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ABSTRACT

The Amazon River discharges low-salinity, low-carbon water into the western tropical
North Atlantic (WTNA), where the resultant plume stretches thousands of kilometers offshore
and creates a sink for atmospheric carbon dioxide (CO,). The presence of a carbon sink in
tropical oceans is noteworthy because tropical waters typically release CO; to the atmosphere;
the relative contributions of physical mixing and biological production must be understood,
however, before the potential for changes in the magnitude of the sink can be determined.
Biological production and subsequent export is the only process in tropical waters that can lead
to a long-term sequestration of atmospheric carbon. This dissertation combines observational
data and modeling studies to quantify the major inorganic carbon fluxes through the WTNA, so
that the Amazon plume-related carbon sink can be understood mechanistically. I first distinguish
between physical and biological effects on CO; in the offshore plume using observational data,
and find that biological drawdown is greatest in association with diazotroph-containing diatoms.
Then I determine the relative importance of seasonality in plume supply or processing on the
offshore plume-related atmospheric carbon sink, and conclude that although supply of inorganic

carbon to the Amazon plume does vary through the year, offshore biological processing year-



round has the greatest capacity to alter the magnitude of the sink, although its impact may vary
depending on meteorological control. Finally, I examine the role of mixing at the edge of the
plume, to understand the ultimate fate of the plume-related deficit in inorganic carbon. Vertical
mixing is too small to completely eliminate plume-related inorganic carbon deficits, and
horizontal advection and mixing must occur to bring plume water to nonplume conditions in the
observed lifetime of the plume. As a result, the Amazon River plume-associated deficit may
reduce WTNA inorganic carbon efflux beyond the borders of its low-salinity plume.

INDEX WORDS: Ocean carbon cycle, CO,, atmospheric CO, sink, Amazon River, Tropical
Atlantic Ocean
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CHAPTER 1
INTRODUCTION
Study context

Exchange of carbon dioxide (CO,) between the large oceanic and atmospheric reservoirs
was still poorly understood when data collected during the 1957-1958 International Geophysical
Year showed that atmospheric CO, was rising faster than previously anticipated (Keeling 1960).
Subsequent calculations showed that the ocean could not absorb CO, fast enough to keep pace
with rising atmospheric levels (Revelle and Suess 1957; Bolin and Eriksson 1959). Roger
Revelle noted that by adding CO; to the atmosphere, “human beings are carrying on a large-scale
geophysical experiment of a kind that could not have happened in the past, nor be reproduced in
the future” (Revelle and Suess 1957). Contemporary carbon cycle studies attempt to determine
the consequences and mechanisms involved in this “experiment” to understand the Earth system
and the consequences of ongoing anthropogenic perturbation.

Climatology- and tracer-based estimates of the average recent global air-sea CO, flux
suggest that at an approximate rate of 2 Pg C yr”', ocean uptake is now 29-33% of the magnitude
of anthropogenic carbon emissions (6-7 Pg C yr', Feely et al. 2001; Takahashi et al. 1997;
Siegenthaler and Sarmiento 1993; Quay et al. 1992). Global flux estimates are frequently based
on the disequilibrium between atmospheric and surface oceanic CO, values, which primarily
drives oceanic uptake of atmospheric CO, (Feely et al. 2001; Takahashi et al. 2002; Karl et al.
2001). However, interpolating spatially and temporally limited oceanic CO, observations to

obtain global air-sea fluxes adds up to 75% error (Takahashi et al. 1997). Ideally, this error



could be reduced by directly measuring oceanic CO; values at all seasons in more locations.
Since such sampling density is unlikely, more mechanistic or process-oriented approaches are
needed to link ocean CO; concentrations to data with better coverage, such as that from satellite
images or continuously measured underway datasets.

Global air-sea CO; flux estimates frequently do not include contributions of coastal
margins, where observations are few or carbon system dynamics are complex (Figure 1.1).
However, coastal oceans and estuaries represent 5-7% of the Earth’s surface and are responsible
for as much as 10% of worldwide primary production (Turner and Adger 1996; Ver et al. 1999).
At the same time, the organic carbon produced supplies respiration in both coastal margins and
oceans (Bauer and Druffel 1998), but the status of coastal margins as a net global carbon source
or sink due to net heterotrophy or autotrophy is a matter of current debate (Frankignoulle and
Borges 2001; Thomas et al. 2004a; Cai and Dai 2004; Thomas et al. 2004b; Borges et al. 2005).
Recent work emphasizes the importance of ecosystem variations in setting regional balances
between CO, emission or uptake (Borges et al. 2005). Observational studies that quantify carbon
fluxes through near-shore environments are needed to improve our understanding of coastal
influences on the global carbon flux.

The western tropical North Atlantic Ocean (WTNA) is an area whose participation in
global inorganic carbon cycling is not completely understood. The offshore region is subject to
coastal influences via the Amazon River outflow. The Amazon is the largest river in the world,
delivering 16% of global riverine transport to the ocean (Oltman 1968). The resultant plume of
high-chlorophyll river water stretches hundreds of kilometers offshore in ocean pigment satellite
images (Hochman et al. 1994; Muller-Karger et al. 1988; Muller-Karger et al. 1995, Figure 1.2).

Plume water can also be identified in situ by its low salinity, low levels of dissolved CO, and



carbonate species, and high concentrations of organic and inorganic nutrients (Lentz and
Limeburner 1995; DeMaster et al. 1996; Ternon et al. 2000; DeMaster and Aller 2001). The
plume’s chemical environment is strongly influenced by processes that occur in the river
mainstem or on the continental shelf, tightly linking the South American continent with the
offshore Atlantic Ocean.

The size, low CO,, and high pigment concentrations of the plume imply that it could
represent a vast seasonally appearing sink for atmospheric carbon whose uptake is enhanced by
biological activity (Ternon et al. 2000; Kortzinger 2003). Low-latitude oceans are typically
atmospheric CO, sources because primary production in the tropics is outpaced by solubility-
driven degassing (Figure 1.1, and Sarmiento et al. 1995; Takahashi 1989). The low CO; values
in the Amazon plume initially set the direction of air-sea flux into the plume (see 5-10N, 50W,
Figure 1.1). Then, when the plume supplies nutrients to the WTNA, the biological pump exports
inorganic carbon to the deeper WTNA, lowering surface pCO, further (Volk and Hoffert 1985;
Sarmiento et al. 1995; Sarmiento and Orr 1991). Quantifying the fluxes associated with the
WTNA carbon sink requires an interdisciplinary perspective; ocean chemistry in this dynamic
region cannot be examined independently from biological, atmospheric, physical, and geological
influences. The resulting mechanistic understanding of WTNA carbon cycling will improve
predictions of future regional behavior and may help constrain carbon cycles of other low-

latitude coastal zones influenced by large rivers.



The carbonate system
Solution chemistry

CO; complexes with water upon dissolution to form carbonic acid, a weak multiprotic
acid that quickly reaches chemical equilibrium in a series of dissociation reactions dependent on

pH and temperature:

CO;(g) <> CO, (aq) (1)
CO,(aq) + HyO <> H,CO4 2)
H,CO; <> H" + HCO3 (3)
HCO3 <> H' +C0%™ (4)

Concentrations of these ions cannot be directly measured, but they can be calculated using other
measured parameters of the carbonate system. The sum of all carbonate species in solution
(H,COs, HCO5', CO5™ and COxq)) 1s frequently referred to as dissolved inorganic carbon (DIC)
or total inorganic carbon. DIC is measured by coulometric titration of seawater. Dissolved CO,
values in seawater can also be reported as partial pressures. Henry’s law relates the partial

pressure of a gas such as CO; to its quantity in solution:

[CO31=kp (PCO,) 5)
where kg is the Henry’s law constant, which varies with salinity, pressure, and temperature
(Libes 1992; Weiss 1974). [CO,*] represents the total quantity of COxq) and H,CO3, and pCO,
is the partial pressure of CO,. pCO;, can be measured with a seawater-air equilibrator and an
infrared detector. The total excess base in seawater that balances the charge of dissolved positive
ions is known as total alkalinity (TA), which is composed mostly of ions from the carbonate

system:



TA =[HCO3 ] +2[CO3 ™ ]+[B(OH)3 ]+[OH | +[HPO3 ]+ 2[PO} ] (6)

[SiIO(OH)3 ]+[NH;]+[HS ™ ]+...—-[H" ]-[HSOZ ] - [HF]-[H3PO4 ] ...

where the ellipses represent minor acid/base species whose concentrations are low enough that
they may be neglected (DOE 1997). TA is also pH and temperature dependent, and it is
measured by potentiometric titration of seawater. All the carbon species (DIC, pCO,, or TA) can
be calculated using the dissociation constants for the equilibrium reactions (1-4) and any two
measured carbonate system parameters (any combination of pH, DIC, TA, or pCO,). In this
study, we measured DIC, TA, and pCO,, and calculated pCO, if measurements were not

available.

Inorganic carbon distributions in the ocean

Ocean DIC values increase with depth in all basins, where CO, is highly soluble due to
deep ocean low temperatures and high pressures (Chester 1990; Lundberg 1994; Weiss 1974).
The “solubility pump” moves inorganic carbon to the deep ocean when atmospheric CO;
dissolves into poleward-moving (cooling) surface water, which then sinks into the deep ocean
containing high CO,. At the same time, the two-part “biological pump” exports additional
carbon to deep water (Volk and Hoffert 1985). Respiration of sinking organic matter from the
euphotic zone releases DIC in the deep ocean ("soft tissue pump", Volk and Hoffert 1985).
Furthermore, some plankton form calcite shells that remove additional carbonate from surface
waters. When these organisms sink, the calcite dissolves, releasing carbonate into the deep
ocean ("carbonate pump", Volk and Hoffert 1985; Libes 1992). The solubility pump establishes

a surface-to-deep DIC gradient that is greatly magnified by the biological pump. In the absence



of anthropogenic CO, perturbations, these oceanic processes set atmospheric CO, (Volk and

Hoffert 1985; Sarmiento and Orr 1991).

Atmosphere-ocean connections

Air-sea CO, exchange varies regionally due to changes in physical, chemical, and
biological conditions. The CO, flux across the air-sea interface (F) depends on the general
equation (Wanninkhof and McGillis 1999):

F=K-s:(pCOy,, - PCO,, ) -

where K is the gas transfer velocity (also called “piston velocity”) and s is gas solubility. Gas
transfer velocity increases non-linearly with windspeed (Wanninkhof and McGillis 1999, and
references therein), while gas solubility decreases with temperature and salinity, and increases
with pressure (Weiss 1974). Biological activity or pH changes can influence pCOgse, Which
then alters the overall air-sea CO, flux.

Precipitation and evaporation influence CO, values in surface waters, changing both DIC
and TA. Precipitation delivers low-carbon fresh water to the surface mixed layer, diluting
inorganic carbon, nutrients, salts, and organic matter. Evaporation removes water vapor,
concentrating dissolved constituents. In ocean studies, precipitation and evaporation effects are
neutralized by normalizing DIC and TA to a fixed average oceanic salinity (e.g., Friis et al. 2003,
and references therein). However, this approach causes misleading results if river-ocean mixing
is occurring, such as in the WTNA, because the riverine zero-salinity endmember usually has
nonzero DIC and TA (Friis et al. 2003; Robbins 2001). Instead, a mixing model approach is

required that accounts for the systematic addition of both freshwater and carbon to the system.



Estuarine Mixing

River and ocean mixing can be quantified by plotting dissolved constituents against each
other along the mixing gradient. Dissolved constituents that are neither consumed nor formed
during mixing, known as conservative tracers (e.g., salinity), usually appear in plots as the
independent variable. If the dependent variable is a nonconservative tracer (a constituent
produced/consumed along the mixing gradient, e.g., nitrate), the resulting mixing curve will
indicate addition processes if the mixing line curves upwards, and removal if the mixing line

curves downwards. These curves are described by the relationship: (Chester 1990; Boyle et al.

1974)
do, d’>C
—=_-_0 (S-S
5= 28 16

where Qy is the flux of the river water, Q¢ is the flux of the dissolved component being
measured, Sy is the salinity of the river end-member, S is the salinity at the point in question, and
C is the concentration of the component at that point. This treatment is fairly straightforward for
nutrients and trace metals that travel exclusively in the dissolved phase, but becomes more
involved when addition and removal processes include atmospheric exchange, as for dissolved
gases like carbon dioxide. More complex models incorporating air-water gas transfer are needed
to include the influence of the atmospheric reservoir steadily along the two-endmember (river-

ocean) mixing curve.

Amazon River basin processes
The Amazon River drains the largest single watershed in the world, covering 6 million
km?, including 1100 major tributaries. Terrestrial processes occurring far upland in the Amazon

watershed supply most of the river’s fresh water and dissolved constituents, closely connecting



the continent to the open ocean. The river lies in a classic river basin, where highlands border a
vast central plain that leads to extensive floodplains. Surrounding the basin are the Guiana
Highlands to the north, the Andean Cordillera to the west, and the Brazilian Highlands to the
south (Figure 1.3). Tributaries drain Andean regions (Rios Solimdes, Madeira), weathered
lowland terrain (Rio Negro), or shield (highland) areas (Rios Trombetas, Xingt, Tapajos, Devol
and Hedges 2001). The floodplains along the river mainstem, or varzea, contain heavily
vegetated lowlands and small lakes, which undergo periodic flooding (Melack and Forsberg
2001).

Sources of water to the Amazon mainstem fall into four categories: white water, clear
water, black water, and véarzea drainage. White-water rivers such as the Rio Madeira drain
Andean areas and contain high loads of suspended sediments, nutrients, and ions (Devol and
Hedges 2001). Andean white-water tributaries are the primary source of alkalinity to the
mainstem and early river plume, raising pH and adding low levels of dissolved organic carbon
(DOC) to the mainstem (Degens et al. 1991). DOC can be respired and raise DIC levels in the
river. Clear-water rivers drain weathered highland areas, carrying small loads of suspended
sediments and DOC to the mainstem (Devol and Hedges 2001). Black-water rivers such as the
Rio Negro are dark brown due to high concentrations of dissolved organic matter. These rivers
do not contribute carbonate alkalinity or sediments to the mainstem (Degens et al. 1991), because
they drain central basin forest areas whose soils are already highly weathered (Devol and Hedges
2001; McClain and Elsenbeer 2001). Precipitation in the Andes provides more alkalinity and
higher pH to the Amazon mainstem; rainfall in the highlands lowers pH and total alkalinity but
adds DOC. Varzea regions process nutrients and organic matter in mainstem water and host high

rates of both respiration and production. When vérzea waters rejoin the mainstem after a flood,



they contribute newly produced, labile DOC and broken-down, previously refractory DOC
(Richey et al. 1990; Melack and Forsberg 2001).

Timing of tributary contributions depends on movement of local rainfall maxima, which
roughly follow the meridional movement of solar heating (Marengo et al. 2001). Rainfall is also
influenced by oceanic moisture supply and by local changes in convection and atmospheric
stability (Marengo and Nobre 2001; Fu et al. 2001). In boreal winter, a thermally driven low-
pressure system over the South American continent between 20 and 30°S displaces the
intertropical convergence zone (ITCZ) far south, while a high-pressure zone dominates the
tropical North Atlantic. A strong northeasterly flow consequently develops, bringing moisture
and heat from the tropical North Atlantic to the southern Amazon basin (Figure 1.4, Marengo et
al. 2001; Brown et al. 1989). Consequently, maximum precipitation in the western and southern
Amazon region occurs from November to January (Marengo and Nobre 2001; Curtis and
Hastenrath 1999; Grimm 2003; Marengo et al. 2001), driving the boreal winter peak in Amazon
mainstem alkalinity. From June — August, thermal heating of South America is at a minimum,
and the ITCZ shifts northward to near 5°N over the continent (Brown et al. 1989). This
arrangement permits an east-southeasterly cross-equatorial flow during boreal summer (Brown et
al. 1989; Marengo and Nobre 2001; Curtis and Hastenrath 1999), moving heat and moisture to
the Amazon basin from the equatorial and tropical South Atlantic (Figure 1.4, Curtis and
Hastenrath 1999). The northern Amazon region experiences highest rainfall from May to July
(Marengo et al. 2001; Curtis and Hastenrath 1999; Grimm 2003; Marengo and Nobre 2001),
driving the boreal summer drop in mainstem alkalinity. Tributaries draining the Brazilian
Highlands contribute to the Amazon mainstem in boreal spring and cause the initial spring

decline in TA (Devol and Hedges 2001).



Global-scale multi-year cycles such as the El Nifio/Southern Oscillation (ENSO) and the
North Atlantic Oscillation (NAO) influence western tropical Atlantic sea surface temperature
(SST), Amazon basin precipitation, and river discharge through atmospheric connections (Fu et
al. 2001; Grimm 2003; Marengo and Nobre 2001; Visbeck et al. 2001; Richey et al. 1989). In
general, “El Nino events” (Southern Oscillation negative phases) precede periods of low
Amazon flow, and watershed-scale drought. “La Nina events” (Southern Oscillation positive
phases) lead to higher Amazon precipitation and discharge (Marengo et al. 2001; Richey et al.
1989; Grimm 2003). For example, El Nifio causes atmospheric circulation changes, such as
weaker continental convection and reduced Hadley flow, that diminish tropical Atlantic trade
winds (Wang 2005), which move less moisture to the Amazon basin (Marengo et al. 2001;
Marengo and Nobre 2001). NAO’s effects on the Amazon River are not as well known, but its
largely positive index for the past thirty years may have lowered tropical Atlantic SSTs, thereby
reducing moisture transport into the Amazon Basin (Visbeck et al. 2001). Atmospheric
oscillations are not solely responsible for all of the interannual streamflow variability observed;
local and basin-scale precipitation influences such as natural insolation and convection variations
are also partially responsible (Richey et al. 1989; Marengo and Nobre 2001; Fu et al. 2001;
Wang 2002). For example, the Amazon Basin experienced severe drought in 2005 (rainfall

anomaly map, www.cpc.ncep.noaa.gov/products/precip/realtime/SA/annual.cycle.y2005.anom.

gif) that may have been related to high WTNA SSTs (e.g., Nobre and Shukla 1996). The cause
of 2005°s high SSTs has not yet been determined, but suggests that global warming could cause
widespread changes in Amazon discharge. Whether discharge variations related to ENSO,

NAO, or other sea surface temperature changes alter Amazon River plume chemistry has not

10



been studied, but connections seem logical given the importance of seasonal precipitation
maxima in river alkalinity.

Nutrient concentrations in the mainstem tend to be greater than in the ocean and vary
seasonally over small ranges (Table 1.1, Richey et al. 1991), despite the large seasonal variation
in Amazon discharge volume (100 x 10° m® s in November, and 250 x 10° m® s in May-
June)(Nittrouer and DeMaster 1996). Although Amazon mainstem DIC and TA values are 3-4
times lower than those of the WTNA (Table 1.1), river pCO, exceeds atmospheric pCO, because
the lower mainstem pH (Devol et al. 1987; Devol and Hedges 2001) partitions 80-90% of the
riverine DIC load in bicarbonate, and the remainder in hydrated gaseous CO, (Degens et al.
1991; Devol and Hedges 2001).

Primary production is not always light limited in the floodplains as it is in the turbid
Amazon mainstem, and the varzea host high rates of both primary production and respiration.
Values for pCO; in the varzea can be quite high as a result (up to 44,000 patm, Richey et al.
2002). The floodplains are net autotrophic, supporting area-integrated net primary production of
2 Tg Cy"' (Melack and Forsberg 2001). When the véarzea flood, organic carbon released to the
mainstem supports half the in situ oxidation there (Richey et al. 1990; Melack and Forsberg
2001). Respiration of DOM from upland and vérzea regions dominates production in the river
mainstem, regenerating nutrients and releasing about 14 Tg C y' by air-water exchange (Devol

et al. 1987).
Early Plume/Continental Shelf Oceanic processes

The magnitude of Amazon discharge causes estuarine processes to occur on the

continental shelf instead of within the river mouth (Nittrouer and DeMaster 1996). Strong tidal
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mixing on the inner continental shelf is believed to break down vertical density stratification,
preventing an estuarine return flow of saline water from developing along the river bottom
(Nittrouer and DeMaster 1996; Geyer et al. 1996). Once river water moves seaward of the very
shallow (10-15 m) frontal zone, it remains a coherent, brackish surface plume atop the North
Brazil Current (NBC)-origin ocean water separated by a strong pycnocline (Geyer et al. 1996;
Lentz and Limeburner 1995). Turbulent vertical mixing across this boundary is somewhat
restricted (Sprintall and Tomczak 1992; Pailler et al. 1999), causing plume processes to depend
mostly on the river-set composition of the plume rather than on properties of ocean water below
the plume.

Riverine nutrients and dissolved organic matter support primary production in the
offshore plume (DeMaster and Pope 1996; DeMaster and Aller 2001; DeMaster et al. 1996;
Richey et al. 1991). In general, river water contributes nutrients, sediments, and DOC to the
ocean, and dilutes DIC, TA and salinity (Table 1.1). When river and ocean water mix, pH
changes release additional phosphate from ferric hydroxide complexes (Chase and Sayles 1980;
DeMaster and Aller 2001; Fox 1989; Richey et al. 1991), and pCO, drops following a shift in
carbonate equilibria (Kortzinger 2003). DIC and TA values near the river mouth and in the early
plume are not well quantified (river values in Table 1.1 were measured 1600 km upstream at
Obidos, Richey et al. 1991), but DIC in November 1991 outside the river mouth was 363 pmol
L' (Druffel et al. 2005). Presumably, TA at the mouth should also be low, because only
highland tributaries join the mainstem after Obidos and they do not add TA.

Although riverine nutrients are abundant in the early plume, near-shore primary
production in areas less than 20m deep is initially light-limited by high suspended sediment loads

(Nittrouer and DeMaster 1996). Respiration is unhindered, processing river-borne organic
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matter and releasing nutrients throughout the plume. Primary production resumes on the shelf
after turbidity drops below about 10 mg L™ (DeMaster et al. 1996), which occurs quickly; 95 %
of the sediment load settles out by salinity 3 (Edmond et al. 1981), located about 150 km from
the river mouth (Geyer et al. 1996). Mean shelf production is 2.0x 10'"' g C d”' (Smith and
DeMaster 1996), but ongoing regeneration re-releases 92-98% of Si, N, and P back into the
water column (DeMaster and Pope 1996). Nitrate on the continental shelf limits primary
production (DeMaster and Pope 1996) and is removed additionally by organic matter deposition
and denitrification (DeMaster and Aller 2001). Nitrogen is limiting in waters leaving the shelf,
causing primary production in the offshore plume also to be nitrogen-limited; this increases the

likelihood that nitrogen fixation will be important offshore.

Offshore Oceanic Processes and Plume

As the Amazon plume moves offshore, it alters the physical, chemical, and biological
characteristics of the normally oligotrophic WTNA, where high volume currents converge (Bub
and Brown 1996; Arhan et al. 1998; Bourles et al. 1999a; Bourles et al. 1999b; Stramma and
Schott 1999; Metcalf and Stalcup 1967; Mamayev 1975) and mix water masses from the
northern and southern tropics, subtropical gyres, and poles (Figure 1.5). The southernmost,
wind-driven portion of the geostrophic equatorial current system flows westward across the
Atlantic Ocean near 10°S as the South Equatorial Current (SEC) (Johns et al. 1998; Bourles et al.
1999b), which splits into northward- and southward-flowing segments when it encounters South
America. The northern portion supplies the North Brazil Current (NBC), which flows
northwestward along the coast of South America. Most of the NBC-associated transport is in the

upper 150m of the water column, but transport also occurs down to 300m and varies in strength
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seasonally (Johns et al. 1998). The NBC feeds the easterly South Equatorial Under Current
(SEUC), the Equatorial Under Current (EUC), the North Equatorial Undercurrent (NEUC), and
the North Equatorial Counter Current (NECC) (Johns et al. 1998; Bourles et al. 1999a; Bourles
et al. 1999b; Metcalf and Stalcup 1967). By the time the NBC reaches the equator and acquires
Amazon water, it transports 32 Sv (Johns et al. 1998).  Because the NBC entrains Amazon
water and feeds several currents (Bourles et al. 1999a; Metcalf and Stalcup 1967; Bourles et al.
1999b), Amazon plume properties can reach far throughout the Atlantic basin.

Wind and heat changes alter currents seasonally, carrying the Amazon plume to different
areas of the WTNA in a coherent mass (Stramma and Schott 1999; Lentz 1995; Marengo and
Nobre 2001). In general, the plume turns northward outside the river mouth into the North
Atlantic due to the dominance of wind forcing and NBC entrainment over weak, low-latitude
Coriolis acceleration (Geyer et al. 1996). From December to February, onshore wind stress is
approximately normal to the Brazilian coast, encouraging the Amazon plume entrained in the
northwesterly NBC to remain close to the coastline in a long, thin band (Geyer et al. 1996;
Nittrouer and DeMaster 1996). At this time, the NECC is weakest (Bourles et al. 1999b, and
references therein), so Amazon water primarily reaches the Caribbean rather than the offshore
WTNA. During boreal winter and spring, trade winds sometimes shift to a more northerly
direction and impede along-shelf northwesterly transport, causing fresh water to build up on the
continental shelf (Geyer et al. 1996). Subsequently, east-southeasterly winds carry the plume
along the northern Brazilian coastal shelf with the North Brazil Current from June to August;
Coriolis acceleration acting on the wind-driven, faster, along-shelf NBC encourages the plume
to detach from the coast anticyclonically and retroflect northeast into the WTNA (Nittrouer and

DeMaster 1996; Geyer et al. 1996). The late summer plume is very broad (Geyer et al. 1996),
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and it exposes a large volume of low carbon, high chlorophyll plume water to sunlight and air-
sea gas exchange. The NBC retroflection occurs at 6-8°N, feeding the NECC’s annual peak flow
(Bourles et al. 1999b; Brown et al. 1989; Fratantoni and Glickson 2002, and references therein).
Drifter tracks and satellite chlorophyll a images trace plume water as far as the east coast of
Africa during late summer (Geyer et al. 1996; Muller-Karger et al. 1988). At the same time,
rings of NBC water pinch off from the retroflected NBC/NECC flow and drift northwestward
into the Caribbean Sea (Bourles et al. 1999b; Fratantoni and Glickson 2002; Johns et al. 1990),
maintaining transport of South Atlantic water and Amazon water with high chlorophyll and low
carbon northward even during NBC retroflection (Fratantoni and Glickson 2002, and references
therein).

While the plume is offshore, it remains atop the ocean water column as a 5-15 m lens of
warm, fresh water (Lentz and Limeburner 1995; Pailler et al. 1999). The ocean water below the
plume, normally “surface” ocean water when the plume is absent, receives the export flux of OM
from the highly productive plume. Organic matter sinking below the surface ocean water into
intermediate water across the main pycnocline (= 26.00, between 100-200m, Bub and Brown
1996; Mamayev 1975) creates the total WTNA export flux, removing inorganic carbon from
surface waters to the less frequently ventilated deep ocean. Intermediate watermasses are
mixtures of North and South Atlantic Subtropical Water (NASW, SASW), Antarctic
Intermediate Water (AAIW), and North Atlantic Deep Water (NADW, Bub and Brown 1996;
Sverdrup et al. 1942). Subtropical watermasses tend to ventilate with the atmosphere on the
order of a few decades (Doney et al. 1998), whereas NADW and AAIW ventilation times are on
the order of centuries. Organic matter exported from the Amazon plume is remineralized

throughout the water column into watermasses with a range of ventilation timescales. Therefore,
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“export” from the surface ocean/plume does not automatically equal long-term sequestration;
rather, it indicates removal of this carbon for at least a few decades, and possibly longer. The
dynamics of deep remineralization under future conditions of change are not yet known.
Inorganic carbon supply does not limit primary production in areas free of river
influence; low concentrations and supply rates of other nutrients do (Table 1.1). In the absence
of the river plume, WTNA DIC, TA, and dissolved oxygen levels are similar to those in other
tropical surface oceans, but total inventories of N, P, and Si are lower in the Atlantic than in the
Pacific or Indian Oceans (Broecker and Peng 1982). The major source of phosphorus to the
WTNA is from the summertime Amazon River flood (Conkright et al. 2000). Plumes of mineral
dust from Africa and Europe travel to the WTNA on easterly winds and deposit small amounts of
nitrogen, iron, and phosphorus there (Prospero et al. 1996). Model estimates suggest that 10-36
pumol N m™? d' is deposited between 0-10°N and 40-60°W (Prospero et al. 1996). Airborne iron
and summertime riverine phosphorus fluxes to the surface WINA (Prospero et al. 1996; Chen
and Siefert 2004) favor the high Fe and P requirements of diazotrophs (Sanudo-Wilhelmy et al.
2001; Capone et al. 1997), which are known to contribute new nitrogen to oligotrophic, tropical
oceans at rates comparable to eddy-induced upwelling (Capone et al. 1997; Karl et al. 1997). In
the tropical Atlantic, the upwelling flux of new nitrogen ranges from 30-150 pmol N m? d’!
(outside of equatorial upwelling zones, Capone et al. 1997). Although the plume-area-integrated
(2x10° km?, Kortzinger 2003) fluxes of nitrogen from the atmosphere and upwelling (2.4x107-
3.6x108 mol d-1) span the Amazon dissolved nitrogen supply (2.5x10* mol N d”, DeMaster and
Aller 2001), these processes act over such a large area that primary production per meter is not
greatly enhanced. If all nitrogen supplied resulted in carbon fixation with a C:N ratio of 6.6,

only 0.06-1 mmol C m™ d”' would be fixed, which is far below typical primary production rates
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(2-30 mmol C m™ d) in the oligotrophic ocean (Maranon et al. 2003). In the absence of the
river plume, the low supply of nutrients to the WTNA implies low primary production rates in
the surface ocean.

When the plume brings summertime inorganic and organic nutrients to the WTNA, its
associated nutrients support dense plankton populations across the early plume which are visible
in satellite chlorophyll a images (Muller-Karger et al. 1988; Muller-Karger et al. 1995). Primary
production and export may intensify the mixing-induced inorganic carbon sink in the Amazon
plume (Ternon et al. 2000; Kortzinger 2003). According to the Redfield paradigm, maximum
production of inorganic carbon in this plume water is possible when inorganic nutrients are
available in the ideal ratio. Although Amazon waters are nutrient-rich, they are nitrogen-limited
in the Redfield definition (TN:TP = 5, Richey et al. 1991), and the upwelling nutrient supply has
an NO;+NH4: POy ratio of 7.7 (DeMaster and Aller 2001; DeMaster and Pope 1996; Richey et
al. 1990; Richey et al. 1991). Both sources are well below the Redfield ratio of 16. Using the
available excess river-provided phosphate in the WTNA (Conkright et al. 2000) requires more
biologically available inorganic nitrogen, which is likely provided by nitrogen fixation
(DeMaster and Aller 2001; Carpenter et al. 1999; Carpenter et al. 2004).

Macroscopic diazotrophs such as Trichodesmium spp. and diatoms with diazotrophic
endosymbionts such as Hemiaulus hauckii with Richelia intracellularis are numerous in the
WTNA, providing biologically usable nitrogen to the N-limited WTNA community (Capone et
al. 1997; Carpenter and Roenneberg 1995; Carpenter et al. 1999; Carpenter et al. 2004). The
exact distributions of these organisms relative to Amazon plume conditions are still under study
(R. Shipe, pers. comm.), but some trends are apparent. Diatom assemblages containing more

estuarine/coastal species (R. Shipe, pers. comm.) are common in the early plume (Milliman and
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Boyle 1975) due to high silicate levels and abundant nutrients. Diatoms with diazotrophic
symbionts succeed initial diatom assemblages (R. Shipe, pers. comm., Subramaniam et al. in
revision) as initial nutrient supplies are regenerated from organic matter stocks and nitrogen
becomes limiting. Finally, free-living Trichodesmium becomes prevalent late in the plume, after
diatoms sink or are grazed and dissolved silicate and phosphorus concentrations decrease
(Subramaniam et al. in revision). Non-diazotrophic phytoplankton are also found in the offshore
plume (Subramaniam et al. in revision) and these “echo blooms” (Coles et al. 2004) may depend

on leakage of fixed nitrogen from Trichodesmium.

Scope of Study

Although the Amazon plume is known to create a sink for atmospheric carbon by virtue
of spreading low-carbon water over a large region, the mechanisms controlling carbon fluxes
through the euphotic WTNA year-round are not yet determined. The following chapters’
overriding goals are to determine the relative importance of physical, biological, chemical, and
geological processes in establishing and maintaining the Amazon plume carbon sink, and to
quantify the movement of inorganic carbon through the surface WTNA so that future basin-wide
carbon cycle studies will more accurately include processes relevant to the Amazon plume.
Chapter 2 quantifies physical mixing effects and biological effects on WTNA inorganic carbon
distributions by comparing plume- and nonplume-influenced conditions in two seasons. We find
that diazotrophic primary production, especially that of diatoms with diazotrophic symbionts,
can remove additional inorganic carbon and prolong the undersaturation of the plume, perhaps
for longer than the duration of the physical plume structure itself. Chapter 3 investigates the role

of seasonal variability in carbon supply and processing on plume inorganic carbon distributions.
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Although the seasonal ranges of WTNA ocean temperature and windspeed are small, causing
little seasonal variability in air-sea CO, transfer compared to subtropical locations, seasonal
variations in the Amazon River discharge supply seasonally varying low values of TA and DIC
to the offshore plume. There, biologically mediated inorganic carbon deficits enhance air-sea
CO, transfer throughout the year. Without major changes in biological drawdown, the true
controllers of Amazon plume CO, uptake are meteorological conditions; changes in local climate
are most likely to enhance or minimize the sink. Chapter 4 is a modeling study that examines the
role of vertical mixing on plume breakdown, and whether vertical fluxes are sufficient to
remediate the plume-associated inorganic carbon deficit. Finally, Chapter 5 summarizes the

main findings of my research and highlights areas for future research.

19



References:

Arhan, M., H. Mercier, B. Bourles and Y. Gouriou (1998). Hydrographic sections across the
Atlantic at 7 degrees 30N and 4 degrees 30S. Deep-Sea Research Part I-Oceanographic
Research Papers 45(6): 829-872.

Bauer, J. E. and E. R. M. Druffel (1998). Ocean margins as a significant source of organic matter
to the deep ocean. Nature 392: 482-485.

Bolin, B. and E. Eriksson (1959). Changes in the Carbon Dioxide Content of the Atmosphere
and Sea Due to Fossil Fuel Combustion. The Atmosphere and the Sea in Motion. B.
Bolin. Rockefeller Institute Press, New York: 130-142.

Borges, A. V., B. Delille and M. Frankignoulle (2005). Budgeting sinks and sources of CO; in
the coastal ocean: Diversity of ecosystems counts. Geophysical Research Letters
32(L14601): doi: 10.1029/2005GL023053.

Bourles, B., Y. Gouriou and R. Chuchla (1999a). On the circulation in the upper layer of the
western equatorial Atlantic. Journal of Geophysical Research-Oceans 104(C9): 21,151-
21,170.

Bourles, B., R. L. Molinari, E. Johns, W. D. Wilson and K. D. Leaman (1999b). Upper layer
currents in the western tropical North Atlantic (1989-1991). Journal of Geophysical
Research-Oceans 104(C1): 1361-1375.

Boyle, E. A., R. Collier, A. T. Dengler, J. M. Edmond, A. C. Ng and R. F. Stallard (1974). On
the chemical mass-balance in estuaries. Geochimica et Cosmochimica Acta 38: 1719-28.

Broecker, W. S. and T.-H. Peng (1982). Tracers in the Sea. Lamont-Doherty Geological

Observatory, Columbia University; Eldigio Press, Palisades, New York.

20



Brown, J., A. Colling, D. Park, J. Phillips, D. Rothery and J. Wright (1989). Ocean Circulation.
Butterworth-Heinemann, Oxford.

Bub, F. L. and W. S. Brown (1996). Intermediate layer water masses in the western tropical
Atlantic ocean. Journal of Geophysical Research-Oceans 101(C5): 11903-11922.

Cai, W.-J. and M. Dai (2004). Comment on "Enhanced Open Ocean Storage of CO, from Shelf
Sea Pumping". Science 306: 1477c.

Capone, D. G., J. P. Zehr, H. W. Paerl, B. Bergman and E. J. Carpenter (1997). Trichodesmium,
a globally significant marine cyanobacterium. Science 276: 1221-1229.

Carpenter, E. J., J. P. Montoya, J. Burns, M. R. Mulholland, A. Subramaniam and D. G. Capone
(1999). Extensive bloom of a N»-fixing diatom/cyanobacterial association in the tropical
Atlantic Ocean. Marine Ecology Progress Series 185: 273-283.

Carpenter, E. J. and T. Roenneberg (1995). The marine planktonic cyanobacteria Trichodesmium
spp.: photosynthetic rate measurements in the SW Atlantic Ocean. Marine Ecology
Progress Series 118: 267-273.

Carpenter, E. J., A. Subramaniam and D. G. Capone (2004). Biomass and primary productivity
of the cyanobacterium Trichodesmium spp. in the tropical N. Atlantic Ocean. Deep-Sea
Resarch | 51: 173-203.

Chase, E. M. and F. L. Sayles (1980). Phosphorus in suspended sediments of the Amazon River.
Estuarine, Coastal, and Marine Science 11: 383-391.

Chen, Y. and R. Siefert (2004). Seasonal and spatial distributions and dry deposition fluxes of
atmospheric total and labile iron over the tropical and subtropical North Atlantic Ocean.
Journal of Geophysical Research-Atmospheres 109(D09315):

doi:10.1029/2003JD003958.

21



Chester, R. (1990). Marine Geochemistry. Unwin Hyman Ltd., London.

Coles, V. J., C. Wilson and R. R. Hood (2004). Remote sensing of new production fuelled by
nitrogen fixation. Geophysical Research Letters 31(L06301):
doi:10.1029/2003GL019018.

Conkright, M. E., W. W. Gregg and S. Levitus (2000). Seasonal cycle of phosphate in the open
ocean. Deep-Sea Research | 47: 159-175.

Curtis, S. and S. Hastenrath (1999). Trends of upper-air circulation and water vapour over
equatorial South America and adjacent oceans. International Journal of Climatology 19:
863-876.

Degens, E. T., S. Kempe and J. E. Richey (1991). Summary: Biogeochemistry of Major World
Rivers. Biogeochemistry of Major World Rivers. E. T. Degens, S. Kempe and J. E.
Richey. John Wiley & Sons, Ltd., New York: 323-348.

DeMaster, D. J. and R. C. Aller (2001). Biogeochemical Processes on the Amazon Shelf:
Changes in Dissolved and Particulate Fluxes during River/Ocean Mixing. The
Biogeochemistry of the Amazon Basin. M. E. McClain, R. L. Victoria and J. E. Richey.
Oxford University Press: 328-357.

DeMaster, D. J. and R. H. Pope (1996). Nutrient Dynamics in Amazon Shelf Waters - Results
from AMASSEDS. Continental Shelf Research 16(3): 263-289.

DeMaster, D. J., W. O. Smith, D. M. Nelson and J. Y. Aller (1996). Biogeochemical processes in
Amazon shelf waters: chemical distributions and uptake rates of silicon, carbon and

nitrogen. Continental Shelf Research 16(5-6): 617-643.

22



Devol, A. H. and J. 1. Hedges (2001). Organic Matter and Nutrients in the Mainstem Amazon
River. The Biogeochemistry of the Amazon Basin. M. E. McClain, R. L. Victoria and J. E.
Richey. Oxford University Press, New York: 275-306.

Devol, A. H., P. D. Quay, J. E. Richey and L. A. Martinelli (1987). The role of gas exchange in

22Rn budgets of the Amazon River. Limnology and

the inorganic carbon, oxygen, and
Oceanography 32(1): 235-248.

DOE (1997). Handbook of methods for the analysis of the various parameters of the carbon
dioxide system in sea water. A. G. Dickson and C. Goyet, eds., ORNL/CDIAC-74.

Doney, S. C., J. L. Bullister and R. Wanninkhof (1998). Climatic variability in upper ocean
ventilation rates diagnosed using chlorofluorocarbons. Geophysical Research Letters 25.:
1399-1402.

Druffel, E. R. M., J. E. Bauer and S. Griffin (2005). Input of particulate organic and dissolved
inorganic carbon from the Amazon to the Atlantic Ocean. Geochemistry Geophysics
Geosystems 6(3): doi: 10.1029/2004GC000842.

Edmond, J. M., E. A. Boyle, B. Grant and R. F. Stallard (1981). The chemical mass balance in
the Amazon plume - I. The nutrients. Deep-Sea Resarch 28A(11): 1339-1374.

Feely, R. A., C. L. Sabine, T. Takahashi and R. Wanninkhof (2001). Uptake and storage of
carbon dioxide in the ocean: the global CO, survey. Oceanography: Special Issue--
JGOFS 14(4): 18-32.

Fox, L. E. (1989). A model for inorganic control of phosphate concentrations in river waters.
Geochimica et Cosmochimica Acta 53: 417-428.

Frankignoulle, M. and A. V. Borges (2001). European continental shelf as a significant sink for

atmospheric carbon dioxide. Global Biogeochemical Cycles 15(3): 569-576.

23



Fratantoni, D. M. and D. A. Glickson (2002). North Brazil Current ring generation and evolution
observed with SeaWiFS. Journal of Physical Oceanography 32: 1058-1074.

Friis, K., A. Kortzinger and D. W. R. Wallace (2003). The salinity normalization of marine
inorganic carbon chemistry data. Geophysical Research Letters 30(2): doi:
10.1029/2002GL015898.

Fu, R., R. E. Dickinson, M. Chen and H. Wang (2001). How do tropical sea surface temperatures
influence the seasonal distribution of precipitation in the equatorial Atlantic? Journal of
Climate 14: 4003-4026.

Geyer, W. R., R. C. Beardsley, S. J. Lentz, J. Candela, R. Limeburner, W. E. Johns, B. M. Castro
and I. D. Soares (1996). Physical oceanography of the Amazon shelf. Continental Shelf
Research 16(5-6): 575-616.

Grimm, A. M. (2003). The El Nifio Impact on the Summer Monsoon in Brazil: Regional
Processes versus Remote Influences. Journal of Climate 16: 263-280.

Hochman, H. T., F. E. Muller-Karger and J. J. Walsh (1994). Interpretation of the coastal zone
color scanner signature of the Orinoco River plume. Journal of Geophysical Research-
Oceans 99(C4): 7443-7455.

Johns, W. E., T. N. Lee, R. C. Beardsley, J. Candela, R. Limeburner and B. Castro (1998).
Annual cycle and variability of the North Brazil Current. Journal of Physical
Oceanography 28(1): 103-128.

Johns, W. E., T. N. Lee, F. A. Schott, R. J. Zantopp and R. H. Evans (1990). The North Brazil
Current retroflection: Seasonal structure and eddy variability. Journal of Geophysical

Research 95(C12): 22103-22120.

24



Karl, D., R. Letelier, L. Tupas, J. Dore, J. Christian and D. Hebel (1997). The role of nitrogen
fixation in biogeochemical cycling in the subtropical North Pacific Ocean. Nature
388(6642): 533-538.

Karl, D. M., J. E. Dore, R. Lukas, A. F. Michaels, N. R. Bates and A. Knap (2001). Building the
long term-picture: The U.S. JGOFS time-series programs. Oceanography 14(4): 8-17.

Keeling, C. D. (1960). The concentration and isotopic abundances of carbon dioxide in the
atmosphere. Tellus 12: 200-203.

Kortzinger, A. (2003). A significant CO, sink in the tropical Atlantic Ocean associated with the
Amazon River plume. Geophysical Research Letters 30(24): 2287-2290.

Lentz, S. J. (1995). Seasonal Variations in the Horizontal Structure of the Amazon Plume
Inferred from Historical Hydrographic Data. Journal of Geophysical Research-Oceans
100(C2): 2391-2400.

Lentz, S. J. and R. Limeburner (1995). The Amazon River Plume During AMASSEDS - Spatial
Characteristics and Salinity Variability. Journal of Geophysical Research-Oceans
100(C2): 2355-2375.

Libes, S. M. (1992). An Introduction to Marine Biogeochemistry. John Wiley & Sons, Inc., New
York.

Lundberg, L. (1994). CO, Air-Sea Exchange in the Nordic Seas - an Attempt to Make an
Estimate Based on Data. Oceanologica Acta 17(2): 159-175.

Mamayev, O. 1. (1975). Temperature-Salinity Analysis of World Ocean Waters. Elsevier, New
York.

Maranon, E., M. J. Behrenfeld, N. Gonzélez, B. Mourifio and M. V. Zubkov (2003). High

variability of primary production in oligotrophic waters of the Atlantic Ocean:

25



uncoupling from phytoplankton biomass and size structure. Marine Ecology - Progress
Series 257: 1-11.

Marengo, J. A., B. Liebmann, V. E. Kousky, N. P. Filizola and I. C. Wainer (2001). Onset and
End of the Rainy Season in the Brazilian Amazon Basin. Journal of Climate 14: 833-852.

Marengo, J. A. and C. A. Nobre (2001). General characteristics and variability of climate in the
Amazon basin and its links to the global climate system. The Biogeochemistry of the
Amazon Basin. C. R. McClain, R. L. Victoria and J. E. Richey. Oxford University Press:
17-41.

McClain, M. E. and H. Elsenbeer (2001). Terrestrial Inputs to Amazon Streams and Internal
Biogeochemical Processing. The Biogeochemistry of the Amazon Basin. M. E. McClain,
R. L. Victoria and J. E. Richey. Oxford University Press, London: 185-208.

Melack, J. M. and B. R. Forsberg (2001). Biogeochemistry of Amazon Floodplain lakes and
Associated Wetlands. The Biogeochemistry of the Amazon Basin. M. E. McClain, R. L.
Victoria and J. E. Richey. Oxford University Press, London: 235-274.

Metcalf, W. G. and M. C. Stalcup (1967). Origin of the Atlantic Equatorial Undercurrent.
Journal of Geophysical Research 72(20): 4959-4975.

Milliman, J. D. and E. A. Boyle (1975). Biological uptake of dissolved silica in the Amazon
River estuary. Science 189: 995-997.

Muller-Karger, F. E., C. R. McClain and P. L. Richardson (1988). The dispersal of the Amazon's
water. Nature 333(56-59).

Muller-Karger, F. E., P. L. Richardson and D. J. McGillicuddy (1995). On the offshore dispersal
of the Amazon's plume in the North Atlantic: Comments. Deep-Sea Research Part |-

Oceanographic Research Papers 42(11-12): 2127-2137.

26



Nittrouer, C. A. and D. J. DeMaster (1996). The Amazon shelf setting: tropical, energetic, and
influenced by a large river. Continental Shelf Research 16(5-6): 553-573.

Nobre, P. and J. Shukla (1996). Variations of Sea Surface Temperature, Wind Stress, and
Rainfall over the Tropical Atlantic and South America. Journal of Climate 9: 2464-2479.

Oltman, R. E. (1968). Reconnaissance investigations of the discharge and water quality of the
Amazon River. U.S. Geological Survey, Washington, D.C.

Pailler, K., B. Bourles and Y. Gouriou (1999). The barrier layer in the Western Tropical Atlantic
Ocean. Geophysical Research Letters 26(14): 2069-2072.

Prospero, J. M., K. Barrett, T. Church, F. Dentener, R. A. Duce, J. N. Galloway, H. Levy, I, J.
Moody and P. Quinn (1996). Atmospheric deposition of nutrients to the North Atlantic
Basin. Biogeochemistry 35: 27-73.

Quay, P. D., B. Tilbrook and C. S. Wong (1992). Oceanic Uptake of Fossil Fuel CO,: Carbon-13
Evidence. Science 256: 74-78.

Revelle, R. and H. E. Suess (1957). Carbon dioxide exchange between atmosphere and ocean
and the question of an increase of atmospheric CO, during the past decades. Tellus 9: 18-
217.

Richey, J. E., J. I. Hedges, A. H. Devol, P. D. Quay, R. L. Victoria, L. A. Martinelli and B. R.
Forsberg (1990). Biogeochemistry of carbon in the Amazon River. Limnology and
Oceanography 35(2): 352-371.

Richey, J. E., J. M. Melack, A. K. Aufdenkampe, V. M. Ballester and L. L. Hess (2002).
Outgassing from Amazonian rivers and wetlands as a large tropical source of atmospheric

CO,. Nature 416: 617-620.

27



Richey, J. E.,, C. A. Nobre and C. Deser (1989). Amazon River Discharge and Climate
Variability: 1903 to 1985. Science 246: 101-103.

Richey, J. E., R. L. Victoria, E. Salati and B. R. Forsberg (1991). The Biogeochemistry of a
Major River System: The Amazon Case Study. Biogeochemistry of Major World Rivers.
E. T. Degens, S. Kempe and J. E. Richey. John Wiley & Sons, New York. 42: 57-74.

Robbins, P. E. (2001). Oceanic carbon transport carried by freshwater divergence: Are salinity
normalizations useful? Journal of Geophysical Research 106(C12): 30939-30946.

Sanudo-Wilhelmy, S. A., A. B. Kustka, C. J. Gobler, D. A. Hutchins, M. Yang, K. Lwiza, J.
Burns, D. G. Capone, J. A. Raven and E. J. Carpenter (2001). Phosphorus limitation of
nitrogen fixation by Trichodesmium in the central Atlantic Ocean. Nature 411(6833): 66-
69.

Sarmiento, J. L., R. Murnane and C. LeQuere (1995). Air-Sea CO, Transfer and the Carbon
Budget of the North- Atlantic. Philosophical Transactions of the Royal Society of London
Series B-Biological Sciences 348(1324): 211-219.

Sarmiento, J. L. and J. C. Orr (1991). Three-dimensional simulations of the impact of Southern
Ocean nutrient depletion on atmospheric CO, and ocean chemistry. Limnology and
Oceanography 36(8): 1928-1950.

Siegenthaler, U. and J. L. Sarmiento (1993). Atmospheric Carbon-Dioxide and the Ocean.
Nature 365(6442): 119-125.

Smith, W., O., Jr. and D. J. DeMaster (1996). Phytoplankton biomass and productivity in the
Amazon River plume: correlation with seasonal river discharge. Continental Shelf

Research 16(3): 291-319.

28



Sprintall, J. and M. Tomczak (1992). Evidence of the Barrier Layer in the Surface Layer of the
Tropics. Journal of Geophysical Research 97(C5): 7305-7316.

Stramma, L. and F. Schott (1999). The mean flow field of the tropical Atlantic Ocean. Deep-Sea
Research Part li-Topical Studies in Oceanography 46(1-2): 279-303.

Subramaniam, A., E. J. Carpenter, P. L. Yager, S. R. Cooley, R. Del Vecchio, D. Karl, C.
Mahaffey, S. A. Sanudo-Wilhelmy, R. Shipe, A. Tovar-Sanchez and D. G. Capone (in
revision). Amazon River amplifies C and N cycles in the Tropical North Atlantic Ocean.

Sverdrup, H. U., M. W. Johnson and R. H. Fleming (1942). The Oceans: Their physics,
chemistry, and general biology. Prentice-Hall, Inc., Englewood Cliffs, N.J.

Takahashi, T. (1989). The Carbon Dioxide Puzzle. Oceanus 32: 22-29.

Takahashi, T., R. A. Feely, R. F. Weiss, R. H. Wanninkhof, D. W. Chipman, S. C. Sutherland
and T. T. Takahashi (1997). Global air-sea flux of CO,: An estimate based on
measurements of sea-air pCO, difference. Proceedings of the National Academy of
Sciences of the United States of America 94(16): 8292-8299.

Takahashi, T., S. C. Sutherland, C. Sweeney, A. Poisson, N. Metzl, B. Tilbrook, N. R. Bates, R.
Wanninkhof, R. A. Feely, C. L. Sabine, J. Olafsson and Y. Nojiri (2002). Global sea-air
CO, flux based on climatological surface ocean pCO,, and seasonal biological and
temperature effects. Deep-Sea Resarch 11 49: 1601-1622.

Ternon, J. F., C. Oudot, A. Dessier and D. Diverres (2000). A seasonal tropical sink for
atmospheric CO; in the Atlantic Ocean: the role of the Amazon River discharge. Marine
Chemistry 68: 183-201.

Thomas, H., Y. Bozec, K. Elkalay and H. J. W. de Baar (2004a). Enhanced open ocean storage

of CO, from shelf-sea pumping. Science 304: 1005-1008.

29



Thomas, H., Y. Bozec, K. Elkalay and H. J. W. de Baar (2004b). Response to Comment on
"Enhanced Open Ocean Storage of CO, from Shelf Sea Pumping". Science 306: 1477d.

Turner, R. K. and W. N. Adger (1996). Coastal zone resources assessment guidelines. Land-
Ocean Interactions in the Coastal Zone Core Project of the IGBP. Den Berg, Texel, The
Netherlands, Netherlands Institute of Sea Research: 101 pp.

Ver, L. M. B,, F. T. Mackenzie and A. Lerman (1999). Carbon cycle in the coastal zone: effects
of global perturbations and change in the past three centuries. Chemical Geology 159:
283-304.

Visbeck, M. H., J. W. Hurrell, L. Polvani and H. M. Cullen (2001). The North Atlantic
Oscillation: Past, present and future. Proceedings of the National Academy of Sciences of
the United States of America 98(23): 12876-12877.

Volk, T. and M. 1. Hoffert (1985). Ocean carbon pumps: analysis of relative strengths and
efficiencies in ocean driven CO, changes. The carbon cycle and atmospheric CO;:
natural variations, Archean to present. E. T. Sundquist and W. S. Broecker. American
Geophysical Union, Washington, D.C. 32: 99-110.

Wang, C. (2002). Atmospheric Circulation Cells Associated with ENSO and Atlantic Climate
Variability. The Hadley Circulation: Past, Present, and Future, International Pacific
Research Center, Honolulu, HI.

Wang, C. (2005). ENSO, Atlantic climate variability, and the Walker and Hadley circulations.
The Hadley Circulation: Present, Past and Future. H. F. Diaz and R. S. Bradley. Kluwer
Academic Publishers, The Netherlands: 173-202.

Wanninkhof, R. and W. R. McGillis (1999). A cubic relationship between air-sea CO, exchange

and wind speed. Geophysical Research Letters 26(13): 1889-1892.

30



Weiss, R. F. (1974). Carbon dioxide in water and seawater: The solubility of a nonideal gas.

Marine Chemistry 2: 203-215.

31



43

"AOD"[UI0"0BIPO//:0NY ‘J81usd SIsAjeuy uolewlogu| apIxoiqg uogued |

"LIR3JISUMOP 1S3YLIR) WOIJ 3|gejiene
sanfeA ay} Juasaldal pajsi| sUOILAUIdUOI JaATY “(wierl) ¢0Dd pue (.77 Bw) syuswipss Joj 1daoxa 7/jowrl ul aJe SJuBWSINSeaW ||V«

(OVI1aD wouy erep 300M

‘0002 ‘Ie 18 UOUIB] ‘8J€LINS) 0S€ (T00Z sabpaH pue joAsQ) 000S-00S¢ x¢00d
(,ov1ao
WOJJ e1ep 3OO/ '99B4NS) 2'8-6'L (£86T "Ie 18 [0A3Q TO0Z S8bpsH pue [oAsQ) 2'L-¢9 Hd
(000Z ‘Ie 18 UOUJB] ‘BIBHINS) 00€¢ (T00Z SebpaH pue [0AsQ) 009-00% V1
(0002 "Ie 18 UouIa L
‘T00Z 18]IV pue J3ISeNaQ ‘89epns) 00TcZ-000¢ (166T e 18 Asyory) /99-G8¥ old
(T00Z 4811V pue JaiseNeq) 08 (T00Z SabpaH pue [0AsQ) 0ge 20d
%¥SIUBWIPIS
VIN (9867 Jo1seINEQ pUE JaNO.MIN) 002-0S papuadsns
(986T Ja15BIN2Q pUE
J3N0MIN :G/6T 81hog pue uewl||I €86T 219
(T00Z 4811V pue JaiseNeQ 191seINaQ (G86T ‘e 18 Ao G86T “[e 19 puowp3
:966T adod pue Jajselnaq ‘WQg) T “T86T ‘|2 18 puowp3 :966T adod pue IaiseNaq) PPT-0¢T 8)edl|IsS
(0002 "1e 38 yBLNUOD ‘soepINS (166T "1e 18 Asyory :T86T °|e 18 puowp3 :T00Z
:966T adod pue Jajselnaq ‘WQg) ¥2'0-GT°0 sabpaH pue [0AsQ :966T adod pue Jaiseineq) 1.'0-90 areydsoyd
(T66T '[2 19
(9667 adod pue Jaise|NaQ ‘W0s) 970 Aayory '€66T oesa :966T adod pue JaiseNaQ) ¢0 wniuowuwy
(T86T "Ie 18 puowp3 ‘1002
(9667 adod pue Jaise|NaQ ‘WQ8) T sabpaH pue joAsq ‘966T adod pue JaiselNad) 9T-0T SMIN/31eIN

an[e/\/UoIRAU3IU0I UL3dQ

an[e,A/uUoIeIUSdU0D JaAlY

WNLM PUB JBAIY UOZBWY Ul [elIa]ewl PAAJOSSIP JO SaNJeA Ues| :T'T ajqel



http://

€€

{,-deah -w ¢0D sajow) Xn|4 18N

£l g 3 ! 0 - Z- £ ¥ 5 g- L
opd-0E .09 .06 .0ZL .05l .08l .0l .0ZL .06 .09 .OF ..m&
— el 0 .
.0 - . 0L
.0 09
05 . _ 05
O |JT oF
JE .0E
.0Z .02
0k i 01
. B =0 R 0
Ol\| : - | .01
02\ A f /.0
0E — iy .0E
0PN ) L o 5 0%
.05 P _ ‘.__ . i .05
.09 > - B8 ‘
0. y CREEC e |, 5

O .0e W09 08 J0Z2F L0SE J0BL LOSL LOZL \.._“_m _um_ .n_mu 0
(T6-A\ "S0F6 PULM IA-TH JIDN) $66T 10T XN Bag-ITY [ENUTY TEIJA

*(paJ2.12) sauoz
[1Se0D Ul Sajewsa XN|) JO Yyleap ayl 810N 200z ‘Je 10 lyseyexel woiy pardepe ‘GET 40) XN|4 eas-ie [eqolb [enuue ues|A :T'T ainbi4



143

=
—

( w;Bw) uonenussuo) e JAydotojyn

—] ™
ol ™
T !

] :
= =
]

(I0°E[2A8]/1D0/A0B BSeU0JShSHIMESS//-0NY) IOVINIFHO pue Js1ua) 1ybi4
aoeds pseppoo/vSYN 198loid SH1MESS auyr Aq papinoid ‘T00Z At ut e []Aydolojyd N LM Jo abewi 81ie)es 10jod-asfe :2'T ainbi


http://

g€

NY3I3oO0
2141 avd

NVY3I oD s
QILINYILY

= g

YIINZINIA

NOZVINY dH.L

(5002 ‘gz 1aquiadas) Wiy dewbiq/uozZeuly/38u U0 Iequ MMM/:01Y
woJy pardepe ‘yinow JaAu ayl Jo ojoyd [erise 1asul yum dew AleinguL JaAly uozewy €T ainbi4


http://

9¢

"pappe uaaq aney
(smouue X21U1) UISeq JaAly Uozewy ayl olul 1odsuel] ainisiow JO uonaalip ayl pue ‘(,,7,,) ainssaid moj ‘(,.H,,) ainssaid ybiy Jo suoibay

‘BdlZoby ZD11/ZDO1I/A8a auedllinH JO Sebeis/isiua) a3 JINH/AISA03SIgered/b10 0IpniSeIpaluMaU MM //-01Y wiouy paidepe
(ZD11) auoz aduabianuo) eardoaniaiu] ayy Jo suonisod (sul] p1jos) Jauim pue (aulj paysep) Jawwns Buimoys depy :°T ainbi


http://

LE

"S]UB1IN2J8pUN 81L2IPUI SMOJIR paysed (SuoneIAaigge Jaylo Jo) 18] 38s :DgN)
JULND 1Zedg YLON 8Y) YIIM UOIRIIUNWLIOD Ul 3. Jey) dNUBY [edidod] UISISSAA Yyl Ul SIUBLIND Uwn|od Jajem Jaddn :5'T ainbi4



CHAPTER 2

PHYSICAL AND BIOLOGICAL CONTRIBUTIONS TO THE
WESTERN TROPICAL NORTH ATLANTIC OCEAN CARBON SINK

FORMED BY THE AMAZON RIVER PLUME'

'S.R. Cooley, P. L. Yager. Accepted by Journal of Geophysical Research — Oceans. Reprinted here with
permission of publisher (5/23/06).
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Abstract

Dissolved inorganic carbon (DIC) and total alkalinity (TA) were measured in the upper
1000 m of the western tropical North Atlantic Ocean (WTNA; study area 3-15 °N, 40-59 °W) in
January-February and July-August 2001. Values of DIC and TA in surface samples (0-10 m)
influenced by the Amazon River plume were up to 400 pmol C kg (20%) lower than oceanic
surface samples. In this region, physical dilution by river water dominates DIC and TA
inventories, driving CO; partial pressure (pCO,) well below atmospheric levels. Nevertheless,
DIC values at most plume-influenced stations were 10-90 pmol C kg below levels expected
from conservative mixing of seawater with low-salinity, low-CO, Amazon River water. In this
otherwise oligotrophic region, the diazotrophs Trichodesmium spp. and Richelia intracellularis
were often abundant, supporting a link between increased carbon drawdown and nitrogen
fixation in the outer plume. Net community production in the plume must surpass the fluxes of
inorganic carbon from below and air-sea CO; replacement to leave biologically mediated DIC
deficits, which is possible under observed conditions. Biological activity lowers plume pCO,
30-120 patm below the conservative mixing line, and contributes to a CO; deficit in the northern

WTNA that outlasts the plume’s physical structure.
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Introduction:

The Amazon River discharge creates a 5-10 m deep plume of low-salinity, low-inorganic
carbon water atop the western tropical North Atlantic (WTNA, Nittrouer and DeMaster 1986;
Lentz and Limeburner 1995; Ternon et al. 2000), forming a sink for atmospheric carbon covering
approximately two million square kilometers (Kortzinger 2003). Tropical Atlantic seawater
normally releases CO, to the atmosphere (0.15 Pg C yr', Takahashi et al. 2002) because
solubility-driven degassing exceeds biological production in lower latitudes (Goyet et al. 1998;
Lee et al. 1997; Takahashi et al. 1997; Takahashi et al. 2002; Sarmiento et al. 1995). In contrast,
the Amazon carbon sink removes an estimated 0.014 + 0.005 Pg C yr' (0.001 Pmol C yr”,
Kortzinger 2003) from the atmosphere. Plume CO, uptake averages 1.35 mmol C m™ d”,
compared to the tropical Atlantic average loss of 1.84 mmol C m™ d' (Kértzinger 2003). Since
the Amazon River’s discharge and biogeochemistry are apt to vary with changing climate,
understanding the present and future WTNA carbon sink requires quantifying mechanistic
controls on regional carbon fluxes.

Rivers and ocean margins supply the ocean with organic carbon (Bauer et al. 1995),
fueling heterotrophy near the coast. Coastal regions become autotrophic when inorganic
nutrients are abundant from upwelling or runoff (Mackenzie et al. 1998). The Amazon River
delivers high concentrations of both nutrients and organic matter to the WINA (Smith and
DeMaster 1996; DeMaster et al. 1996; Ternon et al. 2000; Kortzinger 2003). Simultaneously,
the river fosters primary production on the continental shelf (DeMaster and Pope 1996) and
promotes CO, release via photooxidation or respiration of terrestrial organic matter in the
WTNA (Aller et al. 1996; DeMaster and Aller 2001; Smith and DeMaster 1996; Benner et al.

1995; Del Vecchio and Subramaniam 2004). The balance between oceanic heterotrophy and
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autotrophy, influenced by community structure (Serret et al. 2001), determines the magnitude
and direction of the air-sea CO, flux (del Giorgio et al. 1997; Duarte and Agusti 1998; Williams
1998; Geider 1997; Williams and Bowers 1999; Duarte et al. 2001). Frequent diazotroph blooms
in the WINA may foster CO, drawdown directly or by fertilizing other autotrophs with
biologically available nitrogen (Capone et al. 1997; Carpenter et al. 1999). The resulting plume
photosynthesis:respiration balance will then intensify or weaken the CO, sink created by the
discharge of undersaturated river water. Quantifying total dissolved inorganic carbon (DIC) in
seawater constrains biological variables, such as the magnitudes of net community production
and organic carbon export (Bender et al. 1987; Yager et al. 1995; Sweeney et al. 2000), but
accounting for biological processes in the Amazon plume carbon sink depends first on
distinguishing them from physical mixing effects in the WTNA.

We collected vertical profiles of discrete DIC and TA samples in winter and summer
2001 with the NSF Biocomplexity MANTRA/PIRANA Project, which examined influences on
WTNA diazotrophs. Our study took place between previously studied on-shelf and offshore
plume-influenced areas (Ternon et al. 2000; Kortzinger 2003). Winter samples from this region
were not influenced by the plume, whereas summer samples included both plume- and non-
plume-influenced regions. In this paper, we test the null hypothesis that physical processes
solely influence WTNA inorganic carbon distributions. If physical mixing is insufficient to
explain observed variation, we hypothesize that the residual is due to biological processes. We
present measured DIC and TA (1-500 m) with calculated surface CO, partial pressure (pCO,).
We then use a mechanistic approach to quantify significant variations in DIC not explained by

physical processes, and we compare our findings to previous work in the WTNA.
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Methods:
Sampling

The winter dataset was collected during daily stations aboard the R/V Seward Johnson |
throughout the first Atlantic MANTRA/PIRANA cruise (MP1; January 19 — February 22, 2001),
within 5-14 °N, 40-59 °W (Figure 2.1a). The summer dataset was collected during the second
Atlantic MANTRA/PIRANA cruise (MP3; July 9-August 19, 2001) aboard the R/V Knorr,
within 3-15 °N, 42-57 °W (Figure 2.1b).

During both cruises, water samples were collected from discrete depths using Niskin
bottles between 1 and 1000 m, with occasional deep (up to 4000 m) casts to compare with
historical datasets. DIC and TA samples were collected according to established protocols (DOE
1997). Winter samples were analyzed aboard ship within 1 week of sampling for DIC and TA.
Summer samples were kept cool aboard ship until they were returned to Georgia, where they
were stored in the dark at 4 °C until processing. Seawater collected and stored following this
protocol was stable for DIC and TA analysis for at least 4 years (P.L. Yager, unpublished data).

Summer samples were analyzed within 2-3 months of collection.

Sample Analysis

DIC

Dissolved inorganic carbon measurements were performed on a SOMMA system (Single
Operator Multiparameter Metabolic Analyzer, Johnson et al. 1993) connected to a CO,
coulometer (UIC, Inc. Model 5011). Samples were analyzed following standard protocols
(Johnson et al. 1993; DOE 1997; Bates et al. 1996). Sample conductivity was measured with a

Sea-Bird conductivity cell (SBE-4) plumbed into the SOMMA gas-driven delivery system.
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Salinity (practical salinity scale, unitless) was calculated based on cell calibration to IAPSO
salinity standards.

Primary system calibration was based on analysis of pure (99.995%) CO, gas and
Certified Reference Materials (CRMs; supplied by A.G. Dickson, Scripps Institute of
Oceanography). DIC measurements were corrected to daily standards. Instrument precision for
the winter dataset, based on analysis of replicate standards (DOE 1997), was £0.559 umol C kg
SW', and precision based on replicate samples was +0.832 pmol C kg SW™'. Precisions for the

summer dataset were £0.401 pmol C kg SW™' and +£0.601 pmol C kg SW™', respectively.

TA

Total alkalinity was measured using a programmable open-cell potentiometric titration
system (Dickson et al. 2003; Bates et al. 1996). Winter samples analyzed aboard ship were
dispensed with a 100 mL volumetric pipette; sample temperature was measured while filling, and
sample mass was calculated (Millero and Poisson 1981). Summer samples analyzed on shore
were weighed using an electronic balance accurate to within 0.06 g (0.05% of typical sample
mass) with a precision of + 0.2 mg. Samples were titrated with small additions of 0.1 N HCl in
0.7 M NaCl and total alkalinity was determined with a modified Gran calculation (Dickson et al.
2003; Goyet et al. 1998; Bates et al. 1996; DOE 1997; Millero et al. 1993).

CRMs were used as primary alkalinity standards to back-calculate titration acid
concentration. This forced the absolute accuracy of samples to CRM standards. Instrument
precision for the winter dataset based on replicate standards (DOE 1997) was +1.74 umol kg
SW', while precision based on duplicate samples was +£2.97 pmol kg SW™'. For the summer

dataset, precisions were £2.16 pmol kg SW™', and £2.45 pmol kg SW™', respectively.
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Data Analysis

pCO; calculations

Measurements of underway seawater CO, partial pressure were unavailable for these
cruises, so partial pressure (pCO,) at in situ temperature (pCO,(SST)) or at 28 °C (pCO,(28))
was calculated from discrete, near-surface DIC and TA data using the computer program
CO2SYS (Lewis and Wallace 1998), which uses Weiss (1974) solubility. Calculating pCO, at 28
°C permitted comparing the inorganic carbon inventory between seasons, isolating changes from
seasonal temperature effects. The operator-chosen constants used in CO2SY'S calculations were:
carbonate dissociation constants of Mehrbach et al. (1973), refit by Dickson and Millero (1987,
valid for salinities 20-40) and the KSO, dissociation constants from Dickson (1990).
Recalculation of pCO; at different temperatures and in situ salinity using CO2SYS was within

3% of the empirically based Takahashi et al. method (1993, data not shown).

Plume definition

The Amazon plume near the north Brazilian shelf is a 5-10 m thick layer of low-salinity
water separated from underlying oceanic water by a sharp, 5 m halocline (Lentz and Limeburner
1995, and references therein), which creates a shallow surface mixed layer (Pailler et al. 1999).
Because plume waters cannot be identified by geographic characteristics, plume-influenced
stations in our summer 2001 dataset were identified by their low surface salinities (<35) and
shallow haloclines (<10 m, Lentz and Limeburner 1995; Lentz 1995; Geyer 1991). Because of
the extremely shallow SML depths at plume stations, we usually collected samples at only one

depth in the SML. Therefore, the “surface” and “SML” data groupings used herein are nearly
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equivalent. Nonplume surface waters in the WTNA, with no distinctive salinity or density
features in the upper 80 m (Lentz and Limeburner 1995, and GEOSECS and WOCE data: details

below), have salinities near 36 throughout the entire SML.

Statistics

Mean values are reported with standard errors throughout this paper, unless otherwise
noted; SML characteristics were compared using Welch’s approximate t-test after F-tests
detected significant differences between statistic variances (Sokal and Rohlf 2000). The critical
value used in all statistical tests was a=0.05.

Regressions against salinity were used to describe conservative mixing between plume
and ocean water. Since both salinity and the inorganic carbon system are subject to natural
variation and/or measurement error, Model II regression statistics were used throughout the
analysis (reduced major axis, Sokal and Rohlf 2000). Model II statistics are recalculated here for
0-15 m data from the ETAMBOT 1, 2 and SABORD cruises originally published by Ternon and

co-workers (2000, data obtained online: details below).

Supplementary data
Air-sea CO; gradients (ApCO,; pCO; — pCOxatm) Were determined using calculated in situ
surface pCO; (pCO;) and the average atmospheric pCO; (pCO2am) for each cruise at Ragged

Point, Barbados (NOAA CMDL; www.cmdl.noaa.gov/infodata). “Winter” (Jan.-Feb.) and

“summer” (Jul.-Aug.) pCOzam averaged 371.9 = 0.6 patm and 369.3 £ 1.0 patm, respectively.
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Air-sea CO, fluxes were calculated using ApCO,, solubility (Weiss 1974), and piston
velocity from the long term wind formulation of Wanninkhof (1992) at an average windspeed of
8 ms’ (generalized from our data; see below).

Average surface mixed layer (SML) depths were calculated from CTD profiles at each
station using a density gradient criterion (Ac/Az = 0.01, Brainerd and Gregg 1995).
Diazotrophic organism counts, nutrient measurements, and underway data were provided by
MANTRA/PIRANA project collaborators (see Acknowledgments). Inorganic carbon data from
the ETAMBOT 1, 2, and SABORD cruises (Ternon et al. 2000) were obtained from the

IFREMER FTP site (www.ifremer.fr/sismer). CO, fugacity (fCO,, nearly equal to pCO, in

seawater) from the Meteor 55 cruise (Kortzinger 2003) were kindly provided by the author.

NOAA NCEP NCAR reanalysis data (Kalnay et al. 1996) were from the IRI-LDEO Climate

Data Library (http://ingrid.ldeo.columbia.edu). GEOSECS and WOCE inorganic carbon data
were obtained for comparison from IRI-LDEO (GEOSECS) or the Carbon Dioxide Information

Analysis Center (http://cdiac.esd.ornl.gov/, WOCE).

PWP mixed layer model for the non-plume WTNA

Daily mixed layer depths and average SML inorganic carbon inventory changes for the
winter and summer non-plume-influenced WTNA were simulated using the Price-Weller-Pinkel
mixed layer model for Matlab (Price et al. 1986)(available at

http://www.po.gso.uri.edu/rafos/research/pwp/)>. The summer non-plume-influenced WTNA

was further divided into two groups: those stations south of the plume structure, with
oversaturated pCO, (stations 33, 35, 36, 38) and those northeast of the plume structure, with

undersaturated pCO; (stations 17, 19, 21). In each run, the model was initialized with a depth

* See chapter 4 for an extended application of the PWP model in the WTNA.
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profile of mean temperature, salinity, DIC, and TA for that station group from CTD data and
interpolated bottle data. Background vertical eddy diffusivity was set at 1 x 10° m” s™" (Ledwell
et al. 1993). Underway windspeed, relative humidity, short wave radiation, barometric pressure,
and precipitation were unavailable for the winter cruise, so we forced the winter model with
daily heat, fresh water, and momentum fluxes for the WTNA from the NCEP-NCAR reanalysis
(Kalnay et al. 1996). Short wave radiation was unavailable for 2001 from NCEP-NCAR, so we
used 2002 data. Heat fluxes driving the summer model runs were calculated following Gill
(Christian 2005; Gill 1982), using hourly mean underway windspeed, SST, air temperature,
relative humidity, barometric pressure, precipitation, and short wave radiation. Wind stress was
calculated following Yelland and Taylor (1996). Mixed layer inorganic carbon inventory
changes were estimated by treating DIC as a passive tracer that is affected by vertical flux and
net evaporation/precipitation (Sabine et al. 2004) but not by air-sea transfer or biology.
Equations describing DIC mixing in the model were therefore based on corresponding equations
for salt. The rates of change in mixed layer inventories were calculated between initial and final
SML values over the 31- or 32-day cruise interval modeled ((Cinitiat — Ctina1)/(model duration; for
both winter and summer). To estimate the impact of precipitation and evaporation on modeled
SML DIC inventories, the three model runs were also performed with zero freshwater influence
on DIC. The salinity budget was still influenced by freshwater to permit proper development of
the modeled mixed layer. Modeled SML carbon inventory changes from the zero-freshwater
runs represent only the vertical carbon flux, whereas DIC SML inventory changes calculated
from the full runs represent the vertical carbon flux plus evaporation/precipitation-induced

inventory changes.
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Plume physical influences

Plume mixed layer dynamics were not evaluated with the PWP vertical mixing model,
because the plume’s existence depends on horizontal mixing between low-salinity, low-carbon
river water and surface WTNA water (Lentz and Limeburner 1995). In general, strong density
stratification between the plume and underlying ocean water attenuates vertical mixing (Pailler et
al. 1999; Sprintall and Tomczak 1992) and forces a shallow mixed layer’, and background
vertical diffusion may not weaken (Ferry and Reverdin 2004). During the plume’s approximately
80-day transit from the Amazon mouth to the locations sampled (Hellweger and Gordon 2002,
and references therein), only gas exchange, the net effects of evaporation and precipitation, and
horizontal mixing influence DIC. Plume water is therefore treated in this analysis as an isolated,
vertically homogenous watermass atop the WTNA; its one-dimensional carbon budget is
influenced by surface processes only, including gas exchange and export, with no acquisition of

inorganic carbon via vertical mixing from below.

Mixing Model

Building on the approaches of Ternon et al. (2000) and Kortzinger (2003), we used a
simple conservative mixing model to calculate the proportions of Amazon plume water and
seawater in a given plume sample. We assumed that the effects of precipitation and evaporation
on the carbon and freshwater mass balances were small compared to the river (Lentz 1995; Lentz
and Limeburner 1995) over a 10 m-deep plume (see Section 3.5). Additional variations in DIC
not attributable to mixing were then ascribed to biology. For each discrete SML sample
collected, we solved the following system of equations for the proportions of river (r) and

seawater (S) present:

? See chapter 4 for an exploration of this assumption.
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S *r+Sg*s =Sy (1)
r+s=1 (2)
S., S and Sps are salinities for the river endmember, the seawater endmember, and the observed
sample, respectively.
Assuming that alkalinity was conservative, the alkalinity of the river endmember was
then calculated from each sample alkalinity (Aos) and the oceanic alkalinity endmember (Aj),

using r and s from above:

— A *s
Ar:Aobs : S

3)

Because the Amazon River mainstem DIC load is ~0% carbonate, 82% bicarbonate, and 18%
dissolved CO, gas (Richey et al. 1991; Devol and Hedges 2001), the river DIC endmember
(DIC,) in our model was calculated to be :

A
DIC, = —— 4
082 @

The expected inorganic carbon value for that sample (DIC.x) was then calculated using r,
s, and river (DIC;) and seawater (DICs) endmembers:
DIC.y =DIC, *r + DICg *s (5)
DICcx, Aops, and in situ nutrient concentrations were then used to calculate the pCO, expected
(pCO2ex) from conservative mixing using CO2SYS. Nonconservative variations in DIC
attributed to biology (ADICgi0) were the differences between expected and observed DIC values:

ADICg)o = DICgy — DIC s (6)
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Positive ADICgjo values correspond to inorganic carbon deficits, implying that production

exceeds respiration and the system is net autotrophic. Negative values indicate inorganic carbon

surpluses, suggesting that respiration exceeds production, and the system is net heterotrophic.*
Errors in derived quantities were estimated using a Monte Carlo-type error analysis (see

Yager et al. 1995).

Model Endmembers

Surface mixed layer DIC, TA, and salinity were averaged for the four southeastern
summer nonplume stations to provide seawater endmember values and their standard deviations
(As =2369.4 £5.9, S=36.0 £ 0.1, DIC=2024.5 + 6.8, n=12). These stations (33, 35, 36, 38)
were located in the North Brazil Current (NBC), the watermass that entrains the Amazon plume
(Bourles et al. 1999; Johns et al. 1998). River salinity (S;) was assumed to equal 0 + 0, as 0 psu
salinity water has been documented outside of the river mouth (Lentz 1995; Lentz and
Limeburner 1995; Geyer et al. 1996; Edmond et al. 1981). The mixing line slope implied by this
model was calculated using solved mean A,, A, S;, and S (or DIC,, DIC,, S, and S) and a

Monte Carlo-type analysis (see Yager et al. 1995) that kept track of error propagation.

Results:
Observational

DIC and TA values in the Amazon plume-influenced upper WINA were up to 400 umol
kg lower than oceanic (nonplume) values (Table 2.1; Figure 2.2A). Surface pCO, at in situ
temperatures (pCO2(SST)) was also about 50 patm lower in the plume; the difference between

plume and nonplume surface pCO, was enhanced when temperature differences were reconciled

* See Discussion for an examination of the assumptions required by this method.
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(Table 2.1; pCO,(28°C)). This significant inorganic carbon reduction was always associated
with low-density plume water atop the water column (o; = 17 — 23; Figure 2.2B). At nonplume
stations, average surface mixed layer (SML) DIC, TA, salinity, SML depth, and pCO,(28) were
statistically indistinguishable between seasons (Table 2.3).

Over the salinity range sampled, DIC and TA were linearly correlated to salinity (Table
2.2, Figure 2.3A). The relationship between plume TA and salinity was not significantly
different from that of previously published data from the ETAMBOT/SABORD projects (Fall
1995 and Spring 1996, Ternon et al. 2000, Table 2.2). In addition, the residuals around the TA-
salinity regression line are much smaller on the whole than the residuals around the DIC-salinity
regression (Figure 2.3B).

During the winter cruise, sea surface temperature (SST) and sea surface salinity (SSS)
ranged between 20.9 — 26.6 °C and 35.2 — 36.3, respectively (Figure 2.4a, b). Mixed layer
depths ranged between 47 and 133 m (Figure 2.4c). Due to an equipment malfunction, underway
windspeed was not archived for this cruise; windspeeds shown are from station logfiles, and
range between 7-15 m s (Figure 2.4.1d). During the summer cruise, SST ranged between 25.8
— 30.0°C and SSS ranged between 26.4 — 36.7 (Figure 2.4.2e, f). Lower SSS and higher SST
were indicative of the Amazon plume (Figure 2.4.2, Table 2.1). Summer mixed layer depths
1

ranged between 2 - 103 m (Figure 2.4.2g). Summer windspeed ranged between 0 and 12 m s

(Figure 2.4.2h). Shallow MLDs in summer (<15 m) were always associated with SSS below 35.

Air-sea CO, gradients

Air-sea CO; gradients in summer 2001 varied over a larger range (ApCO; = -135 to +30

patm) than in winter (ApCO; = -48 to +10 patm; Figure 2.5). Stations most undersaturated with
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respect to the atmosphere (negative ApCO»; stations 23 and 27) were far from the river mouth, in
the middle of the observed salinity range. The most oversaturated stations (positive ApCO»;
summer stations 33, 35, 36, 38) were outside plume-influenced waters. The only oversaturated
station within plume water (station 43) was close to the river mouth and on the continental shelf.
Station 43 was unusual in that, although salinity, DIC, and TA were characteristic of plume
water, they were vertically homogenous throughout the 80 m water depth; no surface mixed
layer was evident. Outside the plume, the small significant difference observed between winter
and summer mean pCO,(SST) was partly attributable to seasonal changes in SST (Table 2.3).
Winter pCO,(SST) was undersaturated due to cool temperatures, but summer nonplume
pCO,(SST) was not uniformly oversaturated due to warm temperatures. Summer nonplume
stations fell into two groups: stations whose pCO,(SST) was greater than the atmospheric value
(33, 35, 36, and 38, south of the plume; Fig. 2.5b), and those whose pCO,(SST) was less than
atmospheric pCO; (15, 17, 19, and 21, north and east of the plume; Fig 2.5b, stations labeled on
2.1b). The difference between the two summer groups’ pCO,(SST) was unrelated to temperature
(Table 2.3), as the difference remained when temperature changes were reconciled. The overall
mean non-plume pCO»(SST) undersaturation (Table 2.1) resulted from grouping cooler,

undersaturated winter stations with the two types of warmer summer stations.

Air-sea fluxes

The mean flux at plume stations (ApCO, = -61.0 + 8.3 patm, salinity = 31.6 + 0.4, SST =
28.8+ 0.1 °C, windspeed 8 m s™) was 9.7 + 1.3 mmol C m™ d”' into the water. The air-sea fluxes
at summer nonplume stations were quite different from the plume: south of the plume (ApCO, =

19.3 + 4.4 patm, salinity = 36.0 £ 0.06, SST = 27.4 + 0.2 °C, windspeed = 8 m s™), CO, was

52



released to the atmosphere (mean flux = 3.0 = 0.7 mmol C m™? d™); north of the plume (ApCO, =
-10.3 + 0.7 patm, salinity = 35.9 + 0.09, SST = 27.6 + 0.1 °C, windspeed = 8 m s™), the average
CO; flux was 1.6 = 0.1 mmol C m™ d”' into the water, 6x lower than the rate for the plume. The
average calculated air-sea CO, flux for winter nonplume stations (ApCO, = -16.7 + 2.8 patm,
salinity = 36.0 £ 0.05, SST = 25.9 + 0.1 °C, windspeed = 8 m s™) was 2.6 + 0.4 mmol C m? d’!
into the water, only slightly greater than the northern summer non-plume stations. In the winter,
observed windspeeds were generally greater than 8 ms™ (7-15 m s™), so the in situ flux could be
somewhat greater than estimated here (the effect would be amplified if we had applied the
Wanninkhof and McGillis, 1999, long term formulation for the gas transfer velocity instead of
Wanninkhof, 1992, since the two formulations diverge above 8 m s), whereas observed summer

winds (1-12 m s) could generate slightly lower fluxes than estimated here.

PWP mixed layer model

Winter SML depths from the PWP mixed layer model (Table 2.4) agreed favorably with
SML depth observations. In winter, salinity increased in the SML at a rate of 0.003 d” (or
~0.01% d™). Carbon increased at a somewhat faster rate (0.36 pmol kg'1 d! or ~0.02% d™)
because of the stronger vertical gradient in DIC. Integrating over the modeled mixed layer
depth, the change in the integrated mixed layer salt inventory (storage) is 2.8 mg salt m” s and
the change in the mixed layer carbon inventory is 27 mmol C m” d”'. Excluding the freshwater
influence on winter SML DIC, the change in the carbon inventory was only 16 mmol C m™ d’';
net winter evaporation therefore concentrates SML DIC to cause the additional 11 mmol C m™ d
' increase (Table 2.4). The model predicted shallower mixed layers under late summer

conditions than we observed at either group of summer nonplume stations. Calculated summer
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mixed layer depths were 15.0 + 0.5 and 14.4 + 0.4 (southern and northern groups respectively),
significantly shallower than the mean observed nonplume mixed layer depths of 54.3 + 8.1 and
76.0 + 10.6 m. Modeled summer mixed layer salinity decreased at a rate of 0.0005 — 0.0009 d,
and mixed-layer DIC decreased 0.01 — 0.03 umol kg™ d”'. When integrated over the modeled
mixed layer depth, the mixed layer salt inventory lost 0.1 — 0.2 mg m™ s, and the mixed layer
DIC inventory lost 0.22 — 0.53 mmol m™ d"'. Excluding freshwater effects in summer, the SML
DIC inventory increased 0.4 — 0.6 mmol C m™? d"' (southern and northern stations, respectively),
so net precipitation decreased DIC inventories by 0.92 — 0.83 mmol C m™> d”'. A preliminary
yearlong PWP model run forced with daily NCEP-NCAR data (results not shown) indicates that
our observations were at the start of annual WTNA autumn mixed layer shoaling, when mixed

layer depths oscillate rapidly.

Plume physical influences

The average air-sea CO, flux into the plume (9.7 = 1.3 mmol C m™ d) causes a DIC
increase of 1.0 pumol C kg™ d”' in a 10 m plume. At the same time, late summer net precipitation
(E-P = -14 + 1.3 mm d, calculated from the summer 2001 underway data) dilutes dissolved
species and lowers DIC. Adding 1.4 mm d” or 1.4 L m™ d”' water to a 10 m mixed layer with
DIC = 2100 pmol C kg™ will lower DIC values by 0.3 umol C kg d™°. Adding this much
precipitation to the plume at the river mouth where DIC = 308.8 pmol kg™ (see note below) will
lower DIC by 0.03 umol kg™ d'. Assuming a linear change between the two values gives a
mean precipitation-driven DIC change throughout the plume of 0.17 umol kg™ d. During the

plume’s approximately 80-day transit from the Amazon mouth to the locations sampled

> Assume mixed layer DIC before rain = 2100 umol kg™'. Volume of a 10m ML = 10,000 L. Assume rain adds no
DIC. C,V, =C,V,; 2100 umol kg’1 *10,000 L = C, umol kg'l *10,001.4 L; C, =1999.72 pmol kg'l. Decrease in
DIC due to precipitation = 0.3 umol kg™
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(Hellweger and Gordon 2002, and references therein), mean air-sea transfer can therefore
increase plume DIC by 80 pmol C kg™ and net precipitation can decrease DIC by approximately
13.6 umol C kg™'. In total (66 pmol C kg™), these physical processes contribute up to only 3.8%
of the DIC acquired by a water parcel between the river (DIC; = 308.8 pmol kg™, see below) and

the offshore ocean (DIC, = 2024.5 pmol kg™).

Mixing Model

The percent riverwater present at plume stations (%R = r/(r+s)) ranged between 3 and
22%. Stations with lower salinity and a higher proportional contribution of riverwater were not
necessarily closer to the river mouth. Mixing model solutions for non-plume SML samples
consistently returned small values for the riverwater proportion (r). The mean A, endmember for
plume samples was 253.3 + 9.5 pmol kg (n=25), making the mean DIC, = 308.8 + 11.6 pmol
kg (n=25, Table 2.2).

Variations in DIC unexplained by the mixing model (ADICgjo) were up to 93 pmol C kg
! at mid-range salinities (Figure 2.6). Plume summer stations generally had significantly positive
ADICgj0, whereas only station 43 had a significantly negative ADICgio. As well as having
oversaturated pCO, and a homogenous water column, station 43 was located on the 80 m
continental shelf and CDOM levels were especially high. Of the 17 plume stations with positive
ADICgjo, the diazotrophic cyanobacteria Trichodesmium spp. was especially prevalent at 7
stations; diatoms (Hemiaulus hauckii) containing the diazotrophic endosymbiont Richelia
intracellularis were especially abundant at 3 stations (sampled multiple times as part of a time
series); and large quantities of both Trichodesmium and Richelia were found at 3 stations (Figure

2.6). Although there was no bottle-to-bottle correlation between ADICgjo and algal biomass at
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discrete depths, a significant positive correlation was found between ADICgip in the plume and
the integrated Richelia biomass at a given station (r = 0.707; n = 29, p < 0.001). The six samples
with the greatest deviation from expected DIC values (ADICpo = 60-95 pmol C kg™') were
associated with large blooms of Richelia; other plume stations with either Trichodesmium or no
prevailing diazotroph population showed smaller deviations between 10-40 pmol C kg'. If all
production occurs in a 10 m-deep plume and ADICgjo represents a homogeneous DIC deficit at a
plume station, then the depth-integrated biological DIC deficit in the plume (excluding station
43) would range between 0.1 and 0.9 mol C m?, with an average of 0.4 = 0.06 mol C m™ (n=

24).

Expected pCO, from mixing model results

In nearly all cases, the pCO, expected from conservative mixing, pCOcyp, Was higher
than the pCO; calculated from observed DIC and TA (pCOaaps, €qual to pCO,(SST)) at plume
stations (Figure 2.7). Conservative mixing is expected to drive pCO, below atmospheric pCO,
consistently at salinities less than 33 (Figure 2.7). The pCOyqbs at plume stations was routinely
about 30 patm lower than pCOxcyp. At plume stations such as 23 and 27, where large numbers of
Hemiaulus/Richelia were observed, in situ biological activity appears to intensify the sink by

lowering pCO, 60-120 patm below expected levels.

Discussion:
Nonplume WTNA
In the absence of the Amazon River plume, modest seasonal changes in WTNA

meteorology (Figure 2.4) drive changes in modeled mixed layer depths and mixed layer
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inventories (Table 2.4). Winter winds and net evaporation promote mixed-layer deepening and
increases of salt and DIC. The late-summer drop in wind, followed by increased fall
precipitation (see Figure 3¢ in Yoo and Carton 1990) promotes mixed-layer shoaling and a small
mixed-layer decrease in salinity and DIC. The large sensitivity of WTNA mixed layers to the
freshwater balance differs from the familiar convectively driven North Atlantic model, in which
winter cooling and high winds promote deep mixing until summer’s warm temperatures and
calmer conditions stratify the water column (e.g., Hansell and Carlson 2001; Michaels et al.
1994, and references therein).

Although our PWP model results for SML DIC predict an increase in winter and a
decrease in summer, observed mixed-layer WTNA DIC and TA values outside the plume vary
little between seasons (these data, GEOSECS, WOCE, and ETAMBOT/ SABORD data).
Invoking seasonally varying air-sea gas transfer to balance the carbon budget is insufficient to
explain the observed lack of seasonal DIC change. At winter and summer southern nonplume
stations, the favored direction of air-sea gas transfer enhances the SML carbon inventory change
(Tables 2.3, 2.4, Figure 2.8). Only north of the plume in summer does air-sea exchange oppose
the net change in SML carbon inventory (Table 2.4, Figure 2.8). In short, the favored direction
of air-sea carbon transfer often drives the system further from steady state.

Estimating the vertical fluxes, by removing the effects of precipitation and evaporation
on modeled SML DIC, highlights the strong influence of the freshwater balance on regional
carbon inventories, but still does not help balance the budget. In summer, the vertical flux is
very small, and precipitation-driven changes cause the observed loss in SML carbon. In contrast,
the winter vertical flux is large and accounts for over half the SML carbon inventory increase

(Figure 2.8). To maintain the small seasonal differences we observed in the WTNA non-plume,
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predicted carbon inventory changes must be offset by additional seasonally varying processes
such as plume-ocean mixing, horizontal advection, or export.

Summer northern WTNA nonplume stations are in position to receive retroflected plume
water, which is characterized by low pCO; and salinity. Although the small difference between
SML salinities north and south of the plume is not statistically significant (data not shown), the
significant, temperature-independent difference between the groups’ pCO,(SST)(Table 2.3)
suggests that northern stations contain a small amount of plume water. If only vertical processes
replaces carbon, the pCO; undersaturation at these stations will take a long time to be replaced,
because both the vertical carbon flux (+0.61 mmol C m™ d") and air-sea gas transfer (+1.6 mmol
C m™d") into the SML are quite small.

A three-dimensional salinity budget at the nearby PIRATA array (4-15°N, 38°W)
indicates that advection varies seasonally in the tropical Atlantic and can significantly affect the
SML values of dissolved constituents (Foltz et al. 2004). In February, advection at the §8°N,
38°W buoy contributes -1 mg m™ s™ salt to the total accumulation of +2 + 1.5 mg m™ s (Foltz et
al. 2004). If similar horizontal advection were applied to our vertically modeled salinity increase
(+2.8 mg m™ s™), the net WTNA salinity increase would be 1.8 mg m? s™' , which agrees with
the net increase of Foltz et al. (2004). Later, advection and precipitation at the PIRATA mooring
site increase, removing accumulated salt (Foltz et al. 2004) and, presumably, DIC.

While mixing, air-sea gas exchange, and advection physically alter SML DIC values in
the non-plume WTNA, low levels of biological activity may also remove some of the predicted
winter and northern summer DIC accumulation, and intensify the predicted southern summer
nonplume DIC loss. Observed primary production rates in the oligotrophic Atlantic Ocean are 2

- 30 mmol C m?> d' (Maranon et al. 2003), with higher rates in the WTNA during
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Richelia/Hemiaulus blooms (100 mmol C m? d”', Carpenter et al. 1999, although these large
blooms tend to occur in fresher waters) which could remove significant amounts of DIC (see
below and Subramaniam et al. in revision). If 10% of primary production is exported (Broecker
1974), 0.2-10 mmol C m™ d™' of the expected DIC accumulation (accounting for 15- >100% of
the summer northern total and 0.1-38% of the winter total) can be removed biologically. In
comparison, biological production in the winter 2001 Eastern Equatorial Pacific removed 17% of
SML DIC in a system dominated by air-sea gas exchange and upwelling (Sabine et al. 2004). In
the absence of the river plume, the WTNA inorganic carbon budget therefore appears to be most
affected by physical influences on the water column, but uncertainties in removal terms
underscore the importance of better understanding the timing and magnitude of both advection

and export in the WTNA carbon cycle.

Plume — influenced WTNA

In the plume-influenced WTNA, low-salinity, low-carbon Amazon water remains atop
the water column in a coherent lens and alters physical conditions in the SML. A strong
pycnocline separating plume and ocean water hampers vertical mixing (Pailler et al. 1999;
Sprintall and Tomczak 1992), forces a shallow mixed layer, and necessarily attenuates the
upward carbon flux®. Together, air-sea CO, transfer and net precipitation (Figure 2.8) only add
3.8% of the observed inorganic carbon increase between the river and the ocean. Without large
carbon fluxes into the plume, DIC and TA distributions in the offshore plume therefore reflect
primarily conservative mixing (presumably lateral) between river and ocean water (Figure 2.3,

Table 2.1, Ternon et al. 2000; Kortzinger 2003). Gas exchange, evaporation, and biology (see

® See chapter 4 for an exploration of vertical mixing between the plume and ocean.
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below) determine only the smaller residual differences between the conservative mixing line and
the observations.

Biological processes influence DIC throughout the plume (Muller-Karger et al. 1988;
Longhurst 1993; Muller-Karger et al. 1995; Ternon et al. 2000; Kdortzinger 2003; Benner et al.
1995; Richey et al. 1990; DeMaster and Pope 1996; Aller et al. 1996; Devol et al. 1987).
Respiration in the early plume supported by river-borne organic matter releases CO, (Benner et
al. 1995; Richey et al. 1990; DeMaster and Pope 1996; Aller et al. 1996; Devol et al. 1987),
creating areas like station 43, whose high pCO, and CDOM suggested terrestrial DOM was
being respired (Smith and DeMaster 1996; Del Vecchio and Subramaniam 2004; DeMaster and
Pope 1996). Further offshore, lower turbidity allows production to exceed respiration (DeMaster
et al. 1996), permitting enhancement of the mixing-induced sink by causing additional decreases
in pCO; (Station 23, Figures 2.5, 2.6, & 2.7, Ternon et al. 2000; Kortzinger 2003). It should be
noted that growth of carbonate-forming organisms could alter plume TA nonconservatively, but
they were not observed on these cruises (E.J. Carpenter, personal communication). Satellite
images show blooms of the coccolithophore Emiliana huxleyi, one of the two most common
coccolithophore species found in WTNA sediments (Kinkel et al. 2000), were very limited in the
WTNA (Iglesias-Rodriguez et al. 2002). Diatoms are expected to outcompete coccolithophores
in unstable environments (like the Amazon plume) where silicate, nitrate, and phosphate are

more abundant and are not common in the WTNA (Iglesias-Rodriguez et al. 2002).

Quantifying the influence of biology on plume waters

During an algal bloom, production and export remove SML inorganic carbon faster than

gas exchange and vertical mixing replace it, decreasing DIC in proportion to net community
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production. In this study, typical ADICg|o values were about 20 pmol kg™, with the highest
values found at diazotroph-dominated stations (Figure 2.6). If these near-surface samples
reflected conditions throughout the SML, depth-integrated inorganic carbon deficits were
approximately 200 mmol C m>. Steadily exporting 10% of diazotroph-associated primary
production (reported rates for Trichodesmium and Richelia-rich communities are 67-93 mmol C
m™ d”, Carpenter et al. 2004; Carpenter et al. 1999) would generate this integrated deficit in 22
to 30 days. Export may occur in even less time; salp swarms observed feeding on diazotroph-rich
communities in summer (E.J. Carpenter, personal communication) could periodically increase
export. Our results suggest that WTNA carbon sequestration depends on algal community
structure (Subramaniam et al. in revision).

Using ADICpgjo as a direct proxy for export neglects the likelihood that some dissolved
and particulate organic material remains in the mixed layer (DOC, POC), and that physical
processes such as air-sea exchange start reducing inorganic carbon deficits as soon as they are
created. Lacking organic matter data for the 2001 cruises, we assume the WTNA POC pool
behaves similarly to that of BATS, where the euphotic zone suspended particle stock is constant
(25-35 pg kg™') between seasons (Bates et al. 1996). We also assume WTNA DOC production is
similar to that of the oligotrophic open ocean, comprising 10-20% of net community production
(Hansell and Carlson 1998). As a result, ADICgjo- based export estimates could overestimate the
downward carbon flux by 10-20%. On the other hand, not including the effects of air-sea
replacement and net precipitation in the mixing model may cause ADICgjo to underestimate net
community production. Observed deficits (the net result of biological and physical processes)
were 20-90 pmol C kg™, so our biological impact estimates could more than double if physical

effects are included (adding up to 56 umol C kg over an 80-day transit). Patchy blooms (e.g.
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Carpenter et al., 1999, Subramaniam et al., submitted) remove plume DIC over days to weeks,
whereas steady physical processes add DIC over weeks to months. In total, ADICgio-based
numbers likely underestimate biological impacts on the plume carbon cycle because ongoing
physical processes likely add more carbon to the deficit than DOC production removes. More
information on the timing of biological production and export in the WTNA is required to
calculate biological impacts on WTNA DIC precisely. For example, deficits from early-plume
bloom/export cycles could be completely replaced by physical processes before the watermass
was sampled, causing large underestimates of ADICgjo. Further along the mixing gradient,
export could create large DIC deficits that were only partially replaced by physical processes at
the time of sampling. In this case, our export estimates would be more accurate. Although the
timescale of ADICgip accumulation is not precisely known, we conclude that enough time
elapses during the plume transit to accumulate measurable ADICgjo representative of integrated
biological impacts on the plume.

The consistent positive difference between pCOiex, and pCOys at plume stations
regardless of diazotroph abundance (about 30 patm; Figure 2.7) supports the hypothesis that
inorganic carbon deficits in the outer plume carry the integrated record of biological drawdown
over some period of the plume’s travel time. The conservative mixing model data, the observed
temperature-independent pCO; undersaturation at northerly WTNA nonplume stations, and the
mixed layer model results suggest that after the plume structure breaks down, a lasting small
carbon deficit initiated by physical mixing and enhanced by biological drawdown is distributed
over a deep SML. In that situation, both air-sea and vertical carbon fluxes are slow, lengthening

the time to replace the carbon deficit. Thus, the Amazon plume causes a portion of the oceanic-
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salinity WTNA to take up atmospheric carbon, expanding the area and duration of the plume-
related sink and opposing the expected paradigm of CO; release from tropical seawater.

Our estimate of ADICg|o relies on some assumptions about river chemistry, because little
is known about the carbonate system in the early plume. Previous studies used river DIC and TA
measured at Obidos (1400 km upstream) to predict mixing curves for the carbonate system in the
offshore plume (Ternon et al. 2000). However, several rivers from low-carbonate watersheds
flow into the Amazon between Obidos and the estuary (Devol and Hedges, 2001), and carbonate
system equilibria in river water shift upon meeting ocean water (Kortzinger 2003; Lewis and
Wallace 1998); therefore, early plume DIC and TA values are likely different from upstream
river values. To date, only 1 DIC value (374 uM, November 1991, Druffel et al. 2005) has been
published for the zero salinity, early plume water (referred to as “river” water in our mixing
model). A single hand sample collected for us in this zone during April 2002 had salinity of zero
and TA of 440.71 + 0.37 (£ s.d., n=2; S.R. Cooley, unpublished data). The Druffel et al. (2005)
DIC value is closer to our solved DIC, than the upriver value of DIC, = 600 used previously
(Ternon et al. 2000, and references therein), suggesting that solving for A, and DIC, may
introduce less error into this model of a poorly characterized system’. The 0.82 TA:DIC ratio
may indeed change in the near-shore mixing zone, but it is not likely to exceed unity until
salinity increases above zero. If we instead used a ratio of 1 (see Ternon et al. 2000), ADICgjo
estimates would be about 40% smaller at the lowest-salinity stations (e.g. stations 29, 41, 48, 51),

and 10-20% lower for samples with salinities 32-35.

7 See chapter 3 for an investigation of this issue.
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Conclusions

The seasonal appearance of the Amazon plume creates a high-nutrient, low-carbon
incubator that is somewhat isolated from the oligotrophic water column beneath. DIC and TA
distributions in our samples (27 < S < 36) reflect primarily conservative mixing between the
ocean and the river, but biologically induced variations in DIC accumulate because of rapid
production and slow carbon replacement. Most of the WTNA stations with DIC deficits
occurred where high numbers of Trichodesmium or Richelia/diatom symbioses were found,
suggesting that diazotrophic activity is associated with increased carbon drawdown in the
Amazon plume. Stations with high Richelia/diatom concentrations tended to have greater
deficits than other stations. These deficits enhance and prolong the undersaturation of the plume.
In the absence of the Amazon River plume, inorganic carbon cycling in the WITNA was
dominated by physical processes such as the freshwater balance, air-sea gas exchange, and
vertical entrainment, but accounting for two- or three-dimensional processes is required to
explain the observed lack of seasonality in the non-plume DIC inventory. Our calculations show
that residual DIC deficits both from river dilution and biological activity may endure for many

months, and reduce the overall tendency of the WTNA to outgas CO,.
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