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Ocean biogeochemistry: General
scien6ﬁc mo6va6ons
• Carbon cycle, ocean biology, and climate
• Fisheries
• Harmful algal blooms
• Adaptation to near-future changes in Earth
systems
• Exobiology
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Scientific motivations: Carbon cycle, ocean biology, and climate
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Figure 3. Stommel diagram showing time and space scales for typical biophysical phenomenon (squares) and our current observational
capacity (ovals) (after Marquet et al., 1993; Dickey, 2003). Shading denotes level of ecological complexity that the measurements provide with
explicit community structure provided by the darkest shading. See text for further detail.
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Scien8ﬁc advances: focus on the
biological carbon pump and rates of
par8culate carbon export
• 2004-2005: VERtical Transport In the Global
Ocean (VERTIGO). Ship-based process study
utilizing some autonomous platforms
• 2008: North Atlantic Bloom Experiment (NAB’08).
Ship-based process study centered on and
augmented by autonomous observations
• 2015-present: Southern Ocean Carbon and
Climate Observations and Modeling (SOCCOM).
Basin-scale, mostly autonomous observations
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When a Neutrally Buoyant Sediment
Trap surfaces after a three- to five-day
particle-collecting mission in the ocean
depths, “only its orange cap is visible,
about the size of a 2-liter bottle of Coke,”
said Jim Valdes, an engineer at WHOI,
“a proverbial needle in a haystack.”
“Couple this with a 6- to 10-foot swell
and a wind of 35 or more knots producing whitecaps and blowing water, and
you’ll have some idea of how daunting a
task finding an NBST can be,” he said.
“The engineers at Woods Hole,
with years of seagoing experience, designed a number of recovery aids into
our NBSTs,” Valdes said. “They knew
that locating an NBST after deployment
above:
NAB, 2008. Lagrangian float retrieval.
would
not be trivial.”
Scientists use an Acoustic Doppler
http://www.apl.washington.edu/projects/nor
Current Profiler onboard ship to monith_atlantic_bloom/summary.html
tor the speed and direction of subsurface
currents that have carried the NBST.
They estimate where the NBST will surface and steer the ship in that direction.
At the
surface, the NBST
turns
on an
left:
VERTIGO,
2004.
NBST
internal Global Positioning System reretrieval. Lippett, “Swimming in
ceiver and then sends its position to the
theviaRain”,
Magazine,
ship
a series Oceanus
of satellite relays.
The
NBST also transmits a radio signal that
2007.
a sophisticated Radio Direction Finding
receiver on the ship picks up at a range of
5 to 7 nautical miles (9 to 13 kilometers).
SOCCOM,
2015. Bio-optical
During daylight,right:
it’s difficult
to see
small submerged objects
in the water,
profiling
float deployment. Photo:
so recoveries are made at night, when
Veronica
Tasmitt, SOCCOM project.
the crew can spot an
NBST’s flashing
light up to 2 nautical miles (3.7 kilome(CC-BY-2.0)
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low Teff, if applied to the global shallow export sequestration and hence be a substantial feedback
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year (23), would result in a POC flux at 500 m stratification and the decrease in nutrient supply
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Fig. 1. POC flux versus depth at ALOHA (22° 45′ N, 158° W) and K2 (47° N 160° E). (A) POC flux
Buesseler
et al., Science,
at ALOHA (triangles) and K2 (circles) with open and solid symbols
for deployments
1 and2007.
2,
respectively (deployment start dates in Table 1). (B) Same data normalized to 150 m POC flux and
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Scientific advances: focus on the biological carbon pump
(Well-calibrated) bio-optical sensors can be used to measure stocks
C06028

CETINIĆ ET AL.: POC AND OPTICS—NAB08

C06028

Still a great deal of
variability in these
proxies for POC –
calibration is critical!

Figure 6. Basis of the optical proxies relationship for POC. Solid line is linear fit to NAB08 data.
(a) POC versus cp data set is overlain with regression of Gardner et al. [2006] for NABE (dash-dotted
line), global data of Bishop and Wood [2008] (dashed line), and Marra et al. [1995] (dots on solid line).
(b) POC versus bbp (700 nm) data set is overlain with regression of Stramski et al. [2008] (555 nm, dashed
line), data from Atlantic Meridional Transect cruises [Balch et al., 2010] (532 nm, dash-dotted line), and
Ross Sea data set [Stramski et al., 1999] (510 nm, dots on solid line). See Tables 1 and 2 for regression
coefficients.

CeGnić et al., JGR:
Oceans, 2012

reduction) both spatial and temporal variability persist in the
underway sea-surface measurements. DIC uptake was estimated
via subtracting mean DIC concentrations computed using data

Scientific advances: focus on the biological carbon pump
Stocks can be used to esJmate rates

Universally negative DfCO2 (Fig. 7c) observed in the general
vicinity of the float patch indicates the area is a net sink for carbon

Particulate organic carbon
(from beam attenuation)

O2 %saturation

Fig. 3. Time series of (a) salinity, (b) potential temperature (y), (c) percent O2 saturation, (d) O2, (e) POC (derived from cp653), and (f) NO3! over 0–200 decibars (db) within
the float patch. Grids were constructed from the down and up cast modes of the float and interpolated onto a regular grid (0.5 yeardays # 2 db) with a Gaussian weighting
scale with temporal and spatial scales of 1 yearday and 5 db, respectively. Contours of sy, ranging between 27.30 and 27.40 kg m ! 3 with a resolution of 0.02, are plotted in
black. The mixed layer depth, estimated as the depth at which sy differs from the mean density between 0 and 10 m by 0.01 kg m ! 3, is plotted as a solid white line.
Calendar dates (m/dd) are displayed at the bottom of the figure for reference to the days of year 2008. Total distance (km) traveled along the trajectory of the float track is
also included below the calendar dates on (e).

Fig. 3. Time series of (a) salinity, (b) potential temperature (y), (c) percent O2 satu
the float patch. Grids were constructed from the down and up cast modes of the fl
scale with temporal and spatial scales of 1 yearday and 5 db, respectively. Contour
black. The mixed layer depth, estimated as the depth at which sy differs from t
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figure for
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Fig. 6. (a) Mixed layer depth, (b) air–sea flux, (c) mean POC and (d) mean O2 saturation (%) over the
mixeddates
layer,
as measured
fromatFloat
48 (black
triangles)
and
Seagliders
also included below the calendar dates on (e).

140 (green circles), 141 (blue squares), 142 (red diamonds), and 143 (magenta stars). Calendar dates (m/dd) are displayed at the bottom of the figure for reference to the
days of year 2008. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Alkire et al., Deep-Sea Res. I, 2012
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Scien&ﬁc advances: focus on the biological carbon pump
Stocks can be used to estimate rates
NAB’08: Glider profiles show subduction of POC along edges of
mixed-layer eddies during spring bloom in the North Atlantic
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Scientific advances: focus on the biological carbon pump
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Figure 1 | Schematic representation of the seasonal mixed-layer pump. In the spring the depth of the mixed layer (yellow line) reaches its max
value. Before and during this event, ephemeral stratification events can occur due to, for example, intermittent changes in the heat flux from n
of the ocean, blue arrows) to positive (into the ocean, red arrows). These stratification events can result in new accumulation of organic matte
then redistributed over the water column by subsequent deep mixing. Eventually, when the summer stratification is established, the deeply m
matter remains isolated below the sunlit layer, resulting in an export of carbon. Orange, white and green squares and circles represent small p
accumulated within and below the surface mixed layer during the previous summer, and produced due to the ephemeral stratification events,
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Scientific advances: focus on the
biological carbon pump and rates of
particulate carbon export
• Taking parWculate carbon export as an example
biogeochemical process… VERTIGO à NAB à
SOCCOM
• Stocks can be used to esWmate certain rates
• Chlorophyll
• ParJculate organic carbon
• Oxygen

• Sensors that detect sinking parWcles need careful
calibraWon
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Scientific advances: focus on the
biological carbon pump and rates of
particulate carbon export
• Taking parWculate carbon export as an example
biogeochemical process… VERTIGO à NAB à
SOCCOM
• Stocks can be used to esWmate certain rates
• Chlorophyll
• ParJculate organic carbon
• Oxygen

• Sensors that detect sinking parWcles need careful
calibraWon
• Detailed biogeochemical mechanisms are not
oJen apparent using these methods alone
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Biological and physical mechanisms
of parQculate carbon export

In addi>on to
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need biological and
physical proper>es
of par>cles
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biogeochemical rates from changes in stocks
• Direct measurements of physical and biological
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4Deep Holographic camera

How much informaJon can
we get about parJcle
properJes from autonomous
plaPorms, without returning
large samples?

LISST-glider, photo:
Sequoia ScienGﬁc

4Deep flattened hologram
courtesy of M. Omand, URI
(unpublished)

FlowCytobot
sample courtesy
of I. CeGnić, NASA
(unpublished)

Sensor development needs for
the coming decade
• We need to move beyond indirect inference of
biogeochemical rates from changes in stocks
• Direct measurements of physical and biological
mechanisms will require more information about
particle size, biological ID, and composition
• How much information can we get without returning
large samples?
• What about in situ sample analysis or hybrid
ship/autonomous sample return systems?

Clio Operations

Image M. Jakuba

Clio deployments designed around a nominal 14 hour deployment schedule during
which 16 sample sets are collected at depth stations down to 6000m.
Clio’s engineering sea trials are scheduled for July on R/V Armstrong.
Clio ques\ons: John.Breier@utrgv.edu

Environmental
Sample Processor
(MBARI)
Which genes are
acQvated during
dayQme vs.
nighSme?

Ottesen et al., Science
2014.

Sensor development needs for
the coming decade
• We need to move beyond indirect inference of
biogeochemical rates from changes in stocks
• Direct measurements of physical and biological
mechanisms will require more information about
particle size, biological ID, and composition
• Links to remote sensing

EXport Processes in the Ocean from Remote Sensing (EXPORTS)
Siegel et al.

EXPORTS Science Plan

FIGURE 1 | The EXPORTS conceptual diagram illustrates the links among the ocean’s biological pump and pelagic food web and our ability to sample
these components from ships, satellites, and autonomous vehicles. Light blue waters are the euphotic zone (EZ), while the darker blue waters represent the
twilight zone (TZ). Figure is adapted from Steinberg (in prep.) and the U.S. Joint Global Ocean Flux Study (JGOFS) (http://usjgofs.whoi.edu/images/biological_pump.tif).

Siegel et al., Frontiers in Marine Science, 2016

Sensor development needs for
the coming decade
• We need to move beyond indirect inference of
biogeochemical rates from changes in stocks
• Direct measurements of physical and biological
mechanisms will require more informaWon about
parWcle size, biological ID, and composiWon
• Links to remote sensing
• Establishing global Mmeseries for detecMon of
change trends – the need is urgent!

Establishing global Jmeseries for detecJon of change trends
(b)

(b)

Fig. 2 (a) Map of ocean time series stations with a biogeochemical component (referred to as BGC-SOs in the text). The map includes
f ocean
time series stations with a biogeochemical component (referred to as BGC-SOs in the text). The ma
only currently operating and planned stations, according to http://www.oceansites.org. (b) Median value of n* (number of years of
perating
planned
according
http://www.oceansites.org.
(b) Median
of n*is (number
dataand
required
to detect astations,
climate change-driven
trendto
above
background variability) for all eight variables
consideredvalue
here. Plotted
median of the multimodel medians shown in Figure 1. White stars mark locations of BGC-SOs.
detectthe
a multivariable
climate change-driven
trend above background variability) for all eight variables considered here
median of the multimodel medians shown in Figure
1. White
mark
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of BGC-SOs.
Henson
et al.,stars
Global
Change
Biology,
2016.
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Sensor development needs
for the coming decade
• We need to move beyond indirect inference of
biogeochemical rates from changes in stocks
• Direct measurements of physical and
biological mechanisms will require more
informaGon about parGcle size, biological ID,
and composiGon
• Links to remote sensing
• Establishing global Gmeseries for detecGon of
change trends – the need is urgent!

Challenges: Platforms

• Bridging the gap between ship and
autonomous observations
• Large data volumes
• Imaging sensors
• Fast sampling rates
• Hyperspectral and multipleangle optical measurements
• Power, payload, and biofouling
• On-board processing

Challenges for new biogeochemists
• Hardware and software modularity to
accommodate new sensors and prototypes
(“You can’t just tape s*** on”)
• Flexibility in mission design and sampling
schemes
• Platform recovery costs
• Deployment-associated risks in new labs

