative mixing relationship between cdm and salinity. Indeed, in late summer, the
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Figure 13. Transects of sea surface salinity from SMOS (blue dots), retrieved SSS from ocean color using our model (magenta dots), using
Del Vecchio and Subramaniam [2004] model (cyan dots) and using Molleri et al. [2010] model (red dots) and TSG SSS measurements (black

dots) along three TSG transects in July and August 2010.
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arrival of nutrient-rich Amazon River waters often stimulates primary production and thus can induce an
increase of dissolved organic matter next to the Caribbean Sea [Beers et al., 1968]. In summer, from May to
July, biological activity increases in the northwestern part of the plume. This is evident in monthly maps of
primary productivity (not shown here) computed using the CbPM data [Westberry et al., 2008] showing
intense regional productivity [also see Salisbury et al., 2011]. Thus, errors may have been introduced when
computing the conservative mixing in each pixel over the years 2010-2013 (at location 2, bias = 0.5 pss and
at location 1 and 3 respectively, bias = 0.3 pss and bias = 0.1 pss). During that time, high interannual vari-
ability hinders a determination of simple relationships for low SSS and high colored detrital matter absorp-
tion. Figure 15 presents the relationship between a.q,, and SSS. A deviation from conservative mixing is
clearly visible in 2010 associated with unusually large values of CbPM net primary production estimates.
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Figure 15. The 25 km 90 day acqm versus SMOS SSS at location 3 ([14°N, 55°W]) pointed out by a black dot on the May through July average a.qm, map. The z axis represents (left) the
year of observation and (right) the CbPM net primary productivity from Ocean Productivity.
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7. Conclusion

This study documents the relationship between sea surface salinity and optical parameters using spaceborne
SSS and ocean color data in the Amazon plume. The consistency between a microwave instrument and opti-
cal instruments is clearly demonstrated. This represents a new potential for the study of the SSS-a.qn, relation-
ship with a largely improved spatiotemporal monitoring compared to approaches that rely on in situ data.

Throughout the year Amazon waters are advected from the mouth to the open ocean and mix with the sur-
rounding water masses. At a fixed location, Amazon waters reach each region of the plume periodically
through different advection pathways and after encountering different water masses. With satellite observa-
tions the conservative mixing model can then be more locally applied for each 0.25 X 0.25° pixel in the
plume area. The conservative mixing relationship is then mapped to follow space-time characteristics
including seasonal scales of variability. Accordingly, these first results invite further ocean color-surface
salinity comparisons. More specifically, the apparent robustness of the use of the K490 parameter in low-
salinity waters necessitates further investigations closer to the coast.

The robustness of the relationship between a4y and surface salinity varies depending on where and when
the parameterization is calculated. Clear interannual and space variabilities in the SSS-a.ym relationship have
been highlighted. This has important biogeochemical implications for marine biology and carbon cycle sci-
ence. Our results suggest that for accurate salinity retrievals using ocean color data multiple parameterizations
distributed in time and/or space are required. A particular high slope field or end-member does not always
coincide with the highest correlation field. Biogeochemical removal or production mechanisms, in addition to
the difficulties of working with satellite data in near-coastal region are factors requiring characterization.

Once the conservative mixing relationships were established, a daily =45 days 25 km SSS product based on
ocean color data is retrieved. This product is validated against SMOS and in situ SSS and compared with the
SSS retrieved from ocean color using the Molleri et al. [2010] and Del Vecchio and Subramaniam [2004] mod-
els. Generally, the proposed model yields good results especially for SSS>30 pss and SSS <36 pss
(rms = 1.9 pss and bias = 1.2 pss). At low SSS (SSS < 30 pss), the present model tends to overestimate SSS
(bias of 4 pss for SSS<30 pss).
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