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1.0 Introduction

The oceans play an important role in the climate system as a large sink for
anthropogenic carbon dioxide (CO,), and, thereby partially mitigate the large-scale
effects of humankind’s CO, emissions into the atmosphere. As a whole, the oceans take
up approximately 2.6+0.5 Pg C year™ of the 8.6+0.4 Pg C year” that are emitted from the
burning of fossil fuels. As such, the oceans absorb about 24 million tons of CO, every
day or roughly 4 kg per day for every person on Earth.

Estimates of the net sea-air CO, flux based on measurements of partial pressure of
CO; (pCO,) in near-surface seawater and in the marine boundary air show that the extra
tropics are major oceanic sinks of atmospheric CO, and the tropics are major sources.
The tropical ocean is the ocean’s largest natural source of CO, to the atmosphere and the
annual contribution of CO; to the atmosphere from the oceanic equatorial belt is
estimated to be between 0.6—1.0 Pg C (Takahashi et al., 1999, 2002, 2009; Wanninkhof et
al., 2013). Despite comprising a net source of CO; to the atmosphere, equatorial waters
are characterized by relatively high rates of primary productivity and serve as globally
significant regions of biologically-fueled carbon sequestration to the deep sea. However,
changes in ocean circulation patterns along with regional and global-scale climate
processes may significantly impact the biogeochemistry of equatorial regions and alter
the uptake rates of CO; on decadal or longer time-scales. Given the role that this region
plays in determining atmospheric CO, concentrations, it is critical to determine;

1. Will the ocean carbon sinks keep pace with increasing anthropogenic
CO, emissions?

2. How does oscillation between El Nifio/La Nifia events impact the delivery of
nutrients to the mixed layer and the production, transport and fate of biogenic
carbon?

Here, we provide the justification for answering these questions and lay the
groundwork for how to carry out the necessary observations as part of the Tropical
Pacific Observing System (TPOS) 2020 effort.

2.0 Background
2.1 The Role of the Tropical Ocean in the Global Carbon Cycle

The mean circulation of the equatorial Pacific Ocean is characterized by
upwelling that brings cold nutrient- and carbon-rich water to the surface along the
equator east of about 160°W during non-El Nifo periods. The primary source of the
upwelled water along the equator is the narrow Equatorial Undercurrent (EUC), which
flows eastward across the basin. This mean circulation and its seasonal variations are



significantly modulated on interannual and decadal time scales by two prominent modes
of natural variability: (1) the El Nifio-Southern Oscillation (ENSO) cycle; and (2) the
Pacific Decadal Oscillation (PDO). The warm El Nifio phase of the ENSO cycle is
characterized by a large-scale weakening of the trade winds, decrease in upwelling of
carbon dioxide (CO,) and nutrient-rich subsurface waters and a corresponding warming
of the sea surface temperature (SST) in the eastern and central equatorial Pacific
(McPhaden et al., 1998). Carbon-14 (C-14) data suggest that the high-CO, water of the
EUC originates in the pole-ward edge zone of the subtropical gyres (possibly both in the
northern and southern hemispheres). The bomb C-14 concentration in the atmosphere
peaked around 1965. This was detected in the 100-meter deep western equatorial Pacific
water about 8 years later and propagated eastward via the undercurrent reaching the
Galapagos area about 13 years after the atmospheric peak (Mahadevan, 2001). This
suggests that the pCO, in the upwelling waters during La Nifia events includes the
atmospheric CO,, which was absorbed by high-latitude low-pCO, waters in the past
decade, as well as the CO, respired from biogenic debris released back into the
atmosphere during the La Nifia events. Thus, CO, in the upwelling water in the
equatorial Pacific is a complex mixture of CO,, which may vary with time reflecting
physical and biological responses to climate change.

El Nifio events occur roughly once every 2—7 years and typically last about 12—18
months. The opposite phase of the ENSO cycle, called La Nifa, is characterized by
strong trade winds, cold tropical SSTs, and enhanced upwelling of CO,-rich water along
the equator (Figure 1). El Nifio and La Nifia are associated with dramatic shifts in the
atmospheric pressure difference between the eastern and western Pacific (referred to as
the Southern Oscillation) that have major impacts on the climate variability worldwide
(McPhaden, 1999) and on the sources and sinks for CO; in the atmosphere and oceans.
The PDO has been characterized either in terms of fluctuations over a broad band of
periods between 10-70 years (Minobe, 2000), or in terms of abrupt temporal “regime”
shifts in climate conditions and ecosystems over large parts of the basin (Mantua et al.,
1997) with the most recent of these regime shifts occurring in 1976-1977, 1988-1989,
and 1998 (Trenberth et al., 1996; Watanabe and Nitta, 1999; Beamish et al., 1999; Hare
and Mantua, 2000; McPhaden and Zhang, 2002; Chavez et al., 2003; Takahashi et al.,
2003; McPhaden and Zhang; 2004).

For example, both Hare and Mantua (2000) and Wang et al., (2006) found
evidence for the 1989 regime shift from time-series of a number of physical, biological
and chemical parameters in the North Pacific. In the tropics, the 1976—-1977 regime shift
was characterized by a slowdown of the shallow meridional overturning circulation and a
warming of the sea surface by nearly 1°C in the cold tongue region of the eastern and
central equatorial Pacific Ocean (McPhaden and Zhang, 2002). The most recent shift,
which occurred in the 1997-1998 period, was characterized by an enhancement of the
meridional transport and a slight decrease in SST (McPhaden and Zhang, 2004). On the
other hand, based on a coupled atmosphere-ocean model, Rodgers et al., (2004)
suggested that nonlinearities in ENSO variability can play an important role in
determining the structure of tropical Pacific variability on decadal time scales. Thus, it is
still open to debate whether the decadal modulation of ENSO is a cause of, or effect of,
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Figure 1. Trends of sea-air CO; flux anomalies (5-month running mean, positive is
flux out of the ocean) in the tropical Pacific (18°S — 18°N) for 1990 — 2009 (after Ishii
etal., 2014).

the PDO.

Table 1 — Sea-Air CO; Flux (Pg C yr”) by Basin.
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Figure 2. Climatological mean sea-air CO, flux (g Cm™ yr") for the reference year
2000 (non-El Nino conditions; updated a}ter Takahashi et al., 2009).
Table 1. Net sea-air CO; flux (in Pg C yr”') by ocean basin and latitude band,



N of 50°N -0.03 -0.26 -0.29

14°N-50°N -0.50 -0.22 +0.02 -0.69
14°S-14°N +0.48 +0.10 +0.10 +0.68
14°S-50°S -0.41 -0.20 -0.41 -1.02
50°S-62°S -0.05 -0.05

Total -0.46 -0.58 -0.29 -0.05 137

% of Uptake 34 42 21 3 100

2.2 Interannual and Decadal Variability of Sea-air CO, Fluxes

As a direct consequence of the extensive amount of physical, chemical and
biological research of the tropical oceans over the past 30-40 years, it is well known that
this region, particularly the central and eastern equatorial Pacific, exhibits a large amount
of spatial and temporal variability in ocean biogeochemical processes and properties.
Much of this variability appears attributable to tightly coupled ocean-climate interactions
in this region. Interannual to decadal scale variations in trade wind forcing control the
strength of upwelling in this region, resulting in modification to air-sea CO; fluxes
(Figure 2), nutrient supply, and ultimately biological productivity in the region. As a
result, pCO; and sea-to-air CO; fluxes demonstrate large variability over interannual to
decadal time scales (Feely et al., 1999, 2002, 2006; Ishii et al., 2004, 2011, 2014;
Takahashi et al., 2003, 2009; Wanninkhof et al., 2013; Sutton et al., 2014).

Studies based on the long time-series measurements of chemical and biological
measurements collected from ships and moorings associated with the Pacific Tropical
Atmosphere Ocean (TAO) mooring array have delineated that the central and eastern
equatorial Pacific are major sources of CO; to the atmosphere (Table 1) during non-EI
Nino and La Nifia periods; it is near neutral during strong El Nifo periods, and a weak
source during weak El Nifo periods. On decadal time scales, the Pacific Ocean has
undergone major physical and biological regime shifts commonly referred to as the
Pacific Decadal Oscillation (PDO), which has been documented on the basis of extensive
physical and biological data (Trenberth et al., 1996; Hare and Mantua, 2000; McPhaden
and Zhang, 2002; Chavez et al., 2003; McPhaden and Zhang; 2004; Chavez et al., 2011).
While the causes and effects of these regime shifts have been investigated in recent years,
only a few long-term studies of its effect on primary productivity, CO, chemistry, and
nutrient supply in the equatorial Pacific have been conducted (Takahashi et al., 2003;
Feely et al., 2006; Chavez et al., 2011; Ishii et al., 2014). Such studies demonstrate the
sensitivity of these regions to climate variability, including documenting long-term
(decadal-scale) changes in primary production and the growth rate of CO; in surface

waters and an overall decline in pH, referred to as ocean acidification (Sutton et al.,
2014).

While ENSO drives much of the interannual variability in the outgassing of CO,
in the equatorial Pacific, the PDO, the strength of ENSO events, and the location of the
SST anomalies during El Nifio events also play important roles. During the strong El
Nino events of 1982-1983 and 1997-1998, upwelling ceased at the Equator along with
CO; outgassing as the pCO; in surface waters reduced to equilibrium with respect to the



atmosphere (Chavez et al., 1999; Feely et al., 1987, 1999, 2002, 2006). In fact, in early
1998, moored pCO, measurements from the central equatorial Pacific showed that the
region became a weak sink of CO, (Chavez et al., 1999). Weaker El Nifio events have
dominated in the period since, and some suggest that a PDO regime shift after the 1997-
1998 El Nifio has caused increasing trade winds, shallower thermocline, rebound of the
shallow meridional overturning circulation, and increasing frequency of La Nifia events
(Chavez et al., 2003; Feely et al., 2006; Ishii et al., 2009, 2014; McPhaden, 2012;
McPhaden and Zhang, 2004; Peterson and Schwing, 2003; Takahashi et al., 2003; Sutton
et al., 2014; Feely et al., in preparation; Cosca et al., in preparation). In addition, El Nifio
events post 1997-1998 have been central Pacific (CP) events (also referred to as “date
line”, “warm pool”, or “El Nifilo-Modoki” events), where the largest SST anomalies occur
in the central Pacific instead of in the eastern Pacific during traditional El Nifio events
(Ashok et al., 2007; Kao and Yu, 2009; Kug et al., 2009; Larkin and Harrison, 2005).
These events impact the distribution of sea surface conditions across the equatorial
Pacific, influencing seawater pCO, and SST conditions and the outgassing flux of CO; to
the atmosphere particularly during El Nifio events. Since this regime shift, CO,
outgassing by the ocean has increased ~25-30% (Feely et al., in preparation).

2.3 Primary Production and Nutrient Dynamics

The equatorial Pacific is a globally significant region of ocean production, with
rates of net primary productivity estimated between 9 and 14 Pg C yr''. Moreover, export
production, the fraction of organic matter production that escapes upper ocean
remineralization and hence contributes to biological carbon sequestration, has been
estimated ~0.7-2.5 Pg C yr”' (Chavez and Barber 1987; Behrenfeld et al. 2006).
Gravitational settling of particulate organic matter, physical redistribution (via mixing,
advection and subduction) of dissolved organic carbon, and zooplankton vertical
migration are the prominent mechanisms driving vertical fluxes of organic matter from
the well-lit upper ocean across the thermocline. The upper ocean waters of the eastern
and central regions of the equatorial Pacific have been broadly characterized as high
nutrient-low chlorophyll (HNLC) habitats, where concentrations of inorganic
macronutrients (specifically nitrate) are perennially elevated. The HNLC condition
implies the physical supply of nutrients to the upper ocean (primarily via upwelling in
equatorial waters) exceeds the rate of biological removal of these nutrients.

Various factors have been identified as controlling phytoplankton consumption of
macronutrients in this region and hence limiting export production in the equatorial
Pacific; these include trophodynamic processes (i.e. grazing control of phytoplankton
biomass) and nutrient supply and availability, most notably including the supply of iron
(Landry et al., 2011; Coale et al. 1996; Behrenfeld et al. 1996). Thus, understanding the
sensitivity of biological carbon drawdown in this region to changes in ocean-climate will
require detailed, time-resolving measurements of air-sea interactions, vertical and
Aeolian nutrient supply, and primary production and phytoplankton biomass.

Primary productivity in the tropical Pacific is regulated both by macronutrients
(e.g., nitrate) and by trace nutrients with iron (Fe) most often being the limiting nutrient
in the open ocean. Fe is transported to most of the open ocean by atmospheric transport



of aerosols from the continents to the surface ocean. However, near the equator there is
little transport of aerosol Fe and additional sources are required to sustain primary
productivity. Transport of iron from the western to eastern Pacific by the EUC is one
possible source (Ryan et al., 2006; Slemons et al., 2010). Models suggest that western
Pacific sources of dissolved iron delivered via the EUC are important in sustaining
annually integrated equatorial Pacific primary production; short term variations in this Fe
source do not appear to constrain the timing of modeled central and eastern Pacific
plankton blooms (Gorgues et al., 2010), but the ecological impact in the eastern Pacific
from long- and short-term variability in equatorial undercurrent iron sources remains to
be shown.

To date, a single study conducted over a 45 day interval has documented this
transport; in that study the maxima in Fe in the eastern tropical Pacific was just below the
core of the undercurrent (~200m). If this maximum is perpetually at this depth then the
depth of the thermocline and strength of the equatorial upwelling that are important in the
release of nutrients to the euphotic zone of the eastern Pacific are even more important
for transporting the limiting trace nutrient Fe into the photic zone. Meanwhile, waters in
the EUC are generally < 1 year old and reflect the variability of its source waters on both
short and long time scales. How this variability is superimposed upon thermocline depth
and strength of upwelling is largely unknown and remains an important question.
However, the depth and magnitude of the source must play a role in the depth of Fe
transport within the EUC and it has been suggested that this has directly affected primary
productivity (Ryan et al., 2006). This variability depends in some ways on the seasonal
and interannual variability of the major western boundary currents feeding the EUC (e.g.,
the New Guinea Coastal Undercurrent (Cresswell, 2000). Sources of Fe include sediment
resuspension, riverine runoff, hydrothermal activity and anthropogenic sources like
subaerial and eventually submarine mining. Ultimately, the modulation and variability of
Fe input and mobilization within the pathways of these source currents and the
subsequent transport of these iron-enriched waters might act as a throttle on productivity
in the central and eastern equatorial Pacific and may also act to regulate carbon export
from this region.

While new monitoring efforts have helped to reduce uncertainties in the sea-air
flux of CO,, large uncertainties remain in our understanding of the export flux of
particulate organic carbon (POC) from the euphotic zone to the interior of the ocean —
ranging from ~4-6 Pg C yr'l (Gehlen et al., 2006; Henson et al., 2010; Moore et al., 2004;
Lutz et al., 2007; Siegel et al., 2014) to ~10-12 Pg C yr'' (Dunne et al., 2007; Gehlen et
al., 2006; Laws et al., 2000) (Figure 3). Even higher values are necessary to balance rates
of heterotrophic respiration in the deep ocean (e.g. Burd et al., 2010). These uncertainties
are driven by differences in the methods used to determining the export ratio (e.g. f-ratio,
2%Th), the parameterization of sparse data sets that are globally extrapolated using
satellite SST, and the influence of environmental and biological factors on sinking rates
of POC (e.g. fraction of diatoms, packaging effects, biogenic minerals that may act as
ballast; Armstrong et al., 2002; Francois et al., 2002) among other factors.
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Figure 3. Modelled flux of POC at a) the export depth (Zy) and b) 2000m (Lima et al.
2014). The export depth was computed as the depth where POC production is 1% of
maximum POC production in the water column, and varied from 50-300 m in the
global ocean.

Some of the highest rates of POC export are found in the eastern tropical Pacific
(Figure 3; Siegel et al., 2014) where shoaling of the nutricline (Figure 4) supports very
high rates of primary production (reviewed by Pennington et al., 2006). In this region,
both Fe and Si(OH), influence new and export production of diatoms — with Fe
regulating production of organic matter, and Si(OH)4 regulating silicification (i.e. frustual
thickness) (Brzezinski et al., 2008).
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the ENSO cycle plays a major role in controlling the export flux of biogenic carbon out
of the euphotic zone. A synthesis of the Joint Global Ocean Flux Study (JGOFS) in the
equatorial Pacific during 1992 revealed that the export flux of total organic carbon was
four-times higher during the fall non-El Nifio period as compared with the Spring El Nifio
event (Quay, 1997). Behrenfeld et al. (2006) observed strong correspondence between
fluctuations in ENSO and satellite derived net primary production in this region, with
subdecadal scale increases in net primary production during cold phase ENSO cycles,
with reduced rates of productivity occurring during warm phases. Recent studies by
Chavez et al. (2011) have also demonstrated that primary production is also affected by
the changes in the physical dynamics of upwelling and thermocline mixing processes
during the warm and cold phases of the ENSO cycle (Figure 5). Their results show that
the biogenic carbon fluxes are directly responding to the phasing of the ENSO cycle by
taking up more nutrients into phytoplankton during the cold phase of the ENSO cycle
when upwelling is strong and nutrient inputs are highest. In the same manner, the primary
production appears to be increasing over the past several years, consistent with the recent
PDO shift to cooler conditions and more extensive upwelling (Chavez et al., 2011). In
addition, dissolved organic carbon (DOC) is thought to contribute ~20% to carbon export
in the global ocean (Hansell et al., 2009).
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Figure 5. Global primary production anomaly (PPA) and first empirical orthogonal
function (EOF) modes of seasurface temperature (SST), sea level anomaly (SLA), sea

level pressure (SLP), chlorophyll (logChl), and the normalized Multivariate ENSO
Index (MEI).

Dissolved organic matter (DOM) represents one of the largest exchangeable
reservoirs of organic material on earth. At ~662 +32 Pg (10" g) C (Hansell et al., 2009,
dissolved organic carbon (DOC) exceeds the inventory of organic particles in the oceans
by 200 fold, making it one of the largest of the bioreactive pools of carbon in the ocean,
second only to dissolved inorganic carbon. Photoautotrophic production fixes CO, to
organic matter, which in turn serves as a substrate that fuels the oceanic food web. As
that organic matter is produced and processed within the oceanic food web a portion is



released into the dissolved organic matter (DOM) pool. Most of the freshly produced
DOM is consumed rapidly by heterotrophic microbes but some escapes remineralization
or is further transformed into recalcitrant forms of DOM that accumulates and can persist
in the oceanic water column for months (semi-labile DOM) to millennia (refractory
DOM) (Carlson 2002, Hansell and Carlson 2012, Benner and Herndl 2011, Goldberg et
al., 2011). The recalcitrant DOM pools are biogeochemically relevant because they can
be physically transported via ocean currents and mixing, thus contributing significantly to
vertical and horizontal export of organic carbon, nitrogen within the oceanic water
column (Hansell et al. 2009; Letscher et al., 2013).

As described above, the Equatorial Pacific is a significant source of CO; to the
atmosphere, but it also contributes considerably to the global ocean’s new production.
Estimates of new production within the equatorial Wyrtki box (5°N — 5°S) range between
0.61 Pg Cy' (Wang et al. 2006) and 1.9 Pg C y' (Chavez and Barber 1987) or ~ 5- 20 %
of global new production (~ 10 Pg C y''; Chavez and Toggwelier, 1995). New production
is partitioned between particulate organic matter (POM) and DOM each of which has a
vastly different effect on export of organic matter in this system. Using mass balance
techniques Hansell et al. (1997) estimated that vertical POM flux dominated organic
matter removal from the surface waters accounting for approximately 80% of net
community production in equatorial Pacific with the balance accumulating as DOM in
the surface waters. The DOM that escaped rapid microbial remineralization and
accumulated in the surface water was available for horizontal advection from the
equatorial Pacific into the subtropical gyres (Figure 6). Estimates of poleward advection
of DOM from the Wyrtki box range from a low range of 0.7 —0.18 Pg C y' (Hansell et
al. 1997) up to 0.4 Pg C y' (Archer et al., 1997) as DOC and 0.03 Pg N y ' as DON
(Hansell et al., 1997). The build up of semi-labile DOC in the subtropical gyres (Figure
6) as a result of autotrophic production in the gyres as well as horizontal advection of
DOM from the equatorial Pacific can be exported into the interior by Ekman convergence
of surface waters and downwelling of DOC-rich waters to a few hundred meters depth.

Techniques have greatly improved over the past two decades with regard to DOM
analyses and the US Repeat Hydrography program has allowed for the first ever high-
resolution ocean DOM maps and inventory. Yet, there is still a paucity of DOM data
especially in the equatorial Pacific. It would be beneficial to obtain measurements in this
important region to better estimate the role of DOM in both horizontal and vertical export
from this important oceanic region.

Sustained observations in the equatorial Pacific have been critical to improving
our understanding of the ENSO cycle and its interaction with other modes of large-scale
climate variability in this region and around the globe (McPhaden et al., 2006). While
many global biogeochemical models, ocean carbon cycle models, and atmospheric
inversions are able to capture the interannual variability of sea-air CO; fluxes in the
equatorial Pacific (Rayner et al., 1999; Jones et al., 2001; Patra et al., 2005; Le Quéré et
al., 2010), separating natural variability from global change impacts and understanding
how these phenomena will interact in the future is challenging. Climate change
predictions in the equatorial Pacific include warming sea surface temperatures,



weakening trade winds, and a shoaling thermocline; however, it is unclear whether the
frequency or intensity of ENSO events may change (Vecchi et al., 2006; Collins et al.,
2010). Some researchers link an increased frequency of CP El Nifio events to
anthropogenic climate change (Yeh et al., 2009), while others suggest the observed
increase since 1997-1998 is part of a natural variation of the climate system (McPhaden
etal., 2011; Newman et al., 2011). Continued investigation into the interannual, decadal,
and multi-decadal dynamics that impact the equatorial Pacific is key to understanding
how ENSO and CO, outgassing in this region may change in the future.
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Figure 6. Distribution of DOC (umol kg-1) along P16 meridional transect (150° W) in the
Pacific basins. This figure depicts accumulation DOC in the surface waters of the equatorial
Pacific of which a portion is redistributed poleward by wind driven circulation. This
horizontal export contributes to DOC build up in the subtropical gyres (PDW), which can then
lead to vertical export into the interior via intermediate water formation. The arrows
represent generalized water circulation. Data for this graph are available at
http://ushydro.ucsd.edu/data_centers.htm.

3.0 Time-series of Biogeochemical Observations in the Equatorial Pacific

While the basin-scale understanding of biogeochemical processes is principally
derived from repeat hydrographic cruises, our present understanding of the sea-air CO,
flux in the equatorial Pacific is primarily derived from very high-quality surface carbon
measurements on research cruises, volunteer observing ships and moorings coupled with
satellite measurements of SST and winds from which flux algorithms have been derived
(Cosca et al., 2003, Feely et al., 1999, 2002, 2006; Ishii et al., 2004, 2011, 2014;
Takahashi et al., 2003, 2009; Wanninkhof et al., 2013; Figure 7). These data sets have
been integrated into the community-wide data product Surface Ocean CO, Atlas
(SOCAT; Pfeil et al., 2013; Bakker et al., 2014) and the Takahashi pCO, data product
(Takahashi et al. 2013, CDIAC) for the tropical ocean and also have been used to validate
models of carbon dioxide fluxes and variability over the last few decades (Doney et al.,
2009; Le Quér¢ et al., 2009; Fay and McKinley, 2013). Two major conclusions have
resulted from the synthesis and modeling research on the tropical and global data sets:
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1. The tropical Pacific is the major natural source of CO, from the ocean to the
atmosphere, contributing nearly 70% of the global flux to the atmosphere.

2. Interannual variability of the sea-air CO; flux in the tropical Pacific is also the
major source of CO; flux variability in the global oceans (Doney et al., 2009; Ishii
et al 2014). These two facts emphasize the strong need for sustained observations
of carbon system parameters in this region.
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Figure 7. Locations of the TOA-Triton buoys. Moored pCO; data is collected mostly
along the equator, shown as the dark line. Underway surface ocean pCO:
measurements have been collected on surface ships as part of the bi-annual
servicing of the TAO array.

4.0 Current and Emerging Technology
4.1 Underway Vessel Observations

Sea surface pCO, observations have been made on research vessels servicing the
TAO/TRITON array since 1982. These automated underway systems are designed to
continuously measure seawater and atmospheric pCO, onboard ships of opportunity with
a high degree of precision (0.5 patm) and accuracy (2 patm). In this method, seawater
is equilibrated with air in a chamber, dried, and pumped through a non-dispersive
infrared (NDIR) analyzer. Each measurement is calibrated in situ against three or four gas
reference standards certified by the World Meteorological Organization (WMO). Oxygen
and nutrient sensors have not yet been integrated into the underway measurements made
in the Tropical Pacific. These measurements are critically important in constraining the
spatial variability of surface pCO, values. Accordingly, automated underway pCO,
systems should be installed and maintained on all vessels servicing the TAO/TRITON
array.

4.2 Moorings Observations

The ENSO observing system in the equatorial Pacific includes moored autonomous
pCO,2 (MAPCO,) systems deployed on 6 of the 7 flux reference sites along the equator
(0°, 110°W; 0°, 125°W; 0°, 140°W; 0°, 155°W; 0°, 170°W; and 0°, 165°E) and a
mooring in the warm water pool of the western equatorial Pacific (8°S, 165°E; Figure 7).
The MAPCO; system collects marine boundary air and surface seawater xCO; (the mole
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fraction of CO; in air in equilibrium with sea surface temperature) measurements every
three hours and is similar to the underway method utilizing a pCO, equilibrator and Non-
Dispersive Infra-Red (NDIR) analyzer. Each measurement is calibrated in situ against a
WMO certified gas reference standard. Based on laboratory tests and field
intercomparisons at PMEL and other institutions, estimates of uncertainty for air and
seawater pCO, measurements are better than 1 and 2 patm, respectively. The data from
the MAPCO, systems have provided new insights (e.g. Sutton et al., 2014) into the
seasonal cycles and the trends in annual CO; fluxes.

4.3 Repeat Hydrography Measurements

Ship-based hydrography is the only method for obtaining discrete high-quality
carbon, oxygen, and nutrient measurements over the full water column and in areas of the
ocean inaccessible to other platforms. Global hydrographic surveys have been carried out
every decade since the 1980s through research programs such as GEOSECS,
WOCE/JGOFS, CLIVAR and GO-SHIP. Repeat hydrographic lines that have crossed the
TOA/TRITON array are: P13, P14, P15, P16, P17, and P18. During these cruises,
observations of pCO, (ship’s underway system) provide additional spatial context for the
moored MAPCO, systems and discrete sampling of dissolved inorganic carbon (DIC)
and total alkalinity (TA) are used to determine changes in water column carbon
inventories, shoaling of the lysocline and provide insight into other biogeochemical
processes.

Repeat measurements of limiting trace nutrients in the equatorial Pacific are required
to better elucidate the role that they play in regulating primary productivity and carbon
export in this broad region of the ocean. However, given the course spatial resolution
and sparse temporal resolution, many questions still remain. Samples collected from in
situ sampling devices placed on moorings would allow understanding of temporal
variability in macro- and micronutrient supply (particulate and dissolved) within the EUC
and would thus help constrain the effects of short term variability in the supply as both a
throttle on primary productivity and on net productivity in the eastern tropical Pacific.
The use of nitrate sensors on autonomous vehicles would identify regions where
macronutrients are readily available and thus areas where primary productivity is likely
limited by Fe and/or other trace nutrient metals. Long-term records over significant
spatial scales would aid in targeting regions for more extensive, ship-based studies, aimed
at understanding this process. Establishing an area for ship-based time series studies will
be essential if we are to fully understand the physical and chemical forcing on primary
productivity and carbon export.

In the future, improved understanding of the distribution and magnitude of source
waters to the EUC and their geochemical make-up will be essential. This information will
aid in constraining whether longer-term shifts in primary productivity are the result of
longer-term shifts in the geo-chemical make-up of the source waters. A fuller
geochemical examination of this region will be required to accomplish this.

4.4 Satellites Observations
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While it is not possible to measure surface ocean pCO, from satellite, estimates of
phytoplankton biomass and primary productivity have been made continuously from
August 1997 by SeaWiFS, MODIS and other satellite ocean color missions. These
observations have proved essential for filling in gaps between ship and mooring data, and
Chavez et al (1999) showed excellent agreement for chlorophyll observations across all
three platforms. Recent work (Hales et al, 2012) has demonstrated the use of multiple
satellite-measured parameters for estimating surface ocean pCQO,, as did Cosca et al.
(2003) for in situ measurements. Because of the strong relationship between upwelling
(and its SST signature), productivity and pCO,, the equatorial Pacific is a region that
holds promise for future work linking pCO, to satellite observations. Continued
observations of surface pCO; from moorings and vessel underway systems will allow for
further improvement of the empirical relationships between SST and salinity, which will
be necessary for satellite pCO, algorithm development.

5.0 Potential Expansion of CO; and Biogeochemical Measurements

The autonomous carbon sensors described in sections 4.1.1 and 4.1.2 provide climate
quality (uncertainty < 2 patm) seawater pCO, measurements. However, since these
instruments were developed to measure sea-air flux, they can only be operated at the
ocean surface and are not adaptable to subsurface drifters or gliders. There has been
some success in developing algorithms to predict ocean acidification parameters in
coastal environments using temperature, salinity, and oxygen, which can be measured on
subsurface platforms, but these algorithms are not reliable in surface waters largely due to
heat and oxygen fluxes to the atmosphere that do not have an associated carbon signature
(Juranek et al. 2009, 2011; Alin et al. 2012). The algorithms developed by Feely et al.
(2006) to predict seawater pCO, based on SST and SSS are robust, but must be validated
using underway-data with sufficient spatial (i.e., spanning the Tropical Pacific) and
temporal resolution (i.e., capturing seasonal and ENSO variability). These surface
seawater pCO, algorithms must be recalculated every 5-10 years in order to reevaluate
the influence of changing atmospheric CO; on the surface ocean. These facts clearly
demonstrate the need for continued direct observations of the carbon parameters as well
as underlying biogeochemistry. However, as ship-time becomes more costly, it will be
necessary to develop more robust, reliable and accurate autonomous sensors and
platforms.

5.1 Experiments and Pilot Studies Necessary For New Observations

One of the most promising new technologies that could supplement existing
platforms and perhaps reduce some of ship-time needs is the carbon wave glider (Figure
8). This platform is designed to conduct autonomous, basin-scale ocean transits for long-
durations (up to 6 months). The wave glider has to date been tested extensively in coastal
environments with pCO,, pH, and nitrate sensors at the surface and temperature and
oxygen at 6 m depth on the subsurface, energy-harvesting vanes. Because the MAPCO,
systems that are used on the moorings have been integrated into the wave gliders is it
possible for them to return the same climate-quality pCO; data and provide data inter-
comparison with the moorings and underway pCO2 measurements from vessels. In order
to assess the carbon wave glider in a high energy, open ocean environment, a 3-6 month
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pilot-study experiment in the equatorial Pacific is necessary. Comparison to proven
technology and standardized methods (i.e., underway pCO,, mooring pCO,, and bottle
samples) should be used to validate the wave glider carbon system and biogeochemical
sensors. Accordingly, this pilot-study should be done in conjunction with either a repeat
hydrography cruise or a mooring servicing cruise where underway and discrete
measurements can be made. In the future, faster autonomous platforms that have larger
payloads such as the Sail Drone should be adapted to make pCO, and related
biogeochemical measurements. These drones can cover larger areas of the ocean and
carry more sensors with greater endurance.

MApPCO2 Airblock Wave Glider Aft Solar Panel

=
[ —

MApPCO2-Wave Glider
Mast and EQ Well
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pC
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Calibration Gas Bottles
Wave Glider

Surface Float Wave Glider Electronics

MApCO2 EQ

MApCO2 _
Fwd Waterproof Enclosure MAPCO2 and pH Electronics

Figure 8§ — Carbon wave glider with integrated
MAPCQO; system.

A more robust and immediate capability that should be added to the existing
mooring array and vessel-mounted underway systems operating in the region are
autonomous sensors for dissolved oxygen and inorganic nitrate. In both cases, existing
sensor technology has reached the stage where continuous measurements can be made
with high precision during a 12-month deployment period. The addition of these new
sensors would provide valuable insights into the seasonal nutrient delivery into the mixed
layer and give an indication of the intensity and duration of primary production. Other
“off-the-shelf” technologies that could greatly supplement the existing mooring array are
the remote access sampler (RAS) and sediment traps. The RAS has the ability to collect
96 (8 per month) discrete water samples at fixed depths. The data could be used to
calibrate moored sensors as well as provide increased temporal resolution for parameters
such as Fe, silicate and DOM, which can’t be measured autonomously. Sediment traps
can also provide discrete estimates of particles fluxes out of the surface ocean and are
important indicators of primary production that can be related to satellite data.

Finally, a significant effort should be made to outfit ARGO floats with
biogeochemical sensors. At present, the only biogeochemical sensors that have been
tested on these platforms are dissolved oxygen and pH. While both have been limited by
hysteresis effects and calibration issues, the performance and reliability of these sensors
is improving. Further efforts should be made to incorporate other measurements,
particularly nitrate into these sensor packages. Additionally, Slocum gliders that can
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profile the water column provide another autonomous platform where oxygen, nitrate and
pH sensors can be incorporated. While an order of magnitude more expensive than an
ARGO float, the Slocum’s can carry a greater payload and have some navigation
capability. Another emerging sensor package is the Carbon Prawler that integrates
carbon and biogeochemical measurements. These systems can be deployed on a mooring
and by moving up and down the wire can profile the water column. The Prawler’s can
also be deployed on CTD casts during repeat hydrography cruises and provide high-
resolution profiles of the water column. When properly integrated, the combination of
moorings, underway ship-based observations, repeat hydrographic measurements,
gliders, floats, RAS, and satellite data streams can provide a four-dimensional picture of
carbon biogeochemistry in the equatorial Pacific Ocean.

6.0 Recommendations for TPOS 2020
Based upon the discussion within this White Paper, we make the following overall
recommendation for the TPOS of 2020:

1. Long climate and pCO, records should be continued at the existing
TAO/TRITON locations.

2. The research vessels that are used to maintain the observing system should be
treated as a platform within the observing system itself, making standard
measurements along repeat tracks (e.g. CTD, pCO,, dissolved oxygen, nitrate,
pH, etc.) and deployment of moorings, floats and gliders.

3. The TPOS array should integrate multi-disciplinary observations. Data should be
freely provided for all users. The array should be designed to provide data needed
to observe ENSO events through their full life cycle; to force, initialize, and
validate numerical models; to assess uncertainties in numerical models and
satellite products; to calibrate remotely measured variables; to develop and test
parameterizations needed for models and satellite products; and to better
understand the climate system.

4. Interdisciplinary process and pilot studies should be built around the infrastructure
of the TPOS. New platforms such as wave gliders, remote access water samplers,
and sediment traps should be added to the existing array and new sensors (e.g.
pCO,, pH, dissolved oxygen, nitrate, pH, etc.) should be added to existing assets.

7.0 Conclusion Statement

Decades of work and millions of observations have shown that the tropical Pacific
is the major natural source of CO, from the ocean, contributing nearly 70% of the global
flux to the atmosphere. Data synthesis and modeling efforts have confirmed that
interannual variability of the sea-air CO, flux in the tropical Pacific is the major source of
CO;, flux variability in the global oceans. Much of the CO; flux is controlled by the
underlying physical and biogeochemical processes in the region, which are impacted by
decadal and longer time-scale ocean and climate processes. Given its role in global
climate and potential impacts to ocean resources and billions of people around the world
the TPOS must be maintained at a level commensurate with its importance.

References

15



Alin, S. R., R. A. Feely, A. G. Dickson, J. M. Hernandez-Ayon, L. W. Juranek, M. D.
Ohman, and R. Goericke (2012), Robust empirical relationships for estimating the
carbonate system in the southern California Current System and application to CalCOFI
hydrographic cruise data (2005-2011), Journal of Geophysical Research: Oceans,
117(C5), C05033.

Archer, D., Peltzer, E.T., Kirchman, D.L., (1997), A timescale for dissolved organic
carbon production in equatorial Pacific surface waters. Global Biogeochem. Cycles 11,
435-452.

Ashok, K., S. K. Behera, S. A. Rao, H. Weng, and T. Yamagata (2007), El Nifio Modoki
and its possible teleconnection, Journal of Geophysical Research: Oceans, 112(C11).

Beamish, R. J., D. J. Noakes, G. A. McFarlane, L. Klyashtorin, V. V. Ivanov, and V.
Kurashov (1999), The regime concept and natural trends in the production of Pacific
salmon, Canadian Journal of Fisheries and Aquatic Sciences, 56(3), 516-526.

Behrenfeld, M.J., Bale, A.J., Kolber, Z.S., Alken, J., Falkowski, P.G., (1996),
Confirmation of iron limitation of phytoplankton photosynthesis in the equatorial Pacific
Ocean Nature, 383, pp. 508-511.

Behrenfeld, M. J., R. T. O/'Malley, D. A. Siegel, C. R. McClain, J. L. Sarmiento, G. C.
Feldman, A. J. Milligan, P. G. Falkowski, R. M. Letelier, and E. S. Boss (2006), Climate-
driven trends in contemporary ocean productivity, Nature, 444(7120), 752-755.

Benner, R., and Herndl, G., (2011), Bacterially derived dissolved organic matter in the
microbial carbon pump. In: "Microbial Carbon Pump in the Ocean" (Jiao, N., Azam, F.,
Sanders, S., Eds.), pp. 46-48.Science/AAAS, Washington, DC.

Brzezinski, M.A., Dumousseaud, C., Krause, J.W., Measures, C.I., Nelson, D.M., (2008),
Iron and silicic acid concen- trations together regulate Si uptake in the equatorial Pacific
Ocean. Limnol. Oceanogr. 53:875-89.

Burd, A. B., Hansell, D.A., Steinberg, D.K., Anderson, T.R., Aristegui, J., Baltar, F.,
Beaupre, S.R., Buesseler, K.O., DeHairs, F., Jackson, G.A., Kadko, D.C., Koppelmann,
R., Lampitt, R.S., Nagata, T., Reinthaler, T., Robinson, C., Robinson, B.H., Tamburini,
C., Tanaka, T., (2010), Assessing the apparent imbalance between geochemical and
biochemical indicators of meso- and bathypelagic biological activity: What the @$#! is
wrong with present calculations of carbon budgets?, Deep Sea Res., Part I, 57, 1429—
1592.

Carlson, C.A., (2002), Production and Removal Processes. In: "Biogeochemistry of

Marine Dissolved Organic Matter" (Hansell, D.A., Carlson, C.A., Eds.), pp. 91-
151.Academic Press, San Diego.

16



Chavez, F.P., and Barber, R.T., (1987), An estimate of new production in the equatorial
Pacific. Deep-Sea Res. 34, 1229-1243.

Chavez, F., and Toggweiler, J., (1995), Physical estimates of global new production: the
upwelling contribution. In: "Upwelling in the Ocean: Modern Processes and Ancient
Records" (Summerhayes, C., Emeis, K., Angel, M., Smith, R., Zeitzschel, B., Eds.), pp.
313-320.John Wiley and Sons, New York.

Chavez, F. P., P. G. Strutton, G. E. Friederich, R. A. Feely, G. C. Feldman, D. G. Foley,
and M. J. McPhaden (1999), Biological and Chemical Response of the Equatorial Pacific
Ocean to the 1997-98 El Ni&ntilde;o, Science, 286(5447), 2126-2131.

Chavez, F. P., J. Ryan, S. E. Lluch-Cota, and M. Niquen C. (2003), From Anchovies to
Sardines and Back: Multidecadal Change in the Pacific Ocean, Science, 299(5604), 217-
221.

Chavez, F. P., M. Messi¢, and J. T. Pennington (2011), Marine Primary Production in
Relation to Climate Variability and Change, Annual Review of Marine Science, 3(1),
227-260.

Coale, K.H., Fitzwarter, S.E., Gordon, R.M., Johnson, K.S., Barber, R.T., (1996),
Control of community growth and export production by upwelled iron in the equatorial
Pacific Ocean Nature, 379 (1996), pp. 621-624

Collins, M., et al. (2010), The impact of global warming on the tropical Pacific Ocean
and El Nino, Nature Geosci, 3(6), 391-397.

Cosca, C.E., Feely, R.A., Boutin, J., Etcheto, J., McPhaden, M.J., Chavez, F.P. and
Strutton, P.G. (2003), Seasonal and interannual CO2 fluxes for the central and eastern
equatorial Pacific Ocean as determined from fCO2-SST relationships. Journal of

Geophysical Research 108(C8): 3278, d0i:3210.1029/2000JC000677.

Cresswell, G. (2000), Coastal currents of northern Papua New Guinea, and the Sepik
River outflow. Marine and freshwater research, 51, 553-564. Retrieved from
http://www.publish.csiro.au/?paper=MF99135

Doney, S. C., I. Lima, R. A. Feely, D. M. Glover, K. Lindsay, N. Mahowald, J. K.
Moore, and R. Wanninkhof (2009), Mechanisms governing interannual variability in
upper-ocean inorganic carbon system and air—sea CO2 fluxes: Physical climate and
atmospheric dust, Deep Sea Research Part II: Topical Studies in Oceanography, 56(8—
10), 640-655.

Dunne, J. P., Sarmiento, J.L., Gnanadesikan, A., (2007), A synthesis of global particle

export from the surface ocean and cycling through the ocean interior and on the seafloor,
Global Biogeochem. Cycles, 20, doi:10.1029/2006GB002907.

17



Fay, A. R, and G. A. McKinley (2013), Global trends in surface ocean pCO2 from in situ
data, Global Biogeochemical Cycles, 27(2), 541-557.

Feely, R. A., R. H. Gammon, B. A. Taft, P. E. Pullen, L. S. Waterman, T. J. Conway, J.
F. Gendron, and D. P. Wisegarver (1987), Distribution of chemical tracers in the eastern
equatorial Pacific during and after the 1982—1983 EI Nifio/Southern Oscillation event,
Journal of Geophysical Research: Oceans, 92(C6), 6545-6558.

Feely, R. A., R. Wanninkhof, T. Takahashi, and P. Tans (1999), Influence of El Nino on
the equatorial Pacific contribution to atmospheric CO2 accumulation, Nature, 398(6728),
597-601.

Feely, R. A., Boutin, J., Cosca, C.E., Dandonneau, Y., Etcheto, J., Inoue, H.Y., Ishii, M.,
Le Quér¢, C., Mackey, D.J., McPhaden, M., Metzl, N., Poisson, A., Wanninkhof, R.,
(2002), Seasonal and interannual variability of CO2 in the equatorial Pacific, Deep Sea
Research Part II: Topical Studies in Oceanography, 49(13-14), 2443-2469.

Feely, R. A., T. Takahashi, R. Wanninkhof, M. J. McPhaden, C. E. Cosca, S. C.
Sutherland, and M.-E. Carr (2006), Decadal variability of the air-sea CO2 fluxes in the
equatorial Pacific Ocean, J. Geophys. Res., 111.

Gehlen, M., Bopp, L., Emprin, N., Aumont, O., Heinze, C., Ragueneau, O., (2006),
Reconciling surface ocean productivity, export fluxes and sediment composition in a
global biogeochemical ocean model Biogeosciences, pp. 521-537

Goldberg, S., Carlson, C., Brzezinski, M., Nelson, N., and siegel, D., (2011), Systematic
removal of neutral sugars within dissolved organic matter across ocean basins. Geophys.
Res. Lett. 38, doi:10.1029/2011GL048620.

Gorgues, T., Menkes, C., Slemons, L., Aumont, O., Dandonneau, Y., Radenac, M., ...
Moulin, C. (2010), A 1998 phytoplankton blooms in the equatorial Pacific Revisiting the
La Nin. Deep-Sea Research Part I, 57(4), 567-576. doi:10.1016/j.dsr.2009.12.008

Hales, B., Strutton, P.G., Saraceno, M., Letelier, R.M., Takahashi, T., Feely, R., Sabine,
C., Chavez, F.P. (2012), Satellite-based prediction of pCO?2 in coastal waters of the
eastern North Pacific. Progress in Oceanography 103: 1-15.

Hansell, D.A., Carlson, C.A., Bates, N.R., and Poisson, A., (1997), Horizontal and
vertical removal of organic carbon in the equatorial Pacific Ocean: a mass balance
assessment. Deep-Sea Res. 11 44, 2115-2130.

Hansell, D.A., Carlson, C.A., Repeta, D.J., and Shlitzer, R., (2009), Dissolved organic
matter in the ocean: A controversy stimulates new insights. Oceanography 22, 202-211.
Hare, S. R., and N. J. Mantua (2000), Empirical evidence for North Pacific regime shifts
in 1977 and 1989, Progress In Oceanography, 47(2—4), 103-145.

18



Hansell, D.A., Carlson, C.A., and Schlitzer, R., (2012), Net removal of major marine
dissolved organic carbon fractions in the subsurface ocean. Global Biogeochem. Cycles
26, doi:10.1029/2011GB004069.

Henson, S. A., Sarmiento, J. L., Dunne, J. P., Bopp, L., Lima, 1., Doney, S. C., (2010),
Detection of anthropogenic climate change in satellite records of ocean chlorophyll and
productivity. Biogeosciences, 7, 621-640.

Ishii, M., S. Saito, T. Tokieda, T. Kawano, K. Matsumoto, and H. Y. Inoue (2004),
Variability of surface layer CO2 parameters in the western and central equatorial Pacific,

in Global Environmental Change in the Ocean and Land, edited by M. Shiyomi, H.
Kawahata, H. Koizumi, A. Tsuda and Y. Awaya, pp. 59-94, TERRAPUB.

Ishii, M., Inoue, H.Y., Midorikawa, T., Saito, S., Takayuki, T., Sasano, D., Nakadate, A.,
Nemoto, K., Metzl, N., Wong, C.S., Feely, R.A., (2009), Spatial variability and decadal
trend of the oceanic CO2 in the western equatorial Pacific warm/fresh water, Deep Sea
Research Part II: Topical Studies in Oceanography, 56(8-10), 591-606.

Ishii, M., N. Kosugi, D. Sasano, S. Saito, T. Midorikawa, and H. Y. Inoue (2011), Ocean
acidification off the south coast of Japan: A result from time series observations of CO2
parameters from 1994 to 2008, J. Geophys. Res., 116(C6), C06022.

Ishii, M., Feely, R.A., Rodgers, K.B., Park, G.-H., Wanninkhof, R., Sasano, D.,
Sugimoto, H., Cosca, C.E., Nakaoka, S., Telszewski, M., Nojiri, Y., Mikaloff Fletcher,
S.E., Niwa, Y., Patra, P.K., Valsala, V., Nakano, H., Lima, 1., Doney, S.C., Buitenhuis,
E.T., Aumont, O., Dunne, J.P., Lenton, A., Takahashi, T., (2014), Air-sea CO2 flux in the
Pacific Ocean for the period 1990 - 2009, Biogeosciences,

Juranek, L. W., R. A. Feely, W. T. Peterson, S. R. Alin, B. Hales, K. Lee, C. L. Sabine,
and J. Peterson (2009), A novel method for determination of aragonite saturation state on
the continental shelf of central Oregon using multi-parameter relationships with
hydrographic data, Geophys. Res. Lett., 36.

Kao, H.-Y., and J.-Y. Yu (2009), Contrasting Eastern-Pacific and Central-Pacific Types
of ENSO, Journal of Climate, 22(3), 615-632.

Kug, J.-S., F.-F. Jin, and S.-1. An (2009), Two Types of El Nifo Events: Cold Tongue El
Nifio and Warm Pool El Nifo, Journal of Climate, 22(6), 1499-1515.

Landry, M.R., Selph, K.E., Taylor, A.G., Décima, M., Balch, W.M., Bidigare, R.R.,
(2011). Phytoplankton growth, grazing and production balances in the HNLC equatorial
Pacific. Deep-Sea Research II 58, 524-535.

Larkin, N. K., and D. E. Harrison (2005), On the definition of El Nifo and associated
seasonal average U.S. weather anomalies, Geophysical Research Letters, 32(13), n/a-n/a.

19



Laws, E. A., P. G. Falkowski, W. O. Smith, H. Ducklow, and J. J. McCarthy (2000),
Temperature effects on export production in the open ocean, Global Biogeochem. Cycles,
14, 1231-1246.

Le Quere, C., M. R. Raupach, J. G. Canadell, G. Marland, and et al. (2009), Trends in the
sources and sinks of carbon dioxide, Nature Geosci, advance online publication.

Le Quéré, C., T. Takahashi, E. T. Buitenhuis, C. Rédenbeck, and S. C. Sutherland
(2010), Impact of climate change and variability on the global oceanic sink of CO2,
Global Biogeochemical Cycles, 24(4), n/a-n/a.

Letscher, R.T., Hansell, D.A., Carlson, C.A., Lumpkin, R., and Knapp, A.N., (2013),
Dissolved organic nitrogen in the global surface ocean: Distribution and fate. Global
Biogeochem. Cycles.

Lima, I.D., Lam, P.J., Doney, S.C., (2014), Dynamics of particulate organic carbon flux
in a global ocean model. Biogeosciences, 11, 1177-1198.

Lutz, M. J., Caldeira, K., Dunbar, R.B., Behrenfeld, M.J., (2007), Seasonal rhythms of
net primary production and particulate organic carbon flux to depth describe the
efficiency of biological pump in the global ocean, J. Geophys. Res., 112, C10011,
doi:10.1029/2006JC003706.

Mahadevan, A., (2001), An analysis of bomb radiocarbon trends in the Pacific. Marine
Chem., 73, 273-290

Mantua, N. J., S. R. Hare, Y. Zhang, J. M. Wallace, and R. C. Francis (1997), A Pacific
Interdecadal Climate Oscillation with Impacts on Salmon Production, Bulletin of the
American Meteorological Society, 78(6), 1069-1079.

McPhaden, M. J., Busalacchi, A.J., Cheney, R., Donguy, J-R., Gage, K.S., Halpern, D.,
Ji, M., Julian, P., Meyers, G., Mitchum, G.T., Niiler, P.P., Picaut, J., Reynolds, R.W.,
Smith, N., Takeuchi, K., (1998), The Tropical Ocean-Global Atmosphere observing
system: A decade of progress, Journal of Geophysical Research: Oceans, 103(C7),
14169-14240.

McPhaden, M. J. (1999), Genesis and Evolution of the 1997-98 El Nifo, Science,
283(5404), 950-954.

McPhaden, M. J., and D. Zhang (2002), Slowdown of the meridional overturning
circulation in the upper Pacific Ocean, Nature, 415(6872), 603-608.

McPhaden, M. J., and D. Zhang (2004), Pacific Ocean circulation rebounds, Geophys.
Res. Lett., 31(18), L18301.

20



McPhaden, M. J., S. E. Zebiak, and M. H. Glantz (2006), ENSO as an Integrating
Concept in Earth Science, Science, 314(5806), 1740-1745.

McPhaden, M. J., Lee, T., McClurg, D., (2011), El Nifo and its relationship to changing
background conditions in the tropical Pacific Ocean, Geophys. Res. Lett., 38(15),
L15709.

McPhaden, M. J. (2012), A 21st century shift in the relationship between ENSO SST and
warm water volume anomalies, Geophys. Res. Lett., 39(9), L09706.

Minobe, S. (2000), Spatio-temporal structure of the pentadecadal variability over the
North Pacific, Progress In Oceanography, 47(2-4), 381-408.

Moore, J.K., Doney, S.C., Linday, K., (2004), Upper ocean ecosystem dynamics and iron
cycling in a global three-dimensional model. Global Biogeochemical Cycles, Vol 18, 4.
doi: 10.1029/2004GB002220.

Newman, M., S.-I. Shin, and M. A. Alexander (2011), Natural variation in ENSO flavors,
Geophysical Research Letters, 38(14), n/a-n/a.

Patra, P. K., S. Maksyutov, M. Ishizawa, T. Nakazawa, T. Takahashi, and J. Ukita
(2005), Interannual and decadal changes in the sea-air CO2 flux from atmospheric CO2
inverse modeling, Global Biogeochemical Cycles, 19(4), GB4013.

Pennington, J.T., Mahoney, K.L., Kuwahara, V.S., Kolber, D.D., Calienes, R., Chavez,
F.P., (2006), Primary production in the eastern tropical Pacific: a review. Progress in
Oceanography 69 (2—4), 285-317.

Peterson, W. T., and F. B. Schwing (2003), A new climate regime in northeast pacific
ecosystems, Geophys. Res. Lett., 30.

Pfeil, B., et al. (2013), A uniform, quality controlled Surface Ocean CO2 Atlas (SOCAT),
Earth Syst. Sci. Data, 5(1), 125-143.

Quay, P. (1997), Was a carbon balance measured in the equatorial Pacific during
JGOFS?, Deep Sea Research Part II: Topical Studies in Oceanography, 44(9-10), 1765-
1781.

Rayner, P. J., R. M. Law, and R. Dargaville (1999), The relationship between tropical
CO2 fluxes and the El Nifio&#8208;Southern Oscillation, Geophys. Res. Lett., 26(4),
493-496.

Rodgers, K. B., P. Friederichs, and M. Latif (2004), Tropical Pacific Decadal Variability

and Its Relation to Decadal Modulations of ENSO, Journal of Climate, 17(19), 3761-
3774.

21



Ryan, J. P, Ueki, 1., Chao, Y., Zhang, H., Polito, P. S., & Chavez, F. P. (2006), Western
Pacific modulation of large phytoplankton blooms in the central and eastern equatorial
Pacific. Journal of Geophysical Research, 111(G2), G02013.
do0i:10.1029/2005JG000084.

Siegel, D.A., Buesseler, K.O., Doney, S.C., Sailley, S.F., Behrenfeld, M.J., Boyd, P.W.,
(2014), Global assessment of ocean carbon export by combining satellite observations
and food-web models. Global Biogeochemical Cycles. doi: 10.1002/2013GB004743.

Slemons, L. O., Murray, J. W., Resing, J., Paul, B., & Dutrieux, P. (2010), Western
Pacific coastal sources of iron, manganese, and aluminum to the Equatorial Undercurrent.
Global Biogeochemical Cycles, 24(3), 1-16. doi:10.1029/2009GB003693

Sutton, A. J., R. A. Feely, C. L. Sabine, M. J. McPhaden, T. Takahashi, F. P. Chavez, G.
E. Friederich, and J. T. Mathis (2014), Natural variability and anthropogenic change in
equatorial Pacific surface ocean pCO2 and pH, Global Biogeochemical Cycles,
2013GB004679.

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 CO2: An estimate based

on measurements of sea—air pCO2 difference, Proceedings of the National Academy of
Sciences, 94(16), 8292-8299.

Takahashi, T., et al. (2002), Global sea—air CO2 flux based on climatological surface
ocean pCO2, and seasonal biological and temperature effects, Deep Sea Research Part II:
Topical Studies in Oceanography, 49(9—10), 1601-1622.

Takahashi, T., S. C. Sutherland, R. A. Feely, and C. E. Cosca (2003), Decadal Variation
of the Surface Water PCO2 in the Western and Central Equatorial Pacific, Science,
302(5646), 852-856.

Takahashi, T., et al. (2009), Climatological mean and decadal change in surface ocean
pCO2, and net sea-air CO2 flux over the global oceans, Deep Sea Research Part I1:
Topical Studies in Oceanography, 56(8-10), 554-577.

Takahashi, T., S.C. Sutherland, and A. Kozyr (2013), Global Ocean Surface Water Partial
Pressure of CO2 Database: Measurements Performed During 1957-2012 (Version 2012),
ORNL/CDIAC-160, NDP-088(V2012). Carbon Dioxide Information Analysis Center,
Oak Ridge National Laboratory, U.S. Department of Energy, Oak Ridge, Tennessee, doi:
10.3334/CDIAC/OTG.NDP088(V2012).

Trenberth, K. E., and T. J. Hoar (1996), The 1990-1995 El Nino-Southern Oscillation
Event: Longest on Record, Geophysical Research Letters, 23(1), 57-60.

22



Vecchi, G. A., B. J. Soden, A. T. Wittenberg, [. M. Held, A. Leetmaa, and M. J. Harrison
(2006), Weakening of tropical Pacific atmospheric circulation due to anthropogenic
forcing, Nature, 441(7089), 73-76.

Wang, X., Christian, J.R., Murtugudde, R., and Busalacchi, A.J., (2006), Spatial and
temporal variability in new production in the equatorial Pacific during 1980-2003:
Physical and biogeochemical controls. Deep-Sea Res. II 53, 677-697.

Wanninkhof, R., et al. (2013), Global ocean carbon uptake: magnitude, variability and
trends, Biogeosciences Discuss., 9(8), 10961-11012.

Watanabe, M., and T. Nitta (1999), Decadal Changes in the Atmospheric Circulation and

Associated Surface Climate Variations in the Northern Hemisphere Winter, Journal of
Climate, 12(2), 494-510.

23



