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[11 The temporal evolution and spatial distribution of surface salinity and colored detrital
matter (cdm) were evaluated within and adjacent to the Amazon River Plume. Study
objectives were as follows: first, to document the spatial coherence between Amazon
discharge, salinity, cdm, and the nature of the salinity-cdm relationship; second, to
document the temporal and spatial variability of cdm along the trajectory of the low-
salinity Amazon Plume, and third, to explore the departure of cdm from conservative
mixing behavior along the plume trajectory into the open ocean. Time series (2003—2007)
of surface salinity estimated using the Advanced Microwave Scanning Radiometer—Earth
Observing System and corresponding satellite cdm absorption (acdm) data documented
a plume of freshened, colored water emanating from the Amazon. Salinity and acdm
were generally coherent, but there were regions in which spatial patterns of salinity and
acdm did not coincide. Salinity was oppositely phased with discharge, whereas acdm was
in phase but lagged discharge and typically remained high after maximum discharge.
Along the river plume trajectory, acdm was inversely correlated with salinity, yet there was

considerable deviation from conservative mixing behavior during all seasons. Positive
anomalies in a linear relationship between salinity and acdm corresponded to areas of
enhanced satellite-retrieved net primary productivity, suggesting the importance of
phytoplankton biomass or its subsequent remineralization as a source of cdm. Negative
anomalies tended to predominate at the distal sections of the plume trajectories, an
observation consistent with the process of photo-oxidation of cdm over observed time

scales of days to weeks.
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1. Introduction

[2] The plumes of major rivers are sites of intense bio-
geochemical transformation [McKee et al., 2004] and eco-
logical complexity [Hickey et al., 2010]. While global ocean
satellite data presently provide a unique ability to resolve
spatial and temporal variability in sea surface temperature
and various biogeochemical indices, key gaps in our
knowledge of plume biogeochemistry could be addressed if
accurate satellite salinity data were also available.
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[3] The Amazon River, whose average discharge at Obidos,
Brazil, is (1.55 x 10° £ 0.13) m® s ! is by far the largest
single source of terrestrial freshwater to the ocean and
contributes about 30% of total river discharge to the Atlantic
Ocean [Wisser et al., 2010]. Its flow is distinctly seasonal
with minimum discharge occurring in November (~0.8 x
10° m* s7') and maximum discharge occurring in late May
(2.4 x 10° m® s7") [Lentz, 1995]. This flux impacts surface
ocean density in the Caribbean more than 3500 km from the
Amazon source [Hellweger and Gordon, 2002], and causes
a surface discoloration readily detectable in satellite ocean
color data that can extend over areas as large as 500,000 km?
[Muller-Karger et al., 1988, 1995; Longhurst, 1995; Hu et al.,
2004; Fratantoni and Glickson, 2002; Del Vecchio and
Subramaniam, 2004].

[4] Amazon water enters the Western Tropical Atlantic
near the equator (Figure 1) and is carried northwestward
along the Brazilian Shelf by the North Brazilian Current
(NBC) [Muller-Karger et al., 1988, 1995]. Although some
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Figure 1. Area of interest: the northwestern Tropical Atlantic. On land, the Amazon River and its major
tributaries within our region of interest are shown, as are the Orinoco, Xingu, and Tocatins (Toc.) rivers.

The location of the Obidos, Brazil, discharge gauge

is indicated as a solid circle. In the ocean, major cur-

rents are indicated: NBC, Northern Equatorial Current (NEC), NECC, Guyana Current, and Caribbean
Current. The small flow vectors show the mean surface current direction and relative velocity during Sep-
tember. These were created from climatological Argo float trajectory data.

of the Amazon’s water continues northwestward into the
Guyana Current [Hellweger and Gordon, 2002], a sizable
fraction reaching 3°N-10°N is carried eastward by the North
Equatorial Counter Current (NECC) [Muller-Karger et al.,
1989, 1995; Fratantoni and Glickson, 2002], which
reaches maximal velocities during the boreal summer to fall
period [Fonseca et al., 2004; Richardson and Reverdin,
1987]. Along the Brazilian shelf, up to 200 km offshore,
the plume formed by the Amazon’s discharge lies at the
surface with a depth ranging from 3 to 10 m [Lentz and
Limeburner, 1995]. Beyond the shelf, freshwater within
the plume gradually attenuates with depth as it travels away
from the source, with a penetration depth of 40 to 45 m as
far as 2600 km offshore [Hellweger and Gordon, 2002; Hu
et al., 2004]. Along with the freshwater, the Amazon pro-
vides the largest riverine flux of suspended (1200 Mt y ')
and dissolved matter (287 Mt y '), which includes a dis-
solved organic matter (DOM) flux of 139 Mty ' [Meybeck
and Ragu, 1997]. These fluxes can have a dramatic effect on
regional ecology as they represent potential subsidies of
organic carbon, nutrients, and light attenuation into an
otherwise oligotrophic environment [Muller-Karger et al.,
1995].

[5] In the most proximal regions of the Amazon Plume,
light attenuation by suspended detritus acts as the main
limitation to phytoplankton growth [DeMaster et al., 1996].
Away from this region, as mineral detritus is removed by
sinking, absorption attributable to organic substances begins
to dominate the attenuation of light in surface waters. Del
Vecchio and Subramaniam [2004] studied such conditions
in the Amazon Plume and characterized the relative con-
tributions of colored dissolved organic matter (CDOM),
particulate organic material and phytoplankton to the total
absorption field. Within their plume domain closest to shore

(between 6 and 8°N), absorption by CDOM accounted for
the highest percentage of total constituent absorption.
However, data from the offshore plume showed increasingly
significant contributions of absorption by both phytoplankton
and detritus more characteristic of the oligotrophic waters
adjacent to the plume. This evidence points to conditions
where fluxes of dissolved and particulate matter from the
Amazon exert primary control on the underwater light field
in the proximal regions of the plume. Yet in the more distal
regions of the plume, attenuation that arises from phyto-
plankton activity becomes increasingly important.

[6] In the coastal ocean adjacent to river sources, CDOM
tends to behave as a freshwater tracer, decreasing away from
the river source with increasing salinity. A considerable
range of CDOM values at river end-members have been
reported [Blough and Del Vecchio, 2002], as the spatial
variation of riverine CDOM is likely a function of regional
hydrology and land cover attributes [Huang and Chen,
2009; Salisbury et al., 2008; Salisbury, 2003; Battin,
1998]. Nevertheless, linear correlations between coastal
CDOM and salinity are well documented in ocean color
literature, with reported relationships robust enough to allow
salinity retrievals from CDOM and vice versa [e.g., Ferrari
and Dowell, 1998; Palacios et al., 2009; D’Sa et al., 2002;
Conmy et al., 2009]. Linearity in the CDOM-salinity rela-
tionship implies conservative mixing dominated by two
distinct end-members. Departures from linearity can occur
when additional water masses are present [Blough and Del
Vecchio, 2002] or by in situ subsidies of CDOM released
via net phytoplankton growth [Nelson et al., 1998; Yamashita
and Tanoue, 2004; Twardowski and Donaghay, 2001; D’Sa,
2008], microbial utilization [e.g., Moran et al., 1999;
Obernosterer and Herndl, 2000], or photochemical oxidation
[e.g., Miller and Zepp, 1995].
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[7] In addition to its role as a tracer of freshwater in
coastal waters, CDOM often contributes significantly to
total light attenuation in the blue region of the spectrum
where chlorophyll @ also absorbs strongly. This can lead to
large errors (typically overestimates) in ocean color retrievals
of phytoplankton biomass [e.g., Carder et al., 1991; Muller-
Karger et al., 1989; Del Vecchio and Subramaniam, 2004].
Because CDOM is part of the ocean DOM pool that varies
regionally with salinity, there is also considerable interest in
the use of CDOM to study the spatial and temporal mixing
of DOM in coastal waters [Vodacek et al., 1997; Ferrari,
2000]. Recent work has shown the potential of using in
situ optical and satellite ocean color data toward this goal
[Del Castillo and Miller, 2008; Mannino et al., 2008].

[8] Until recently, studies relating satellite ocean color
imagery to river plumes have been limited by the lack of a
corresponding spatial mapping of near-surface salinity. In
this work, the new salinity product derived from microwave
brightness temperature data collected by Advanced Micro-
wave Scanning Radiometer—Earth Observing System
(AMSR-E) enables a novel examination of the coincident
behavior of colored detrital matter absorption (acdm) and
salinity over a large regional scale [Reu! et al., 2009]. Our
study examines the nature of this relationship within the
Western Tropical Atlantic, and also along the trajectory of the
Amazon’s freshwater plume. We then use additional ocean
color satellite data to explore observed departures from
conservative mixing as the plume moves along the shelf and
then into the open ocean.

2. Data and Methods

2.1.

[s] Our study domain in the Western Tropical Atlantic
extends from 5°S to 20°N and 70°W to 30°W (Figure 1).
River basins draining into the Atlantic Ocean at the mouth
of the Amazon (1.5°S—0.5°N and 48.6°W—49.5°W) were
identified using the global Simulated Topological Network
(STN) river network [Vérdsmarty et al., 2000]. Besides the
Amazon basin and its tributaries, this included discharge
from the Tocantins River which enters the Atlantic Ocean in
close proximity to the Amazon mouth at ~1.2°S, 48.6°W.

Study Region

2.2. Discharge Data

[10] Concurrent discharge data at the region of the Ama-
zon mouth were not available for the time period of the
satellite records (2003-2007). Instead, we used WBM,jys
[Wisser et al., 2010], an extension of a grid-based water
balance and transport model [Federer et al., 2003; Rawlins
et al., 2003; Vorosmarty et al., 1998] to estimate discharge
to the Amazon mouth. WBM,,, is a fully coupled water
balance and transport model that simulates the vertical water
exchange between the land surface and the atmosphere and
the horizontal water transport along a prescribed river net-
work. The model was forced with a new gridded, global
time series of daily air temperature and precipitation from
the University of Delaware (http://climate.geog.udel.edu/
~climate/). For this study the model was run at a spatial
resolution of 0.5° and at a daily time step. Daily data were
averaged to create monthly discharge.

[11] Model results were compared to the Obidos, Brazil,
discharge gauge observations over the time period of avail-
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able data (1928-1998). This gave us confidence that the
model produces reliable discharge estimates for the entire
Amazon watershed. (Root-mean-square error (RMS) of
WBM,,;,,s model versus Obidos gauge data, RMS 041 = 3.3 ¥

10*m® d'. RMS of Amazon climatology (at Obidos) versus
Obidos gauge data, RMS 040 = 4.2 x 10* m® d'.) The
model may, in fact, be better for our purposes than data from
the single Obidos gauge. The Obidos gauge is located 750 km
from the ocean [Perry et al., 1996] and does not account for
discharge from the Xingu River, the Tocantins River, the
Maicuru River, and other smaller rivers that when com-
bined, provide at least 11% of the average annual discharge
to the coast (http://www.sage.wisc.edu/riverdata/). Indeed,
the combined annual discharge below the Obidos gauge is
larger than the Mississippi River discharge, which ranks fifth
globally. Furthermore, the characteristics of the hydrograph
and timing of flow at, above, and below Obidos are different.
For example, while the gauge at Obidos typically shows
maximum discharge in May, the Tocantins and Xingu
Rivers have discharge maxima occurring in February. For
these reasons we believe the model delivers reliable infor-
mation on the timing and magnitude of the freshwater flux
to the ocean, and is preferable to data from a single gauge or
its climatology.

2.3. AMSR-E Surface Salinity Estimates

[12] Monthly gridded estimates of sea surface salinity
(SSS) were derived within our study area at 0.5° spatial
resolution using daily data from the AMSR-E passive
microwave sensor operating aboard the NASA Aqua satellite.
This satellite also carries the Moderate Resolution Imaging
Spectroradiometer (MODIS) sensor, whose ocean color data
are used in this study. The data were produced from 2003 to
2007 based on the difference in vertically polarized ocean
microwave brightness temperatures (Tgy) between 6.9 and
10.7 GHz frequencies. The surface salinity retrieval method
uses both AMSR-E and sea surface temperature satellite
data sets as discussed by Reul et al. [2009]. Three mod-
ifications to the Reul et al. methods that were incorporated
in this study were the refinement of the requisite AMSR-E
Ty atmospheric corrections, discontinued use of a final
SSS minimization based on comparison to the Klein and
Swift [1977] model for the dielectric constant of seawater,
and an improved empirical estimator due mostly to a largely
expanded satellite and in situ matchup data set.

[13] The native resolution of the AMSR-E measurements
are 5670 km and, because of land contamination issues,
SSS estimates are not available within ~80 km of the
coastline. The Aqua satellite passes over this region daily
and the SSS estimate can be acquired in day or night and
through significant amounts of atmospheric water vapor and
clouds, though we do reject rain events. There are typically
more than 20 rain-free estimates averaged within a given
pixel to produce each monthly value. A conservative salinity
uncertainty for these monthly data is +1.0 pracitcal salinity
unit (psu). This value is derived from comparisons with in situ
and climatological data including shipboard measurements,
Argo floats, PIRATA buoys, and the SSS climatology of
Reverdin et al. [2007]. While Reul et al. [2009] cited an RMS
difference of 1.5 psu using only 2003 satellite versus in situ
comparisons, the method and comparison data set changes
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Table 1. Satellite Data Products
Product Units Obtained From Satellite/Sensor Reference
Salinity psu Brightness temperature NASA Aqua/AMSR-E  Reul et al. [2009]
from http://www.ghcc.msfc.nasa.gov/

QAA acdmyys, m’! Derived using radiance NASA Aqua/MODIS  Lee et al. [2002]
total nonwater data from http://oceandata.sci.gsfc.nasa.gov
absorption (at443),
and particle
backscatter (bbpaas)

NASA chl_gsm01, ugL™' NASA Giovanni (http://daac.gsfc.nasa.gov/giovanni/) NASA Aqua/MODIS  Maritorena and
chlorophyll a Siegel [2005],
concentration Maritorena et al. [2002]

NASA adg_gsm01, m™' NASA Giovanni (http://daac.gsfc.nasa.gov/giovanni/) NASA Aqua/MODIS  Maritorena and
absorption due to Siegel [2005],
dissolved and Maritorena et al. [2002]
detrital material
at 443 nm

VGPM mgCm2d"! Oregon State University NASA Aqua/MODIS,  Behrenfeld and

(http://www.science.oregonstate.edu/ocean.productivity/) ~ SeaSTAR/SeaWiFS Falkowski [1997]

CbPM mgC m2d™" Oregon State University NASA Aqua/MODIS,  Behrenfeld et al. [2005]

(http://www.science.oregonstate.edu/ocean.productivity/)

SeaSTAR/SeaWiFS

lead to our present observed difference of 1.0 psu over 2003—
2007. As discussed by Reu! et al. [2009], there are several
remaining uncertainty sources in the measurements, SSS
inversion method, and in situ data comparisons that collec-
tively suggest that this number may ultimately be an upper,
not lower, limit to the monthly AMSR-E SSS estimate error
bound. Most importantly, the present level of AMSR-E
uncertainty is more than sufficient to resolve the large SSS
gradients encountered in the Amazon-influenced study
region. These new salinity maps from the AMSR-E sensor
are independent from MODIS ocean color sensor data and
present new opportunities to use ocean color data to examine
the mixing and biochemical transformations as the Amazon
discharge spreads into the Atlantic.

2.4. Ocean Color Data

[14] Ocean color satellite data corresponding in time and
space to the AMSR-E data were obtained from the MODIS
sensor. We used level 3 daily, 9 km resolution water
leaving radiance data (six bands at 412, 443, 488, 531, 551,
and 667 nm) from the NASA ocean color data distribution
center (http://oceandata.sci.gsfc.nasa.gov/MODISA/). Radi-
ance data were used to estimate the absorption coefficient of
colored detrital matter at the reference wavelength 443 nm
(acdmyy;) using the quasi-analytical algorithm (QAA) of
Lee et al. [2002]. The daily acdmy4; data were averaged by
month and spatially binned to 0.5° to correspond with the
gridded salinity product.

[15] We assume the radiance data meets or exceeds
NASA’s goal of +5% accuracy for MODIS as indicated by
H. Gordon and K. Voss (MODIS normalized water-leaving
radiance algorithm theoretical basis document (MOD 18)
version 5, 2004, available at http://modis.gsfc.nasa.gov/data/
atbd/atbd mod18.pdf). The acdmgys; product includes
absorption by both particulate detritus and CDOM. The
particulate and dissolved terms are combined into a single
product by nature of the fact that their absorption coefficient
spectra are similar, making it difficult to distinguish between
them using remotely sensed data [Maritorena et al., 2002].
Their absorption spectra are commonly modeled as an
exponentially decaying curve with spectral slope S defining

how rapidly absorption decreases with increasing wave-
length. For this study, an S value of 0.017 was selected based
on an average of pooled values for our image region that fell
within a salinity range of 0-33.0 [Del Castillo et al., 1999;
Blough and Del Vecchio, 2002; Odriozola et al., 2007]. The
QAA acdmyys algorithm has been validated with field data in
turbid waters and was shown to have a maximum error of
18%, which decreased considerably in clearer waters [Lee
et al., 2002]. Nevertheless, it is expected that errors in
acdmyy; could be considerably greater in waters with high
sediment concentrations, or where erroneous atmospheric
correction leads to underestimates of water-leaving radiance
at the violet and blue wavelengths.

[16] Although satellite salinity and acdm,,; data were
used to track the spatial and temporal aspects of the low-
salinity plume, we recognize that while these two properties
are related via physical mixing, they are not necessarily
related chemically. Various biological, geochemical, and
photochemical processes can perturb conservative mixing of
salinity and colored detrital matter (cdm). To examine pro-
cesses as they relate to net production of cdm as the plume
mixes into the open ocean, we processed total nonwater
absorption (ars43) and particle backscatter (bypasas) using the
QAA algorithm, and compared results with additional ocean
color satellite products from various sources. These products
included output from the Carbon-based Primary Produc-
tivity Model (CbPM) [Behrenfeld et al., 2005], the Verti-
cally Generalized Production Model (VGPM) [Behrenfeld and
Falkowski, 1997], and the NASA (gsm01) absorption and
chlorophyll products [Maritorena et al., 2002; Maritorena and
Siegel, 2005]. All additional data products were interpolated
on to a 0.5° grid from their original 9 km resolution. Table 1
lists the satellite products, their sources, and relevant citations.
Table 2 lists the correlation coefficients of linear regressions
between satellite variables and AMSR-E salinity or gsm01
chlorophyll.

2.5. Analyses

[17] We generated seasonal climatologies of salinity and
acdmyys by averaging the monthly satellite data for 2003—
2007. The seasons were established according to the clima-
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Table 2. Correlation Coefficients r* Between Monthly Satellite
Data Subtended by Amazon Plume Trajectories

Satellite Variable Salinity chl gsm01
acdmys; (QAA) 0.53 0.58
CbPM 0.19 0.24
VGPM 0.62 0.64
chl_gsm01 0.63 1
aT443 (QAA) 0.61 0.69
bbpass (QAA) 0.39 0.54
adg gsm01 0.48 0.63

tological Amazon hydrograph at Obidos (1928-1998) as
follows: low discharge (November—January), ascending
hydrograph (February—April), high discharge (May-July),
and descending hydrograph (August—October).
2.5.1. Plume Trajectories

[18] We identified low-salinity plume trajectories on
each of the monthly salinity images by subjectively tracing
the lowest salinity throughout the plume trajectory using
ArcMap software. Trajectories originated from the Ama-
zon mouth (~0.6°N, 49.1°W) and continued along the
lowest-salinity axis until a salinity of ~36 was encountered.
Each monthly trajectory was objectively improved using a
3 x 3 pixel minimum filter along the traced axis, whereby
trajectory positions were relocated based on the lowest local
salinities identified by the filter. The plume often bifurcates
at ~3°N—-12°N during the summer, with one trajectory con-
tinuing to the northwest and the other retroflected to the east.
This phenomenon was observed in situ by Del Vecchio and
Subramaniam [2004]. In these cases, we chose to trace only
the data following the direction of the lowest contiguous
salinity.
2.5.2. Monthly Climatologies

[19] Monthly climatologies of salinity and acdmyyz along
the trajectories were analyzed as a function of distance along
the plume axis. The data were binned by distance from the
Amazon’s mouth (~50 km bin ') and then averaged by bin
over the years 2003—2007 to create monthly climatologies.
2.5.3. Time Series

[20] To create time series of salinity and acdmgys; for
comparison with discharge, monthly satellite data were
averaged over a region influenced by the Amazon corre-
sponding to the same extent used in the 1997-2002 satellite
plume study by Hu et al. [2004] (0°N-15°N, 45°W—-62°W).
In addition, to investigate the temporal behavior of acdmy,s
within the plume, we divided each of the monthly trajec-
tories according to its distance from the Amazon mouth as
follows: proximal section, 0—600 km; medial section, 600—
1200 km, and distal section, 1200—-1800 km. Satellite data
within these sections were retrieved, averaged and plotted
against time. Due to extensive cloud cover or algorithm
failure in very turbid coastal waters, some acdmgy,; data
were missing from the proximal section time series. In cases
where the trajectory was less than 1800 km, data for the
distal sections extended from 1200 km to the maximum
trajectory length.
2.5.4. Departures From Conservative Mixing

[21] The acdmyy3 anomalies were derived as a difference
from a least squares linear regression between salinity and
acdmyy; for each month and for all data along the plume
trajectories. The differences between each observation and
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the corresponding regression line were calculated, averaged
by 50 km bins, and plotted against distance along the tra-
jectory. The locations of positive and negative anomalies
were then compared with regions of high and low ocean
color derived productivity (Table 1).

3. Results and Discussion

3.1. Regional Salinity and acdm,,; Patterns

[22] The generalized pattern of how salinity and acdmyys
respond to the dynamics of Amazon discharge and the
seasonal evolution of surface currents is revealed in the
seasonal climatologies of salinity and acdmyys (Figure 2).
Within the northwestern sector of the domain, the influence
of the Orinoco River is visible in both the salinity and
acdmyy; data. However, the main body of this work focuses
on the behavior of salinity and acdmy4; specific to the
Amazon Plume. The trajectory of the contiguous low-
salinity plume to ~36 psu is traced on each of the seasonal
salinity climatologies. (Figure 2, left).

[23] A low-salinity plume emanating from the Amazon
mouth is always present. Although visual inspection of
Figure 2 shows seasonal variability in the spatial extent of
the low-salinity plume, the most striking pattern is the manner
in which the Amazon Plume responds to the NBC and NECC.
From November to April (low flow and ascending periods),
the plume is carried northwestward on the NBC. Through the
summer and fall (high flow and descending periods) much of
the plume is carried eastward as the seasonal NECC retro-
flection strengthens. Distributions of acdmy,s; track spatial
patterns that are similar to salinity near the coast, but tend to
deviate at the more distal regions of the low-salinity plume
(Figure 2, right).

3.2. Time Series of Discharge and Averaged Regional
Ocean Variables

[24] Figure 3 shows the temporal relationship between
WBM,,,,s modeled discharge and the satellite variables used
in this study. For comparison, the discharge climatology at
Obidos is included in Figure 3 (top). Monthly averaged
salinity data for the region ranged between 35.2 and 35.9.
Although net precipitation in this region follows an annual
cycle caused by the migration of the Intertropical Conver-
gence Zone, salinity variability throughout is largely driven
by the dynamics of river flow [Muller-Karger et al., 1989;
Dessier and Donguy, 1994; Foltz et al., 2004]. Average
annual salinity maxima (35.7 + 0.1) occurred from January
to March. Salinity minima (35.3 £ 0.1) occurred during
May—July in all years except 2004. Although the salinity
data are not perfectly phased in opposition with Amazon
discharge, regional salinity minima always occurred within
2 months of maximum discharge. As expected, greater lags
were found between maximum Amazon discharge and
salinity minima at sites in the Caribbean where salinity
minima occur in October—November (e.g., near Barbados
[Hellweger and Gordon, 2002]), at the Pilot Research Array
in the Tropical Atlantic (PIRATA Buoy) located at 8°N, 38°W,
[Foltz et al., 2004] and near Puerto Rico [Froelich et al.,
1978]. The timing of salinity minima in the northern
region of our domain is also influenced by the discharge of
the Orinoco, whose maximum discharge usually occurs in
August [Muller-Karger et al., 1989]. Observed lags between
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Figure 2. Seasonal climatologies (2003—2007) of satellite variables: (left) AMSR-E salinity and (right)
MODIS acdmyysz. The seasons (low flow, ascending, high flow, descending) were determined based on
the climatological hydrograph of the Amazon River at Obidos, Brazil. Seasonal climatologies are esti-
mated as the mean of seasonal NASA Aqua satellite data (2003—2007). Salinity is estimated using micro-
wave brightness temperatures from the NASA AMSR-E sensor. Monthly acdmy,; data are derived using
monthly MODIS ocean color radiance data to which the QAA algorithm was applied (see text). The axis
of the low-salinity plume climatology (to ~36 psu) is traced on the salinity data (dashed black).

discharge and surface salinity are likely related to the time it
takes river discharge to reach the observation regions
[Hellweger and Gordon, 2002; Dessier and Donguy, 1994;
Muller-Karger et al., 1989].

[25] Discharge and acdmyy; are in phase, with acdmyy;
lagging discharge by 2-4 months (Figure 3, middle). The
timing of the acdmy,; (Figure 3, middle) is in approximate
agreement with a time series (1997-2002) of satellite acpom
data reported for the same region [Hu et al., 2004]. Carbon-

based productivity (CbPM, Figure 3, bottom) is also in phase
with discharge, and its maxima lag discharge by 1-2 months.
During 2005-2007, CbPM was greater in magnitude than in
2003-2004. The change in the magnitude of annual CbPM
occurring in 2005 is not explored in this work. Instead we
use these data for a qualitative exploration of the potential
causes of anomalies in conservative mixing of salinity and

acdmyys.
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Figure 3. Time series of Amazon discharge and averaged regional satellite data. Modeled discharge from
the Amazon (black), with climatological discharge at the Obidos gauge (dashed black, in Figure 3, top only).
Monthly satellite data were averaged over the region 0°N—15°N, 45°W—-62°W. (top) AMSR-E salinity
(red), (middle) absorption coefficient (m ') of dissolved and detrital matter at 443 nm (acdmyys, green),
and (bottom) carbon-based net primary productivity (CbPM, blue).

3.3. Tracking the Temporal Behavior of acdmyy;
Within the Plume

[26] Variability of salinity and acdmgy; in the coastal
Western Tropical Atlantic is dominated by the Amazon’s
discharge. Indeed, when accounting for travel time, even
over great distances, Amazon discharge is correlated with
both salinity [Hellweger and Gordon, 2002] and ocean color
[Hu et al., 2004]. Hu et al. [2004] demonstrated that the
absorption coefficient of satellite-retrieved CDOM was
temporally correlated to discharge over a large area adjacent
to the Amazon mouth. We ran similar analyses, but also
exploited the spatially distributed AMSR-E salinity data to
focus on the behavior of acdmy,; specifically within the first
1800 km of the low-salinity plume (Figure 4).

[27] Figure 4 includes time series of modeled discharge
(black), monthly average AMSR-E salinity (light brown)
and acdmyyz (green) for each plume section. We note that
the modeled discharge at the Amazon mouth exceeds the
climatological discharge at Obidos by an average of 11%,
and that during the years 2006 and 2007 we estimate sig-
nificantly higher discharge (see Figure 3, top). However, our
estimates are consistent with June 2006 in situ observations
reported for the Amazon Estuary by Rosario et al. [2009].
(For June 2006, Rosario et al. observation is 301,562 m’s
WBM,,s, estimate is 332,385 m® s !, and Obidos clima-
tology is 244,158 m’ s '.) Also included in Figure 4 are
time series of the modeled flow for Rio Negro (black in
Figure 4a, bottom only) and the regionally averaged
acdmyy; reported in Figure 3 (Figure 4c, green dashed).

[28] Table 3 shows correlation coefficients for regressions
between discharge, salinity and acdmy,; for each section of
the plume. Included in Table 3 are correlation results in
which discharge lagged the data by one month. For data
within the proximal section (Figure 4a), salinity is phased in

opposition to discharge indicating the degree to which dis-
charge influences regional surface salinity. The lag between
highest discharge and lowest salinity (and vice versa) varies
year by year by —2 to +2 months. This suggests the
importance of physical processes other than discharge in
driving regional surface salinity distributions. Figure 4a
(bottom) suggests that the temporal pattern of acdmyys is
also related to discharge. Temporal coherence between
discharge and acdmyy3 can be logically interpreted as mixing
of colored materials between high- and low-salinity end-
members. However, the acdmy,; curve is interesting in that,
although its rise coincides with the rise of the hydrograph,
acdmyy; typically reached its maximum value 1-3 months
after peak discharge. The cause of this is unclear. If acdmgyys
and surface salinity in the region were similarly driven by
the Amazon’s discharge, then we would expect both to have
similar temporal dynamics (although opposite in sign). The
lag implies a source of cdm that is entering the region during
the descending limb of the hydrograph. Such a source could
be of terrestrial or marine origin.

[29] A partial explanation of the lag could lie in the rel-
ative timing of flow from various Amazon source waters
having differing optical properties. Tributaries of the Ama-
zon are classically identified by their color depending on the
predominance of dissolved organic matter (black water),
suspended sediment (white water), or high phytoplankton
production (clear water) [Devol and Hedges, 2001; Moreira-
Turcq et al., 2003]. Black water tributaries of the Amazon
have high concentrations of dissolved humic substance
[Mounier et al., 1999] that would presumably provide an
enhanced flux of CDOM. The black water tributary Rio
Negro, contributes greater than 12% of the total Amazon
discharge [Moreira-Turcq et al., 2003] and is the world’s
largest black water river. Its maximum discharge occurs
during June—August, approximately one month later than
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Figure 4. Time series of monthly salinity, acdmy4; and discharge. Data were retrieved and averaged for
locations corresponding to the proximal (mouth to 600 km), medial (600—1200 km), and distal (1200—
1800 km) sections of the low-salinity plume trajectories and then plotted as a function of time. Salinity
(red), modeled Amazon discharge (black), modeled discharge for the Rio Negro (black, in Figure 4a, bot-
tom only), acdmyyz (green), and averaged acdmy,; for the same region as Figure 3 (dashed green). Note

the different axis scales for each plot.

the maximum discharge downstream at Obidos (Figure 4a,
bottom). The timing of the Amazon flood wave is largely
controlled by the dynamics of the floodplain [Coe ef al.,
2008], and its velocity is estimated to be <50 cm s '
[Richey et al., 1989; Han et al., 2009]. Assuming a mean
velocity of 50 cm s ', it would take approximately one
month for the maximum discharge of the Rio Negro to travel
from its Amazon confluence (~3.2°S, 60.2°W) to the
Amazon mouth, approximately 1400 km away. Thus the
arrival time of maximum discharge from highly colored Rio
Negro to the coast would more closely correspond to the

timing of maximum acdmy,; that we observe within the
proximal plume section.

[30] Alternatively, it is feasible that the draining of flooded
lowlands (aka vareza lakes) during waning flow [Fisher and
Parsley, 1979; Devol et al., 1995] contributes to the
observed lag between high discharge and high acdmyy;. For
example, in a tributary of the Orinoco River, Battin [1998]
found that CDOM absorption increased as discharge
decreased. Similar conditions were described by Mladenov
et al. [2005] for the Okavango Delta, Botswana. In both
cases the persistence of high absorption after peak discharge
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Table 3. Correlation Coefficients for Discharge Versus acdmyys Along Amazon Plume Trajectory Sections®
Proximal Medial Distal

acdmyy; Salinity Acdmyy; Salinity acdmyy; Salinity
Modeled Amazon Q, 0 lag 0.28 0.50 0.39 0.21 0.23 0.06
Modeled Rio Negro Q, 0 lag 0.45 0.32 0.37 0.46 0.20 0.45
Modeled Amazon Q, 1 lag 0.27 0.38 0.60 0.52 0.32 0.31
Modeled Rio Negro Q, 1 lag 0.34 0.08 0.14 0.22 0.11 0.43
Salinity 0.49 1.00 0.69 1.00 0.28 1.00

“Ttalics values are not significant at p < 0.001.

was attributed to the delayed draining of carbon-rich
floodplain soils.

[31] It is also possible but less likely that estuarine and
coastal processes providing seasonal subsidies of cdm could
explain the lag between maximum discharge and acdmyys.
Resuspension of organic particulates near the coast would
increase organic detrital absorption (ag) and thus, acdmyys.
The release of CDOM during resuspension events has been
cited by several investigators [D ’Sa, 2008; Conmy et al.,
2009; Boss et al., 2001]. However, maximum wind stress
and wave energy on the Amazon Shelf both occur during
December—April [Geyer and Beardsley, 1995]. As such,
the seasonality of conditions that would promote sediment
resuspension do not support the idea that seasonal resuspen-
sion is the cause of the observed discharge-acdmyy; lag.

[32] Since the presence of biomass is often correlated with
acpom and aq, [Nelson et al., 1998; D’Sa, 2008; Chen and
Gardner, 2004; Yamashita and Tanoue, 2004] it could be
argued that cdm subsidies arising as a result of seasonal
phytoplankton dynamics provides a partial explanation for
the observed lag. On the Amazon Shelf encompassing the
proximal section (~salinity less than 32), production is
controlled by light availability, and its highest rates are
measured where particulate loads settle [Smith and
DeMaster, 1996; DeMaster and Aller, 2001]. The combi-
nation of low wave energy (May—October) and declining
discharge may favor particle settling and thus provide suf-
ficient irradiance for abundant phytoplankton growth coin-
ciding with the timing of maximal acdmyys.

[33] In the medial plume section (Figure 4b, top), the
seasonal coherence between salinity and discharge is
weaker. Lower salinity coincided with maximum discharge
in 2004, but lagged maximum discharge by 1-3 months in
other years. At a reference surface current speed of 50 cm s
for the region [cf. Limeburner et al., 1995; Johns et al.,
1998], Amazon discharge is expected to enter the medial
section at approximately day 16 and leave at approximately
day 32. Because of further dilution with oceanic waters, the
acdmyys values in the medial section are much lower than in
the proximal section (note different scales in Figure 4).
Likewise, the annual change in magnitude of acdmy,; in the
medial section is only ~50% that of the proximal section.
Annual acdmy,; maxima in the medial section typically
occurred within a month of the maxima in the proximal
section, perhaps reflecting the short travel time from the
proximal to the medial section.

[34] The distal section can occupy a range of locations
from the Guyana coast to oceanic waters more than 1000 km
off the Brazilian coast (see Figure 2). Nevertheless, salinity
at the varying distal locations follows a distinct annual cycle
that has a range of 3—4.5 psu. Salinity minima lag discharge

by 1-4 months (Figure 4c). Assuming the surface current
speed of 50 cm s~!, Amazon water is expected to enter the
distal section in approximately one month and occupy it for
at least two weeks. The discrepancy between the estimated
arrival time of Amazon Plume water and the observed
salinity minima suggests the potential for other processes
such as net precipitation or vertical mixing to influence the
observed salinity. The temporal pattern of acdmy,; is
oppositely phased with salinity, and its maximal values lag
discharge by 1-3 months in all years except 2005. Such a
lag is consistent with satellite ocean color a 4.y, Observations
made by Hu et al. [2004]. However, relative to the timing of
acdmyy; in the proximal section, acdmyy; maxima along the
distal section either coincides with, or occurs ~1 month
earlier than acdmy,; in the medial section. As with the other
plume sections, the timing of maximum acdmyys within the
distal section invokes the potential for perturbations to cdm
not directly related to the hydrograph of the Amazon.
Although adcmyy; in the distal section is about 4 times
smaller in magnitude than acdmy,; in the proximal section,
it is still far greater than the regional average reported in
Figure 3 (cf. green dashed line, Figure 4c¢). Likewise salinity
variability in the distal section is greater than that of the
regional average (Figure 3). This highlights the fact that
even at higher salinities, the Amazon is still a dominant
influence on the salinity and absorption fields of the West-
ern Tropical Atlantic.

3.4. The Spatial Distribution of acdm Relative
to Salinity Along the Plume Trajectory

[35] Monthly climatologies of salinity and acdmyyz along
the trajectories (Figure 5) show a prevailing pattern of
increasing salinity corresponding to decreasing acdmyysz as
distance from the Amazon Mouth increases. However, there
is considerable variability within the first 500 km of the
plume, as salinity and acdmy,; both change over short dis-
tances. Seaward of 300 km, there are many intervals of 50—
200 km in which 0.5-2.0 psu changes in the magnitude of
salinity parallel opposite changes in acdmy,s, suggesting a
strong linkage between the dynamics affecting both salinity
and acdmy,s. For example, beyond 500 km, notable decreases
in salinity accompanied by increases in acdmyy; are
observed from July to November. Further along the trajec-
tories smaller articulations in salinity elicit a small response
in acdmyys (e.g., March through July at ~800 km). Beyond
800 km, salinity gradually increases, usually corresponding
to similar decreases in acdmy4s;. A notable exception is
found during June where an increasing trend in acdmy,s is
observed beyond 1600 km.

[36] Pronounced seasonal patterns in the data are not
readily apparent. However, during the low-flow period
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Figure 5. Monthly climatologies of salinity and acdmy4; along the low-salinity plume trajectories (2003—
2007). Salinity (red) and acdmyg; (green). For each climatological month, all salinity and acdmy43 data sub-
tended by the low-salinity trajectories were binned by distance from the Amazon mouth (50 km bin ),

averaged, and plotted as a function of distance.

(November—January) the pattern of salinity versus distance
shows a sharper increase in the salinity over the first 500 km
than in other seasons. This is contrasted by more gradual
decreases during higher flow months (May—August). Such
patterns are likely related to varying volumes of freshwater
delivered and subsequently mixed during the Amazon’s
hydrological regime. Another seasonal feature is the pres-
ence of a fresh water pool at 600-800 km that develops
during the descending flow (August—October) and persists
through November. Although explanation of this feature is
beyond the scope of this effort, a possible mechanism in the
Amazon Plume may be attributed to inshore upwelling of
Bottom Boundary Layer Water, a phenomenon observed by
Curtin [1986] during high-discharge periods.

3.5. Deviations From Conservative Salinity-cdm
Mixing: potential Perturbations From Phytoplankton
and Photo-oxidation

[37] Although it is clear the mixing of Amazon River
water with the surrounding ocean explains much of the

acdmyy; signal for hundreds of kilometers along the plume,
we find that there are notable anomalies in the conservative
mixing of salinity and cdm. We examined anomalies of the
linear salinity-acdmyy; relationship to explore, qualitatively,
whether other coincident ocean products could shed light on
their cause. First, we hypothesize that as Amazon Plume
water ages there is a greater likelihood for the cdm pool to
degrade via photochemical processes. We reason that dis-
tance from the Amazon source along the plume trajectory
can be used as a simple proxy for the amount of time plume
waters are exposed to solar irradiance. That is, waters far-
thest along the trajectory would be more susceptible to
photo-oxidation and thus would show a higher occurrence
of negative anomalies. We did not consider the seasonality
of cloud cover or changes in day length that could alter the
amount of light exposure. The blue curve in Figure 6a
shows that data within the first 500 km is dominated by
positive anomalies that decrease rapidly with distance.
Beyond 500 km the anomalies are close to zero, but are
predominately negative. Thus the anomaly distribution
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provides evidence for rapid light-mediated changes over the
first 500 km, with much smaller changes occurring as the
plume travels away from its source. Observations of multi-
spectral fluorescence along the Orinoco Plume trajectory by
Del Castillo et al. [1999] provide a reasonable analogy for
our findings. Del Castillo et al. [1999] found that as distance
from the plume source increased, a sharp decrease in the
emission maxima of a fluorophore corresponding to fulvic
and humic material was observed. It was further determined
that the observed change was unrelated to conservative
mixing. However, a secondary fluorophore under study did
not change and was considered resistant to photodegrada-
tion. Thus, upon increased exposure to sunlight, photo-
labile material degraded rapidly, leaving photo-resistant
material to persist as it traveled with the plume.

[38] We further hypothesize that positive anomalies will
be more likely to be associated with the production and
subsequent remineralization of phytoplankton. This is
because production of phytoplankton biomass increases
light attenuation by organic particles [Fennel and Boss,
2003; Behrenfeld and Boss, 2006] and also because in situ
remineralization of biomass can increase acpom [Nelson
et al., 1998; Yamashita and Tanoue, 2004; Boss et al.,
2001; Twardowski and Donaghay, 2001].

[39] We examined satellite-derived primary productivity
with the thought that these products could be used as a
proxy for the rate of biomass accumulation [cf. Muller-
Karger et al., 2005]. A premise of the VGPM and other
chlorophyll-based models is that productivity varies pre-
dictably with chlorophyll [Behrenfeld and Falkowski, 1997]
Indeed, correlations between satellite chlorophyll and
VGPM data, and also between VGPM and salinity, were
high for our study (Table 2). Similar correlations using the
CbPM productivity data were considerably lower. A dis-
tinction between the two productivity products is that the
CbPM estimates are strongly influenced by satellite derived
particulate backscatter and phytoplankton absorption coef-
ficients [Garver and Siegel, 1997; Maritorena et al., 2002;
Siegel et al., 2002] while the VGPM is dominated by sat-
ellite chlorophyll [Behrenfeld and Falkowski, 1997].

Because of its lower correlation with both salinity and
chlorophyll, we chose the CbPM data to study potential
anomalies in conservative salinity-acdmgy; mixing caused
by phytoplankton activity. Inherent in this choice is the
assumption that CbPM data are sufficiently accurate to
capture monthly productivity variability over the spatial
domain of the trajectories.

[40] CbPM estimates were binned and averaged by
50 mg m* d "' increments. The blue curve in Figure 6b shows
acdmy,; anomalies (averaged for each bin) plotted across
CbPM data ranging from 100 to 3000 mg m? d'. This
interval contains ~96% of the data. Slight negative anomalies
predominate at productivity values below 750 mg m? d '
where 71% of the data occur. This is followed by an
interval in which considerable variability is observed (750—
1600 mg m* d "), which in turn is followed by an interval
showing an increasing trend of positive anomalies. We note
that data above 1600 mg m* d ™" account for 12% of the data
set. At productivity values >750 mg m? d', the association
of phytoplankton production with the positive anomalies
supports our hypothesis for phytoplankton-derived subsi-
dies of ay and acpom. An alternative explanation for this
association could be lateral or subsurface mixing of a third
end-member with higher acdmgy43. The Orinoco River is a
candidate end-member for lateral mixing. However, the
trajectory of the Orinoco is such that it would rarely interfere
with our analyses along the Amazon trajectory [see Muller-
Karger et al., 1989] (see also Figure 2). Neither is it likely
that mixing from a subsurface end-member could cause
positive anomalies, since reported acpon values are quite low
in water beneath the Amazon Plume [Del Vecchio and
Subramanium, 2004]. (In Amazon Plume waters, acpowm (at
355 nm) was always <0.15 m™ " for depths greater than 30 m.)

[41] The presence of viable phytoplankton communities in
plume regions that are presumed to be nutrient limited is
somewhat problematic. However, there is ample field evi-
dence of abundant phytoplankton growth in all but the
most turbid sections of the Amazon Plume [Hulburt and
Corwin, 1969; DeMaster et al., 1996; Shipe et al., 2006;
Subramaniam et al., 2008]. Mechanisms that could supply
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nutrients necessary to support phytoplankton growth include
in situ remineralization of biomass [Morell and Corredor,
2001; Muller-Karger et al., 1995], remineralization of dis-
solved organic matter [Morell and Corredor, 2001], nitro-
gen fixation by diazotrophs [Subramaniam et al., 2008], and
nutrient pumping via eddy upwelling [Longhurst, 1993]. In
the plume regions detached from the coast, Del Vecchio and
Subramaniam [2004] observed that ay provided a higher
proportion of the total absorption field, than it did in the
more proximal regions. In this work the authors reported
that the ay was largely derived from in situ phytoplankton
sources. It is also possible that phytoplankton could be ad-
vected from regions more replete with nutrients [Muller-
Karger et al., 1995]. Muller-Karger et al. [1988, 1995]
speculated that away from the coast, Amazon Plume waters
likely contained CDOM and phytoplankton, and that each
contributed to the plume’s color. Additional evidence for the
association of acdmy,; and phytoplankton productivity can
be found in Figure 3c. For each year the maximum averaged
CbPM values over the region either coincide with, or pre-
cede the maximum acdmyy; values. Within the same extent,
Hu et al. [2004] showed that maximum satellite chlorophyll
values were in phase with maximum satellite acpop values,
and during 4 out of 6 years, chlorophyll maxima preceded
acpom Maxima by 1 month. Thus the temporal dynamics of
both satellite proxies for phytoplankton demonstrate the
potential for biomass or its subsequent remineralization to
contribute to the observed positive anomalies.

4. Summary and Conclusions

[42] We report on a 5 year time series of satellite variables
over a broad region of the Western Equatorial Atlantic that
receives the Amazon’s discharge. AMSR-E salinity data
enabled the first spatiotemporal analyses of acdmyys relative
to salinity. Our results clearly demonstrate spatial coherence
between salinity and acdmy,; in plume-influenced waters at
monthly and seasonal time scales. Deviations from conser-
vative mixing point to processes that contribute or remove
colored detrital matter, as measured by proxy as acdmyys,
along the plume. Time series of modeled discharge at the
Amazon mouth corresponded to local salinity minima
(April-July) and acdmy43; maxima (July—August). However,
salinity minima within the first 600 km of the Amazon
Plume trajectory preceded acdm,,4; maxima by 0—3 months.
We submit that a partial explanation for this observed lag is
due to the flux of colored water from the large Rio Negro
tributary, whose peak discharge typically occurs in June.
Farther offshore and along the plume trajectory from 600 to
1200 km, temporal patterns of salinity and acdmyys; are
similar to the proximal region, albeit of different magni-
tudes. At the distal section of the plume (beyond 1200 km)
the timing of maximal acdmy,; varied by 1 month, often
preceding the timing of maximal acdmyy; at the Amazon
mouth. Timing of maximal acdmy4; over the entire study
region was similar to that of acpon observed by Hu et al.
[2004]. In turn, the maximal acdmy,; averaged over the
entire region was always within a month of that in the distal
plume section.

[43] There was evidence for local sources and sinks of
acdmyy; along the plume trajectory and over the broader
region. Anomalies to a linear mixing relationship between
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acdmy,; and salinity along the plume trajectory were eval-
uated versus distance from the plume, with anomalies
becoming increasingly negative with distance. We interpret
this as evidence suggesting photo-oxidation and loss of cdm
as the plume ages. The concept of distance as proxy for
irradiance exposure time and the tendency for acdmyysz to
undergo photochemical degradation along a plume trajec-
tory requires additional consideration. The anomalies were
also compared to satellite derived primary productivity, with
higher productivity corresponding to positive anomalies. This
finding supports those by Del Vecchio and Subramaniam
[2004] who reported an increased proportion of detrital
absorption within the higher salinity regions of the Ama-
zon Plume. We expect that these loss and production
processes occur simultaneously in the plume and that one
may often locally dominate the observed anomaly. Future
work will focus on combining simple process-based
models with these and other satellite data to better quantify
their relative contributions.

[44] These new satellite observations support the concept
that the Amazon River discharge governs surface light
absorption over a large area in the Equatorial Atlantic.
Moreover, the observed time series of averaged salinity and
adcmyys at the proximal, medial and distal reaches invoke
questions regarding the relative timing of adcmyy; along the
plume trajectory. Within the proximal section, what is the
cause for the annually repeating lag in the maximum
acdmyys; with respect to the month of maximum river dis-
charge? Within the medial and distal reaches, why does the
timing of acdmyy; maxima differ from, or even precede,
maxima in the acdmyy; nearest to the Amazon source?
Analysis of satellite productivity data coincident with
acdmyy; brings into play the importance of phytoplankton
activity as subsidies of the detrital or dissolved components
of acdmyys. Although further analysis of the processes
contributing to acdm source and sink terms is possible with
these data, more rigorous characterization of these processes
could be informed with in situ analyses of acdm transfor-
mations within the plume guided by near real time satellite
monitoring of plume advection along the coast and off the
shelf. Certainly sampling efforts aimed at monitoring the
optical properties at the Amazon end-member also remain

a priority.
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