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Seascapes organization and dynamic bio-physical
hierarchies
Hierarchy theory has provided a means to scale between local
mechanistic observations and regional and global models (Wu
and Loucks, 1995; Wu, 1999). One focus of hierarchies within
landscape ecology has been on spatial scales (Kotlier and Wiens,
1990; Wu and Hobbs, 2002; but see Gillson, 2009); e.g. episodic
erosion by rivers and streams results in hierarchical or fractal scal-
ing of a tributary system (Burrough, 1981). Other hierarchies are
defined in terms of food chain dynamics and directions of cas-
cades; the role of evolution in population dynamics, of popula-
tions in communities, and communities in ecosystems; and the
role of “functional” diversity in organizing an otherwise chaotic
biosphere (Levins, 1969; O’Neill et al., 1986, 1992; Lidecker, 2008;
Devictor et al., 2010).

Physical hierarchies, driven by atmospheric ocean interac-
tions and ocean circulation features, have led historical studies
of seascapes. Stommel (1963) recognized that physical ocean
structures followed a power law cascade as energy dissipated
from gyre circulation to small-scale turbulence (Kolmogorov,
1941; Okubo, 1971). Biological oceanographers and fisheries
ecologists modified Stommel’s space–time diagram to depict
dominant patch scales observed for phytoplankton, zooplank-
ton, and fish (Haury et al., 1978; Steele, 1978). Concurrently,
oceanographers and limnologists recognized that the fractal na-
ture of the physical phenomenon could be used to predict bio-
logical scales (Denman et al., 1977; Fasham, 1978; Gower et al.,
1980). Experimental and modelling evidence have also demon-
strated that phytoplankton aggregate at centimetre to metre
scales (Mitchell et al., 2008). Thus the biophysical structure of
seascapes span the scales of intermittent turbulent eddies to

fronts or boundaries associated with vertical mixing, mesoscale
circulation, and gyres.

The complex interdependency between energy dissipation,
other physical processes, and biology is evident within the
Stommel diagram (Figure 3). Many phenomena align along an
axis in time–space dimensions with what would be predicted with
either energy dissipation or apparent scale-dependent eddy diffu-
sivity (Okubo, 1971). For example, the horizontal spatial scale of
mesoscale eddies is set by the Rossby radius of deformation,
where planetary rotational effects on ocean flow become impor-
tant, with characteristic times-scales. Mesoscale (!10–100 km;
days to weeks) and submesoscale (!1–10 km; hours to days)
physical dynamics act to influence biological growth/loss and stir
large-scale bio-geophysical property gradients, down to smaller
scales (Mackas et al., 1985).

The space–time hierarchy determines the capacity of different
methods of observations to observe phenomena of interest
(Figure 3). How observations translate to predictive ability is also
a matter of continuity and persistence. For example, sampling at
fine spatial scales gives little predictive capacity for large scale and
long-term processes unless such fine-scale sampling is conducted
over long periods. Conversely, sampling shorter term processes
infrequently or over larger scales misses key features and charac-
teristics of the processes being observed. This results in poor pre-
dictive skill and masks underlying mechanisms (from Wiens,
1989). However, a hierarchical seascape framework presents an
effective means to translate local measurements to broader spatio-
temporal scales, scales relevant for modelling the effects of global
change and enabling whole-ecosystem management in the dy-
namic ocean (Kavanaugh et al., 2014a).

While larger scale circulation patterns can drive linear co-
variation in biophysical properties (Figure 4a), physiological or
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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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Have crossbow, will travel  
to track down ocean devices

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 produc-
ing 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, de-
signed a number of recovery aids into 
our NBSTs,” Valdes said. “They knew 
that locating an NBST after deployment 
would not be trivial.”

Scientists use an Acoustic Doppler 
Current Profiler onboard ship to moni-
tor the speed and direction of subsurface 
currents that have carried the NBST. 
They estimate where the NBST will sur-
face and steer the ship in that direction.

At the surface, the NBST turns on an 
internal Global Positioning System re-
ceiver and then sends its position to the 
ship via a series of satellite relays. The 
NBST also transmits a radio signal that 
a sophisticated Radio Direction Finding 
receiver on the ship picks up at a range of 
5 to 7 nautical miles (9 to 13 kilometers). 

During daylight, it’s difficult to see 
small submerged objects in the water, 
so recoveries are made at night, when 
the crew can spot an NBST’s flashing 
light up to 2 nautical miles (3.7 kilome-
ters) away in good conditions. The crew 
shines a spotlight on it (left) and maneu-
vers the big research ship within yards of 
the NBST. The scientists use a crossbow 
(bottom left) to shoot a line with a grap-
pling hook to reel in the instrument.

“So the crossbow became standard 
equipment,” Valdes said. “But it’s not a 
carry-on item,” he said with a smile. “You 
ship them in advance, so you don’t get 
stopped at Customs.”

—Lonny Lippsett

year later, the NBSTs proved their mettle 
again on another expedition in the north-
west Pacific.

Based on their success, the National 
Science Foundation in July awarded 

Buesseler and Valdes a $2 million grant to 
build the next generation, which they call 
the Twilight Zone Explorer, or TZEX. It 
would be able to stay out for longer mis-
sions—initially for one month—so that sci-
entists can sample particle f luxes over longer 
time periods without returning to sea. 

The researchers are looking at a rotat-
ing carousel in TZEX that can open and 
close and segregate previous samples. They 
are also contemplating how to keep track of 
TZEXs that can be swept far and wide the 
longer they are at sea. 

The team also wants to add more sensors 
to measure chlorophyll and light levels in the 
oceans, for example. Every addition requires 
recalculation of the instrument’s buoyancy.

Finally, they seek a solution for what 
Buesseler called “the bane of particle trap-
ping”—zooplankton that swim into sam-
pling tubes in pursuit of food. Scientists call 
them “swimmers.”

“Collection tubes are like pie plates for 
all the critters out there that want a free 
meal,” Valdes explained. Swimmers some-
times “eat my data,” Buesseler said, and oth-
er times mistakenly become data. 

“They’re carbon, too,” Valdes said, and 
it’s difficult to distinguish whether swim-
mers died and sank, or died after pursuing 
food into the trap. Researchers spend te-
dious hours peering through microscopes, 
picking out swimmers from their samples 
with tweezers.

“There’s a whole art—or Zen—of 
swimmer picking,” Buesseler said, and it 
creates bias depending on who is doing the 
picking. Valdes is designing a device with 
5-inch rotating dimpled balls that look like 
golf balls, which shunt smaller particles 
into bottles while preventing entry by larg-
er swimmers.

“There are going to be challenges,” Val-
des said, “and it’s not clear where it’ll take 
us. We have a lot of concepts that we need 
to test in the lab and in open water, but we 
certainly have a destination in mind.”

—Lonny Lippsett
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above:  NAB, 2008.  Lagrangian float retrieval.  
http://www.apl.washington.edu/projects/nor

th_atlantic_bloom/summary.html

left:  VERTIGO, 2004.  NBST 
retrieval.  Lippett, “Swimming in 
the Rain”, Oceanus Magazine, 
2007.

right:  SOCCOM, 2015.  Bio-optical 
profiling float deployment.  Photo: 

Veronica Tasmitt, SOCCOM project.  
(CC-BY-2.0)

VERTIGO (2004) NAB (2008) SOCCOM (2015)
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Teff by a factor of 2.5. VERTIGO data confirm
the existence of regional differences in POC Teff
of twofold or more. Our sites represent low-
latitude oligotrophic and high-latitude meso-
trophic regions and thus are unlikely to be
biogeochemical end members for the global
ocean or even seasonal extremes at these two
sites.

Implications and conclusions. Our high and
low Teff, if applied to the global shallow export
production estimate of Laws et al. of 11 Pg C
year!1 (23), would result in a POC flux at 500 m
ranging from 2.3 to 5.5 Pg C year!1 or a dif-
ference in ocean C sequestration below 500 m

of more than 3 Pg C year!1. For comparison,
global anthropogenic emissions of C are 6 to 7
Pg C year!1. Certainly the entire ocean is not
characterized by either single Teff; however, this
calculation shows that, in addition to climate-
induced changes to primary production, floris-
tics, and shallow export, changes to meso-
pelagic communities and Teff would have a
large impact on the magnitude of ocean C
sequestration and hence be a substantial feedback
on climate. The predicted increase in ocean
stratification and the decrease in nutrient supply
because of climate change are thought to favor
small phytoplankton at the expense of diatoms

(24). Also, a decrease in ocean pHwith increased
CO2 would tend to decrease the fraction of ocean
production attributed to calcium carbonate pro-
ducers (25). Both of these effects would result in
not only less-efficient shallow export production
but also likely lower mesopelagic Teff and hence
reduce ocean C sequestration, which would
greatly amplify this positive feedback on climate
change.

These data help connect surface-water parti-
cle sources to mesopelagic fluxes. Both the
fraction of production leaving the surface and
the proportion of export reaching the deep ocean
are highly variable and of similar importance to
the sequestration of C in the deep ocean.
Although process studies at contrasting sites
using NBSTs can help unravel differences in
particle flux attenuation and its controls, meso-
pelagic time-series observations are necessary to
catch episodic events and the full range of flux
variability. This variability in the attenuation of
sinking particle flux is not yet considered in
ocean models and is poorly constrained by
existing data from the twilight zone.
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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
at ALOHA (triangles) and K2 (circles) with open and solid symbols for deployments 1 and 2,
respectively (deployment start dates in Table 1). (B) Same data normalized to 150 m POC flux and
compared with Martin et al. (4) (dashed line). For each depth, up to three independent NBSTs were
deployed from the same launch site, and the POC fluxes are shown (A) for each NBST, with a slight
vertical offset, as the mean and standard deviation of replicate POC measurements (n from 2 to 4).
Fits to normalized data (B) used a power function of the form F/F150 = (z/150)–b, where z is the
depth of the trap, F150 is the POC flux at the 150-m reference depth, and b describes the rate of
flux attenuation.

Fig. 2. Relative rates of flux
attenuation as parameterized by
power law fit of Martin et al. (4)
for chlorophyll a, POC, mass, bSi,
and PIC. These are calculated for
deployment 1 (open) and 2 (solid)
for ALOHA (top) and K2 (bottom),
with an error bar derived from the
curve fit to multiple NBST flux data
at three depths. Also shown for
comparison as a horizontal dashed
line is the b value for the Martin
curve of 0.86, with larger values of
b indicating faster flux attenuation,
i.e., increasing remineralization.

www.sciencemag.org SCIENCE VOL 316 27 APRIL 2007 569
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VERTIGO:  Autonomous, Lagrangian sediment traps show strong variability in 
attenuation of POC flux with depth in different settings

Buesseler et al., Science, 2007.
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to other plankton taxa [Menden-Deuer and Lessard, 2000].
The community-specific POC versus cp slopes were similar
above and below the pycnocline (Figure 7a), although
considerable but not statistically significant scatter was
observed. These observations suggest that in the open ocean,
as the particles fall though water column, they maintained a
constant POC versus cp ratio as noticed previously for the
open ocean [Bishop, 1999]. This depth-independence of the
POC versus cp slope does not seem to hold in coastal ocean
[Gardner et al., 2001; Holser et al., 2011; Karp-Boss et al.,
2004] where significant contributions of sediment particles
can change the POC versus cp relationship.
[37] The POC versus bbp slopes on the other hand, seemed

relatively insensitive to community composition (Figure 7b).
Although a slightly higher POC versus bbp slope was
observed for diatoms, 37671 ! 1858 mg C m"2 versus

37388! 2128 mg Cm"2 for the recycling community within
the ML, this difference was not statistically significant (two
tail t-test, p > 0.05). In contrast, below the ML the POC
versus bbp slope decreased to 30861 ! 1407 mg C m"2

(n = 76) during the time when diatom communities were in
overlying ML waters and to 32379 ! 1551 mg C m"2

(n = 79) during the time when recycling communities were in
overlying ML waters (Figure 7b). The difference between
diatom and recycling communities below the ML was not
significant, but the difference between waters in the ML
versus below the ML, regardless of the ML community
composition, was significant (two tail t-test, p < 0.001). The
depth trend in POC versus bbp slope was reflective of
observed trends in the bbp/cp ratio (Figure 5a) and may be
explained by an increase in the ratio of non-phytoplankton
particles to phytoplankton at depth (see section 3.4 and

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.

CETINI! ET AL.: POC AND OPTICS—NAB08 C06028C06028

9 of 18

(Well-calibrated) bio-optical sensors can be used to measure stocks
Scientific advances: focus on the biological carbon pump

CeGnić et al., JGR: 
Oceans, 2012

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



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

3.4. Spatial variability in NCP: Seagliders

The budget estimates in Table 2 apply only to the trajectory of the
Lagrangian float. In particular, the high rates of NCP and export
during the Main Bloom and Termination periods are specific to the
well-defined float patch seen in Fig. 5. Fig. 6 compares the float record
with that from the four Seagliders, which sample both the float patch
and the surrounding region. All five records show a similar overall
pattern of net springtime production, with increasing O2 saturation
and POC. Mixed layer depths (Fig. 6a) and air–sea fluxes (Fig. 6b)
were comparable among the Seagliders and the float with only a few
exceptions (e.g., YDs 121–125). Ignoring these exceptions, the major-
ity of the differences observed in the O2 saturation and POC
concentrations between the float and the Seagliders can be attributed
to varying degrees of biological productivity.

The highly productive float patch has values of POC (Fig. 6c) and
oxygen saturation (Fig. 6d) that clearly rise above that of the
surrounding water on YDs 130–137. The rapid rise of these values
represents the enhanced NCP and POC production during the Main
Bloom period while their decline represents the export and respira-
tion during the Termination period. Some of Seaglider values match
those of the float during this period; these are Seagliders that
sample the float patch. Other such blooming patches, not sampled
by the float, are seen in the Seaglider records: SG142 and 143 on YD
119, SG141 on YD 140, and all Seagliders on YD 109. These data
indicate the presence of many patches of high productivity, as is also
evident in satellite color images (e.g., Fig. 5).

3.5. Underway DfCO2

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

dioxide (i.e., net flux of CO2 into the ocean). Similar to O2, changes
in DfCO2 result from biological activity (photosynthesis and
respiration) and air–sea exchange. Cycling of calcium carbonate
also affects seawater fCO2; however, calcite shells or coccoliths did
not comprise a significant contribution to phytoplankton samples
collected from the water column (M. Sieracki, pers. comm.) nor
particulate materials collected by sediment traps deployed during
the process cruise (Martin et al., 2011). Furthermore, total alkali-
nity estimated from sea-surface salinity and temperature varied
little (o12 mmol kg!1) over the period of measurement (Fig. 7b).
We have thus ignored this term in subsequent calculations.

Both DfCO2 and the computed DIC (see Section 2.9 for details)
decreased during the measurement period (Fig. 7), consistent with
NO3
! uptake and O2 and POC production. However, some of these

measurements were collected from outside the float patch. In order
to reduce spatial variability in the data set and focus observations
closest to the float, sea-surface measurements were linearly inter-
polated in time to match the float measurements and the distances
between the platforms calculated. Data collected within 3 km of
the float (irrespective of depth or operation mode) were taken as
more likely to represent conditions within the patch. A comparison
of the sea-surface data closest to the float (red circles, Fig. 7) versus
measurements collected farther away indicates that both DfCO2

and DIC concentrations were generally lower within the patch.
The estimates of DIC closest to the float can be used to

compute DIC uptake and the results compared to NO3
! uptake

and O2 production observed by the float to approximate C:N and
O2:C (PQ) ratios in the mixed layer. However, such a comparison
must be completed with caution as (despite attempts at data
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

Fig. 6. (a) Mixed layer depth, (b) air–sea flux, (c) mean POC and (d) mean O2 saturation (%) over the mixed layer, as measured from Float 48 (black triangles) and Seagliders
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.)

M.B. Alkire et al. / Deep-Sea Research I 64 (2012) 157–174 167

Before yearday (YD) 110, mixed layer depths (estimated as the
depth at which sy differs from the mean density in the top 10 m by
0.01 kg m!3) exceeded "200 m (Fig. 3). Both temperature and salinity
were relatively uniform over this depth range, as were NO3

!

("13.2 mmol m!3, Fig. 3f) and O2 ("266 mmol m!3, Fig. 3d) concen-
trations. Concentrations of POC were also uniformly low (r2 mmol
m!3, Fig. 3e). This is referred to as the ‘‘Deep Mixing’’ period.

Stratification of the water column resulted in a shoaling of the
mixed layer to depths of "50 m between YDs 111 and 119, as is
evident both in Fig. 3 and in mean concentrations of NO3

! (Fig. 4a),
O2 (Fig. 4b), and POC (Fig. 4c) over depth ranges of 0–25 m, 25–
50 m, 50–75 m, and 475 m. After YD 110, the mean concentrations
over the different depth ranges diverged. Mean concentrations in
the deeper waters (450 m) remained approximately steady over
time whereas those in shallower layers exhibited an almost linear
change. During this period of relatively stable stratification, con-
centrations of NO3

! decreased and O2 and POC increased in the
upper layers (0–50 m) between YDs 114 and 118, indicative of net
biological production marking the start of the rapid phytoplankton
growth. This is referred to as the ‘‘Early Bloom’’ period.

This Early Bloom was interrupted by a storm between YDs 119
and 123 that resulted in a deepening of the mixed layer to
4100 m (Fig. 3). Entrainment and vertical mixing of deeper

waters during the course of the storm resulted in a small increase
in the mean NO3

! concentration of the 0–25 and 25–50 m layers
(Fig. 4a) whereas the mean concentrations of O2 (Fig. 4b) and POC
(Fig. 4c) decreased. Similar to the deep mixing period, mean
concentrations over numerous depth ranges were about equal,
though this trend did not extend to depths 4100 m, and did not
undergo large change until YD 127. This is referred to as the
‘‘Storm’’ period. Deepening of the mixed layer to "100 m during
the Storm period indicates strong diapycnal mixing that compli-
cates budget estimates; therefore, this period is excluded in
subsequent calculations.

After the storm, the water column re-stratified and the mixed
layer depth again shoaled above "30 m. The mixed layer depth
remained consistently shallow, varying between about 10 and
50 m for the remainder of the float deployment. Beginning
about YD 127, concentrations of NO3

! decreased and both O2 and
POC increased in the upper layers (depthso75 m). These trends
continued for seven days until YD 134. The largest changes
occurred in the topmost layer (0–25 m); however, mean concen-
trations also steadily decreased (NO3

!) and increased (O2, POC) in
the underlying layer (25–50 m). We refer to this time span as the
‘‘Main Bloom’’ period. With the arrival of the R/V Knorr on site
during YDs 123–142 and associated bottle chemistry sampling,

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).

M.B. Alkire et al. / Deep-Sea Research I 64 (2012) 157–174162

Before yearday (YD) 110, mixed layer depths (estimated as the
depth at which sy differs from the mean density in the top 10 m by
0.01 kg m!3) exceeded "200 m (Fig. 3). Both temperature and salinity
were relatively uniform over this depth range, as were NO3

!

("13.2 mmol m!3, Fig. 3f) and O2 ("266 mmol m!3, Fig. 3d) concen-
trations. Concentrations of POC were also uniformly low (r2 mmol
m!3, Fig. 3e). This is referred to as the ‘‘Deep Mixing’’ period.

Stratification of the water column resulted in a shoaling of the
mixed layer to depths of "50 m between YDs 111 and 119, as is
evident both in Fig. 3 and in mean concentrations of NO3

! (Fig. 4a),
O2 (Fig. 4b), and POC (Fig. 4c) over depth ranges of 0–25 m, 25–
50 m, 50–75 m, and 475 m. After YD 110, the mean concentrations
over the different depth ranges diverged. Mean concentrations in
the deeper waters (450 m) remained approximately steady over
time whereas those in shallower layers exhibited an almost linear
change. During this period of relatively stable stratification, con-
centrations of NO3

! decreased and O2 and POC increased in the
upper layers (0–50 m) between YDs 114 and 118, indicative of net
biological production marking the start of the rapid phytoplankton
growth. This is referred to as the ‘‘Early Bloom’’ period.

This Early Bloom was interrupted by a storm between YDs 119
and 123 that resulted in a deepening of the mixed layer to
4100 m (Fig. 3). Entrainment and vertical mixing of deeper

waters during the course of the storm resulted in a small increase
in the mean NO3

! concentration of the 0–25 and 25–50 m layers
(Fig. 4a) whereas the mean concentrations of O2 (Fig. 4b) and POC
(Fig. 4c) decreased. Similar to the deep mixing period, mean
concentrations over numerous depth ranges were about equal,
though this trend did not extend to depths 4100 m, and did not
undergo large change until YD 127. This is referred to as the
‘‘Storm’’ period. Deepening of the mixed layer to "100 m during
the Storm period indicates strong diapycnal mixing that compli-
cates budget estimates; therefore, this period is excluded in
subsequent calculations.

After the storm, the water column re-stratified and the mixed
layer depth again shoaled above "30 m. The mixed layer depth
remained consistently shallow, varying between about 10 and
50 m for the remainder of the float deployment. Beginning
about YD 127, concentrations of NO3

! decreased and both O2 and
POC increased in the upper layers (depthso75 m). These trends
continued for seven days until YD 134. The largest changes
occurred in the topmost layer (0–25 m); however, mean concen-
trations also steadily decreased (NO3

!) and increased (O2, POC) in
the underlying layer (25–50 m). We refer to this time span as the
‘‘Main Bloom’’ period. With the arrival of the R/V Knorr on site
during YDs 123–142 and associated bottle chemistry sampling,

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).

M.B. Alkire et al. / Deep-Sea Research I 64 (2012) 157–174162

Alkire et al., Deep-Sea Res. I, 2012
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deep local maxima in POC are clustered in co-
herent streaks and patches, most often in re-
gions of subsurface negative vorticity (black
points, Fig. 3, A and B). The probability distri-
butions of depth-averaged currents, POC con-
centration, isopycnal depth, and isopycnal tilts
are very similar in the model and observations
(SM S2.1), giving us confidence that the model
captures the temporal and spatial scales of both
the physics and biology and can thus be used
to estimate the POC flux due to eddy-driven
subduction.
The intensification of fronts on the periph-

eries of mixed-layer eddies drives secondary
ageostrophic circulations, generating vertical
velocities of approximately 30 m d!1 and ageo-
strophic cross-front flows of 3 to 5 cm s!1 (15).
This ageostrophic flow is largely along isopycnal
surfaces and carries water from the surface layer,
below and across the front, and delivers its con-
tents to the stratifying interior (19). Similarly, the
secondary circulations transport water from the
base of the mixed layer to the surface. Because
POC is produced in the sunlit surface layers as
the mixed layer is stratifying, there is a strong
vertical gradient in POC. This results in a net
downward flux of POC.
The vertical flux of POC in the model is the

covariance between POC anomalies, defined as
c! = POC ! !POC ", and vertical velocity w!, cal-
culated as Flux = !w!c!", where angle brackets
denote the horizontal average at each depth
(shown at 100 m in Fig. 4A). On average, a
negative covariance (subduction of POC) results
from downward transport of POC-rich water
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mixed-layer eddies during spring bloom in the North Atlantic
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Figure 3 | Comparison between mixed-layer pump and biological pump. a–d, Ratio of carbon exported by the mixed-layer pump and estimates of the
biological carbon pump by satellite-based algorithms: Etot:TotEZ from ref. 26 (a) and Etot:H11 from ref. 24 (b); and by two Earth system models:
GFDL-ESM2M (c) and HadGEM2-ES (d). Regions with ratios similar to 1 indicate that our estimates of carbon export by the mixed-layer carbon pump are
similar to current estimates of the biological pump. Black colours refer to regions with zmax < 100 m and are not considered in this study.

of the ratios presented in Fig. 3 at latitudes>35� N and<35� S), but
it can increase to more than 100%. Our findings are in agreement
with previous in-situnutrient budgets11,18,22 reporting that, in regions
of the North Atlantic, the new production (that is, a proxy for
export27) generated before the seasonal stratification equals the new
production taking place during the spring bloom (that is, after the
stratification is established). Collectively, these results demonstrate
that in high-latitude regions the mixed-layer pump supplies a major
flux of organic carbon to the mesopelagic zone.

Most methods for measuring carbon export detect the carbon
flux generated by particles that sink at relatively fast rates, but do not
measure the redistribution of neutrally buoyant or slowly sinking
organic matter in the water column (see Supplementary Methods).
Thus, it is unlikely that current global estimates of carbon export
include the contribution of the seasonalmixed-layer pump.Our new
global estimates should thus be considered as an additional flux of
organic carbon to the mesopelagic region that was previously not
accounted for.

The mesopelagic ocean is one of the least explored places on the
planet, and this is especially true in the very productive, but remote
and often inaccessible high-latitude regions. Yet, in these regions
the interaction between physical, chemical and biological processes
sustains vast fisheries, a�ects the global cycling of chemical
elements, and contributes to regulating the Earth’s climate1,28. Here,
we have synergistically exploited satellite and in-situ observations
to quantify a poorly described mechanism that depends on a high-
frequency interaction between physical (ephemeral shallow mixed-
layer formation) and biogeochemical (accumulation of particulate
organic carbon) processes. These high-frequency interactions are
the most di�cult to observe, yet we have found that one of these
interactions contributes a major flux of energy to deep ecosystems.
New methods are needed to continue filling this observational
gap and the growing array of autonomous Biogeochemical-Argo
floats29,30 promises further insights into how the hiddenmesopelagic
ocean functions.

Methods
Methods, including statements of data availability and any
associated accession codes and references, are available in the
online version of this paper.
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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 maximum annual
value. Before and during this event, ephemeral stratification events can occur due to, for example, intermittent changes in the heat flux from negative (out
of the ocean, blue arrows) to positive (into the ocean, red arrows). These stratification events can result in new accumulation of organic matter, which is
then redistributed over the water column by subsequent deep mixing. Eventually, when the summer stratification is established, the deeply mixed organic
matter remains isolated below the sunlit layer, resulting in an export of carbon. Orange, white and green squares and circles represent small particles
accumulated within and below the surface mixed layer during the previous summer, and produced due to the ephemeral stratification events, respectively.
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Figure 2 | Relationship between winter mixed-layer depth and export by the mixed-layer pump. a, Climatological deepest winter mixed layers (zmax).
b, Estimates of particulate carbon export by the mixed-layer pump (Etot). Black colours refer to regions with zmax < 100 m and are not considered in this
study.

mixed layer that take place between tmax and tstrat. This nominal
depth threshold of 100m is also commonly used in satellite and
model estimates of export flux by the biological carbon pump14,24–26.
We also accounted for the POC accumulated during the previous
summer below the mixed layer before the deepest mixed layer
is reached (see Methods). We did not attempt to quantify stocks
of fresh dissolved organic carbon (DOC) produced in the spring,
because DOC is not readily estimated from satellite data. Finally,
we used the relationship between Etot and the depth of the winter
mixed layer (zmax) to quantify the climatological magnitude and
distribution of Etot in the global ocean.

The magnitude and spatial variability of the mixed-layer pump
depends strongly on the depth of the winter mixed layer (Fig. 2 and
Supplementary Fig. 1), with its largest values found at high latitudes

in the North Atlantic, Southern Ocean and north-west Pacific.
The spatially integrated climatological estimate of the magnitude
of the seasonal mixed-layer pump amounts to approximately
0.26 PgC yr�1 (range 0.10–0.53 PgC yr�1). Therefore, the seasonal
mixed-layer pump is responsible for a flux of carbon that is on
average 4% (range 2–6%) of the currently estimated global carbon
export25,26. These estimates are conservative, because they do not
include the contribution of DOC and because they are derived from
a climatological value of zmax, which can be significantly smaller than
values recorded in individual years.

In high-latitude areas where deep winter mixed layers are com-
mon, the proportion of carbon flux by the mixed-layer pump with
respect to current estimates of the biological pump can be significant
(Fig. 3). In these regions, this proportion is on average 23% (mean

NATURE GEOSCIENCE | VOL 9 | NOVEMBER 2016 | www.nature.com/naturegeoscience
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Figure 6. Panel (a): chlorophyll a and POC from the MODIS Aqua
satellite; lines are five-point running means. Color scheme for May
2012 (red), January 2013 (blue), and March 2013 (green). Open and
filled graphics in (a) and (b) correspond to the week previous to
and during each expedition. Panel (b): from left to right successive
bar pairs depict satellite chlorophyll and satellite POC; crosshatched
bars denote 0–20 m transmissometer POC. Panel (c): POCATN flux
for January (blue circles), March (green squares), and May (red tri-
angles); the large filled symbols are a grand average for a particular
depth, and small open symbols denote 1.6 h averaged data. Solid
and dashed blue lines are Martin curve fits to January 20013 data
corresponding to b values of 0.858 and 0.36, respectively. Panel
(d): PICPOL flux profiles; symbols as in (c).

Fig. A2) were 4.1 ± 0.7 (January), 17.5 ± 3.4 (March), and
15.4 ± 5.7 µM (May). POC was most variable in May 2012,
with concentrations rising from ⇠ 10 to 25 µM over the pe-
riod of observations reflecting the progression of a plankton
bloom southward from Point Conception. Corresponding eu-
photic zone depths (EZDs) based on the 1 einstein m�2 d�1

isolume (EZD for 1 % light level in parentheses) were 50
(68), 20 (23), and 25 (26) m, respectively (Sect. 2.4). January
and March 2013 showed little temporal POC trend, indicat-
ing a quasi steady-state balance of photosynthesis and loss
processes (Appendix Sect. A2; Fig. A2).

Figure 6 shows MODIS Aqua chlorophyll and POC time
series, averaged MODIS chlorophyll and POC values for
each cruise period and the previous week, averaged upper
20 m POC from CTD casts, and depth profiles of POCATN
and PICPOL flux. Satellite-retrieved POC values agreed well
with transmissometer estimates for March and May and were
lowest in January 2013, although the January values were
approximately 2.5 times higher than transmissometer esti-
mates. Imagery of the area in January the week prior to our
cruise showed a patchy (rather than organized) structure in
chlorophyll distribution. During the time of the expedition,
distributions were nearly spatially invariant on the scale of
the study area (Supplement, Appendix Sect. A3, Fig. A3).
From all perspectives, January 2013 had the lowest phyto-
plankton biomass but by far the highest fluxes of POC and
PIC.

3.2 Particle flux profiles

Averaged POCATN and PICPOL flux profiles provide system-
atic quantification of the depth trends of sedimentation. In
January 2013, POCATN fluxes at depths of 150, 300, and
500 m were 67, 85, and 35 mATN cm2 cm�2 d�1, respec-
tively; in March 2013 at similar depths, flux was between 6
to 7 mATN cm2 cm�2 d�1; values in May 2012 for the 450–
900 m interval fell between 2 and 3 mATN cm2 cm�2 d�1

with no depth trend. PICPOL flux trends roughly followed
those for POCATN flux. PICPOL fluxes at 150, 300, and 500 m
depths were 96, 122, and 63 ppm cm2 cm�2 d�1 (January
2013) and 33, 15, and 16 ppm cm2 cm�2 d�1 (March 2013);
the apparent decrease in PIC flux with depth from 2.8 to
0.5 ppm cm2 cm�2 d�1 in May 2012 may be a consequence
of the low flux condition.

For both POCATN and PICPOL flux, it is also notable that
the 1.8 h averaged fluxes for each depth ranged over a factor
of 10 relative to their average for the May and March periods
but ranged by less than a factor of 2 in the high flux period
of January 2013. This suggests that sedimentation is more
uniform when large aggregates dominate.

The profile of PICPOL / POCATN ratio (Fig. 7) shows a
depth-dependent increase from 1.4 to 2.4 in January, in-
dicating preferential loss of POC with sinking. In March,
PICPOL / POCATN ratios slightly decreased with depth from
4.6 to 3.7. In May 2012, the PIC / POC ratio decreased from

www.biogeosciences.net/13/3109/2016/ Biogeosciences, 13, 3109–3129, 2016
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Figure 2. Detail of image analysis scheme for CFE and BUOY-OSR images. Images from NH1301 CFE001 deployment. Panel (a): raw
backlit (TRA) images are divided by the in situ TRA lighting reference (cross-hair reticle has 1 mm sized dashes) to get transmittance. This
image is transformed to units of attenuance. Panel (b): raw crossed polarized transmitted light (POL) image is first corrected for attenuation
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the final image is enhanced. Panel (c): raw dark field (DRK) images are normalized by dividing by the in situ lighting reference intensity.
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Figure 3. Magnified detail of a marine-snow aggregate from the upper left-hand quadrant of the sample image in Fig. 2 after processing to
normalized dark field (DRK) counts, attenuance (ATN), and polarized (POL) counts. The scale of the aggregate is ⇠ 1 cm. Image resolution
is 13 µm. An empty 600 µm pteropod shell is at the bottom left of the POL image. The 10 bright spherical regions in the POL image are
⇠ 200 µm sized foraminifera shells; haze in aggregates is likely due to coccoliths.
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Figure 6. Panel (a): chlorophyll a and POC from the MODIS Aqua
satellite; lines are five-point running means. Color scheme for May
2012 (red), January 2013 (blue), and March 2013 (green). Open and
filled graphics in (a) and (b) correspond to the week previous to
and during each expedition. Panel (b): from left to right successive
bar pairs depict satellite chlorophyll and satellite POC; crosshatched
bars denote 0–20 m transmissometer POC. Panel (c): POCATN flux
for January (blue circles), March (green squares), and May (red tri-
angles); the large filled symbols are a grand average for a particular
depth, and small open symbols denote 1.6 h averaged data. Solid
and dashed blue lines are Martin curve fits to January 20013 data
corresponding to b values of 0.858 and 0.36, respectively. Panel
(d): PICPOL flux profiles; symbols as in (c).

Fig. A2) were 4.1 ± 0.7 (January), 17.5 ± 3.4 (March), and
15.4 ± 5.7 µM (May). POC was most variable in May 2012,
with concentrations rising from ⇠ 10 to 25 µM over the pe-
riod of observations reflecting the progression of a plankton
bloom southward from Point Conception. Corresponding eu-
photic zone depths (EZDs) based on the 1 einstein m�2 d�1

isolume (EZD for 1 % light level in parentheses) were 50
(68), 20 (23), and 25 (26) m, respectively (Sect. 2.4). January
and March 2013 showed little temporal POC trend, indicat-
ing a quasi steady-state balance of photosynthesis and loss
processes (Appendix Sect. A2; Fig. A2).

Figure 6 shows MODIS Aqua chlorophyll and POC time
series, averaged MODIS chlorophyll and POC values for
each cruise period and the previous week, averaged upper
20 m POC from CTD casts, and depth profiles of POCATN
and PICPOL flux. Satellite-retrieved POC values agreed well
with transmissometer estimates for March and May and were
lowest in January 2013, although the January values were
approximately 2.5 times higher than transmissometer esti-
mates. Imagery of the area in January the week prior to our
cruise showed a patchy (rather than organized) structure in
chlorophyll distribution. During the time of the expedition,
distributions were nearly spatially invariant on the scale of
the study area (Supplement, Appendix Sect. A3, Fig. A3).
From all perspectives, January 2013 had the lowest phyto-
plankton biomass but by far the highest fluxes of POC and
PIC.

3.2 Particle flux profiles

Averaged POCATN and PICPOL flux profiles provide system-
atic quantification of the depth trends of sedimentation. In
January 2013, POCATN fluxes at depths of 150, 300, and
500 m were 67, 85, and 35 mATN cm2 cm�2 d�1, respec-
tively; in March 2013 at similar depths, flux was between 6
to 7 mATN cm2 cm�2 d�1; values in May 2012 for the 450–
900 m interval fell between 2 and 3 mATN cm2 cm�2 d�1

with no depth trend. PICPOL flux trends roughly followed
those for POCATN flux. PICPOL fluxes at 150, 300, and 500 m
depths were 96, 122, and 63 ppm cm2 cm�2 d�1 (January
2013) and 33, 15, and 16 ppm cm2 cm�2 d�1 (March 2013);
the apparent decrease in PIC flux with depth from 2.8 to
0.5 ppm cm2 cm�2 d�1 in May 2012 may be a consequence
of the low flux condition.

For both POCATN and PICPOL flux, it is also notable that
the 1.8 h averaged fluxes for each depth ranged over a factor
of 10 relative to their average for the May and March periods
but ranged by less than a factor of 2 in the high flux period
of January 2013. This suggests that sedimentation is more
uniform when large aggregates dominate.

The profile of PICPOL / POCATN ratio (Fig. 7) shows a
depth-dependent increase from 1.4 to 2.4 in January, in-
dicating preferential loss of POC with sinking. In March,
PICPOL / POCATN ratios slightly decreased with depth from
4.6 to 3.7. In May 2012, the PIC / POC ratio decreased from
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Figure 2. Detail of image analysis scheme for CFE and BUOY-OSR images. Images from NH1301 CFE001 deployment. Panel (a): raw
backlit (TRA) images are divided by the in situ TRA lighting reference (cross-hair reticle has 1 mm sized dashes) to get transmittance. This
image is transformed to units of attenuance. Panel (b): raw crossed polarized transmitted light (POL) image is first corrected for attenuation
effects of optically dense particles by dividing by PCF, an empirically derived factor proportional to attenuance (ATN). The POL lighting
REF is then subtracted and intensity normalized by the TRA lighting REF to yield the NORM POL image. The contrast and brightness of
the final image is enhanced. Panel (c): raw dark field (DRK) images are normalized by dividing by the in situ lighting reference intensity.
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Figure 3. Magnified detail of a marine-snow aggregate from the upper left-hand quadrant of the sample image in Fig. 2 after processing to
normalized dark field (DRK) counts, attenuance (ATN), and polarized (POL) counts. The scale of the aggregate is ⇠ 1 cm. Image resolution
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⇠ 200 µm sized foraminifera shells; haze in aggregates is likely due to coccoliths.
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Finally, we computed the theoretical PC:ATN ratio for each particle
type. These estimates are shown as a function of size in Fig. 10 (solid
lines). Fig. 10 also shows the bulk (i.e., not-size resolved) estimates of
PC:ATN based on measured (rather than assumed) attenuances from
this study and from Bishop et al. (2016) using dashed, horizontal lines.
Our estimated PC:ATN for BATS is most consistent with the smaller
size classes of fecal marine snow estimated from Alldredge (1998), and
with the fecal pellet estimate based on the model of Dagg et al. (2014).
These particle types are primarily what Durkin et al. (2015) identi!ed
in the gel collectors during the BATS deployments.

Our !eld measurements of sinking particles at the BATS site (Fig. 7)
gave a PC:ATN ratio that was larger than the largest values reported for
suspended particles (see Fig. 10 for values derived from the Menden-

Deuer and Lessard (2000) estimates for plankton cells; and Table 1 in
Cetini! et al. (2012)). Sinking-particle assemblages from Iselin Pier and
Saratoga Lake also had PC:ATN values at the high end of values
observed for suspended particles (Table 3; Fig. 10), although not as
high as at the BATS site. This could re"ect aggregates with lower fractal
dimension or compositional di#erences compared to the BATS site, but
because our model assemblages were from shallow water in inland and
near-coastal environments, their lower PC:ATN ratios may also re"ect
higher lithogenic contributions, or collection di#erences between the
laboratory and !eld measurements. The settled T. weiss!ogii cells
measured here in the lab had PC:ATN ratios (Table 3) similar to !eld
measurements of non-sinking diatom communities referenced above.
This is consistent with !ndings that aggregates have similar carbon:
surface area properties to their primary particles.

We did not !nd a signi!cant relationship between individual !eld
samples’ PC:ATN ratios and their particle size distributions determined
from gel trap images (Table 1; Durkin et al., 2015). Also, the OST "ux
proxy was a much better predictor of carbon "ux over all 5 cruises (R2

=0.66) compared to the total particle area "ux in the gels (R2=0.02;
Durkin et al., 2015). This could be due to particles having sizes that are
large relative to the wavelength of visible light, but optical properties
that are better modeled as a collection of small particles in the Mie
scattering regime with some variable, non-attenuating "uid fraction
(Boss et al., 2009b; Slade et al., 2011). Durkin et al. (2015) modeled the
carbon content of particles (C) in our samples from BATS as a power-
law function of particle diameter (C(D)=!(D)") for each cruise month
using the bulk PC "uxes and gel trap PSD data, and found that values of

Table 3
Settling-particle optical properties.

Field or lab sample Carbon: attenuance flux ratio ( ± 95% confidence) (mg C m-2)

BATS, type-II weighted regression 3.4 ± 0.2 ! 103

BATS, type-II weighted regression excluding “jump” signal (see text) 3.8 ± 0.5 ! 103

BATS, regression forced through zero 2.38 ± 0.08 ! 103

T. weiss!ogii culture 3.0 ± 0.3 ! 102

Iselin pier, Woods Hole, MA 6.5 ± 0.8 ! 102

Saratoga Lake, Saratoga Springs, NY 1.1 ± 0.1 ! 103
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In parallel with advancing analytical techniques, chemical oceanographers develop 137	
biogeochemical concepts and theories that are used to enhance predictive capabilities. As such, 138	
the path by which nascent ideas are developed into mature chemical oceanographic concepts and 139	
predictions depends on the rate of analytical progress, the formulation of biogeochemical 140	
concepts and theories, and the application of biogeochemical models. Our understanding of the 141	
inorganic carbon cycle is a good example of an area of Chemical Oceanography in the Applied 142	
phase that also has a strong theoretical underpinning [e.g., Millero, 2007; Dickson, 2010]. Here, 143	
extensive datasets coupled with a mature understanding of seawater carbonate chemistry have 144	
led to confident estimates of the amount of anthropogenic carbon in the ocean, and application of 145	
this knowledge at the societal level [Ciais et al., 2013]. In contrast, the ongoing largescale 146	
GEOTRACES program has moved the field of trace-metal chemistry to the Ready level and 147	
refined our knowledge of important trace element sources [Anderson et al., 2014]. Further 148	
evolution in our fundamental knowledge of trace element chemistry is required to achieve fully-149	
representative, global, biogeochemical models that can be used in a prognostic mode [Gledhill 150	
and Buck, 2012; Turner et al., 2016]. Emerging areas of Chemical Oceanography, such as 151	
proteomics, metabolomics, and the chemical and structural characterization of organic matter, 152	
may have a solid theoretical basis [e.g., Koch et al., 2005; Slattery et al., 2012; Hansell, 2013; 153	
Kido Soule et al., 2015], but their interpretive power is currently limited by the extent of 154	
application. For example, marine proteomics studies have revealed physiological responses of 155	
Southern Ocean phytoplankton to changing environmental conditions [Boyd et al., 2016] and 156	
been used to track organic nitrogen sources from the water column to sediment burial in the 157	
Bering Sea [Moore et al., 2012], demonstrating the field’s emerging interpretive power. Nascent 158	
areas can be high risk for investigators as the scientific benefits of novel method development 159	
are not always rapidly realized; nevertheless, techniques such as the interpretation of certain 160	
compound-specific isotope ratios [e.g. Horner et al., 2015; Cao et al., 2016] or the determination 161	
of specific metal complexes [e.g., Mawji et al., 2008; Boiteau et al., 2016a, 2016b] offer exciting 162	
potential for discovery. We are becoming increasingly competent at assessing oceanic stocks, but 163	
the changing ocean environment highlights the importance of understanding temporal changes 164	
and thus the rates of underlying processes. These temporal changes occur over a range of 165	
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Table 1. List of some common parameters measured by chemical oceanographers. Columns to 251	
the right represent the location where the analytical measurement is made. Research Vessels 252	
include volunteer observing ships and Mobile Platforms include floats, gliders, and AUVs. 253	
Colors correspond to the geochemical technique readiness levels in Figure 1. 254	
 255	

Parameter  Laboratory Research 
Vessels 

Fixed 
Platform 

Mobile 
Platform Satellite  

Salinity            Nutrients       Nitrate           Ammonium           Phosphate, Nitrite          Silicate         CO2 System      Key 
pH          Applied 
pCO2          Ready 
DIC          Emerging 
TA          Nascent 

Gases not CO2       O2           N2O, CH4           N2           DMS, CFCs, SF6         Ne, Ar, Kr, Xe         Trace Elements       Fe, Al, Zn, Mn, Cd, Cu          Dissolved Org. Mat.       DOC           DON, DOP        Particulate Matter       Chl-a            CaCO3            Other Pigments     
    Org. C, N, P   

     cell properties   
     Stable Isotopes 

      13C, 15N, 16O, 17O, 18O   
     32S, 33S, 34S, 36S   
     Fe, Zn, Cd, Cu, Ba   
     Radioactive Isotopes 

      234Th         
  137Cs         
  223Ra, 224Ra     

    14C   
     Radiogenic Isotopes 

      Pb, Nd, Sr, Os   
     Omics       Genomics, Transcriptomics         Proteomics, Metabolomics            

 256	

	

4	
	

contextualize the development of a geochemical tool as it relates to broad oceanographic 130	
understanding. 131	

 132	

	133	
Figure 1. Categories for existing geochemical techniques based on their current contribution to 134	
broad oceanographic understanding.	135	
	136	

In parallel with advancing analytical techniques, chemical oceanographers develop 137	
biogeochemical concepts and theories that are used to enhance predictive capabilities. As such, 138	
the path by which nascent ideas are developed into mature chemical oceanographic concepts and 139	
predictions depends on the rate of analytical progress, the formulation of biogeochemical 140	
concepts and theories, and the application of biogeochemical models. Our understanding of the 141	
inorganic carbon cycle is a good example of an area of Chemical Oceanography in the Applied 142	
phase that also has a strong theoretical underpinning [e.g., Millero, 2007; Dickson, 2010]. Here, 143	
extensive datasets coupled with a mature understanding of seawater carbonate chemistry have 144	
led to confident estimates of the amount of anthropogenic carbon in the ocean, and application of 145	
this knowledge at the societal level [Ciais et al., 2013]. In contrast, the ongoing largescale 146	
GEOTRACES program has moved the field of trace-metal chemistry to the Ready level and 147	
refined our knowledge of important trace element sources [Anderson et al., 2014]. Further 148	
evolution in our fundamental knowledge of trace element chemistry is required to achieve fully-149	
representative, global, biogeochemical models that can be used in a prognostic mode [Gledhill 150	
and Buck, 2012; Turner et al., 2016]. Emerging areas of Chemical Oceanography, such as 151	
proteomics, metabolomics, and the chemical and structural characterization of organic matter, 152	
may have a solid theoretical basis [e.g., Koch et al., 2005; Slattery et al., 2012; Hansell, 2013; 153	
Kido Soule et al., 2015], but their interpretive power is currently limited by the extent of 154	
application. For example, marine proteomics studies have revealed physiological responses of 155	
Southern Ocean phytoplankton to changing environmental conditions [Boyd et al., 2016] and 156	
been used to track organic nitrogen sources from the water column to sediment burial in the 157	
Bering Sea [Moore et al., 2012], demonstrating the field’s emerging interpretive power. Nascent 158	
areas can be high risk for investigators as the scientific benefits of novel method development 159	
are not always rapidly realized; nevertheless, techniques such as the interpretation of certain 160	
compound-specific isotope ratios [e.g. Horner et al., 2015; Cao et al., 2016] or the determination 161	
of specific metal complexes [e.g., Mawji et al., 2008; Boiteau et al., 2016a, 2016b] offer exciting 162	
potential for discovery. We are becoming increasingly competent at assessing oceanic stocks, but 163	
the changing ocean environment highlights the importance of understanding temporal changes 164	
and thus the rates of underlying processes. These temporal changes occur over a range of 165	

Applied 
 

• Mature and widely 
applied technique 

• Spatial and temporal 
datasets available 

• Recognised 
interpretive power  

Ready 
 

• Mature and widely 
applied technique 

• Global snapshot or 
local time series 

• Growing interpretive 
power  

Emerging 
 

• Mature technique 
• Limited data sets but 

ready for scale-up  
• Emerging interpretive 

power 

Nascent 
 

• Potentially 
transformative 
technique 

• Limited datasets 
• Unknown interpretive 

power 

	

4	
	

contextualize the development of a geochemical tool as it relates to broad oceanographic 130	
understanding. 131	

 132	

	133	
Figure 1. Categories for existing geochemical techniques based on their current contribution to 134	
broad oceanographic understanding.	135	
	136	

In parallel with advancing analytical techniques, chemical oceanographers develop 137	
biogeochemical concepts and theories that are used to enhance predictive capabilities. As such, 138	
the path by which nascent ideas are developed into mature chemical oceanographic concepts and 139	
predictions depends on the rate of analytical progress, the formulation of biogeochemical 140	
concepts and theories, and the application of biogeochemical models. Our understanding of the 141	
inorganic carbon cycle is a good example of an area of Chemical Oceanography in the Applied 142	
phase that also has a strong theoretical underpinning [e.g., Millero, 2007; Dickson, 2010]. Here, 143	
extensive datasets coupled with a mature understanding of seawater carbonate chemistry have 144	
led to confident estimates of the amount of anthropogenic carbon in the ocean, and application of 145	
this knowledge at the societal level [Ciais et al., 2013]. In contrast, the ongoing largescale 146	
GEOTRACES program has moved the field of trace-metal chemistry to the Ready level and 147	
refined our knowledge of important trace element sources [Anderson et al., 2014]. Further 148	
evolution in our fundamental knowledge of trace element chemistry is required to achieve fully-149	
representative, global, biogeochemical models that can be used in a prognostic mode [Gledhill 150	
and Buck, 2012; Turner et al., 2016]. Emerging areas of Chemical Oceanography, such as 151	
proteomics, metabolomics, and the chemical and structural characterization of organic matter, 152	
may have a solid theoretical basis [e.g., Koch et al., 2005; Slattery et al., 2012; Hansell, 2013; 153	
Kido Soule et al., 2015], but their interpretive power is currently limited by the extent of 154	
application. For example, marine proteomics studies have revealed physiological responses of 155	
Southern Ocean phytoplankton to changing environmental conditions [Boyd et al., 2016] and 156	
been used to track organic nitrogen sources from the water column to sediment burial in the 157	
Bering Sea [Moore et al., 2012], demonstrating the field’s emerging interpretive power. Nascent 158	
areas can be high risk for investigators as the scientific benefits of novel method development 159	
are not always rapidly realized; nevertheless, techniques such as the interpretation of certain 160	
compound-specific isotope ratios [e.g. Horner et al., 2015; Cao et al., 2016] or the determination 161	
of specific metal complexes [e.g., Mawji et al., 2008; Boiteau et al., 2016a, 2016b] offer exciting 162	
potential for discovery. We are becoming increasingly competent at assessing oceanic stocks, but 163	
the changing ocean environment highlights the importance of understanding temporal changes 164	
and thus the rates of underlying processes. These temporal changes occur over a range of 165	

Applied 
 

• Mature and widely 
applied technique 

• Spatial and temporal 
datasets available 

• Recognised 
interpretive power  

Ready 
 

• Mature and widely 
applied technique 

• Global snapshot or 
local time series 

• Growing interpretive 
power  

Emerging 
 

• Mature technique 
• Limited data sets but 

ready for scale-up  
• Emerging interpretive 

power 

Nascent 
 

• Potentially 
transformative 
technique 

• Limited datasets 
• Unknown interpretive 

power 

	

4	
	

contextualize the development of a geochemical tool as it relates to broad oceanographic 130	
understanding. 131	

 132	

	133	
Figure 1. Categories for existing geochemical techniques based on their current contribution to 134	
broad oceanographic understanding.	135	
	136	

In parallel with advancing analytical techniques, chemical oceanographers develop 137	
biogeochemical concepts and theories that are used to enhance predictive capabilities. As such, 138	
the path by which nascent ideas are developed into mature chemical oceanographic concepts and 139	
predictions depends on the rate of analytical progress, the formulation of biogeochemical 140	
concepts and theories, and the application of biogeochemical models. Our understanding of the 141	
inorganic carbon cycle is a good example of an area of Chemical Oceanography in the Applied 142	
phase that also has a strong theoretical underpinning [e.g., Millero, 2007; Dickson, 2010]. Here, 143	
extensive datasets coupled with a mature understanding of seawater carbonate chemistry have 144	
led to confident estimates of the amount of anthropogenic carbon in the ocean, and application of 145	
this knowledge at the societal level [Ciais et al., 2013]. In contrast, the ongoing largescale 146	
GEOTRACES program has moved the field of trace-metal chemistry to the Ready level and 147	
refined our knowledge of important trace element sources [Anderson et al., 2014]. Further 148	
evolution in our fundamental knowledge of trace element chemistry is required to achieve fully-149	
representative, global, biogeochemical models that can be used in a prognostic mode [Gledhill 150	
and Buck, 2012; Turner et al., 2016]. Emerging areas of Chemical Oceanography, such as 151	
proteomics, metabolomics, and the chemical and structural characterization of organic matter, 152	
may have a solid theoretical basis [e.g., Koch et al., 2005; Slattery et al., 2012; Hansell, 2013; 153	
Kido Soule et al., 2015], but their interpretive power is currently limited by the extent of 154	
application. For example, marine proteomics studies have revealed physiological responses of 155	
Southern Ocean phytoplankton to changing environmental conditions [Boyd et al., 2016] and 156	
been used to track organic nitrogen sources from the water column to sediment burial in the 157	
Bering Sea [Moore et al., 2012], demonstrating the field’s emerging interpretive power. Nascent 158	
areas can be high risk for investigators as the scientific benefits of novel method development 159	
are not always rapidly realized; nevertheless, techniques such as the interpretation of certain 160	
compound-specific isotope ratios [e.g. Horner et al., 2015; Cao et al., 2016] or the determination 161	
of specific metal complexes [e.g., Mawji et al., 2008; Boiteau et al., 2016a, 2016b] offer exciting 162	
potential for discovery. We are becoming increasingly competent at assessing oceanic stocks, but 163	
the changing ocean environment highlights the importance of understanding temporal changes 164	
and thus the rates of underlying processes. These temporal changes occur over a range of 165	

Applied 
 

• Mature and widely 
applied technique 

• Spatial and temporal 
datasets available 

• Recognised 
interpretive power  

Ready 
 

• Mature and widely 
applied technique 

• Global snapshot or 
local time series 

• Growing interpretive 
power  

Emerging 
 

• Mature technique 
• Limited data sets but 

ready for scale-up  
• Emerging interpretive 

power 

Nascent 
 

• Potentially 
transformative 
technique 

• Limited datasets 
• Unknown interpretive 

power 

Fassbender & 
COMEABOARD Writing 
Team, submitted, 
Marine Chemistry



	

4	
	

contextualize the development of a geochemical tool as it relates to broad oceanographic 130	
understanding. 131	

 132	

	133	
Figure 1. Categories for existing geochemical techniques based on their current contribution to 134	
broad oceanographic understanding.	135	
	136	

In parallel with advancing analytical techniques, chemical oceanographers develop 137	
biogeochemical concepts and theories that are used to enhance predictive capabilities. As such, 138	
the path by which nascent ideas are developed into mature chemical oceanographic concepts and 139	
predictions depends on the rate of analytical progress, the formulation of biogeochemical 140	
concepts and theories, and the application of biogeochemical models. Our understanding of the 141	
inorganic carbon cycle is a good example of an area of Chemical Oceanography in the Applied 142	
phase that also has a strong theoretical underpinning [e.g., Millero, 2007; Dickson, 2010]. Here, 143	
extensive datasets coupled with a mature understanding of seawater carbonate chemistry have 144	
led to confident estimates of the amount of anthropogenic carbon in the ocean, and application of 145	
this knowledge at the societal level [Ciais et al., 2013]. In contrast, the ongoing largescale 146	
GEOTRACES program has moved the field of trace-metal chemistry to the Ready level and 147	
refined our knowledge of important trace element sources [Anderson et al., 2014]. Further 148	
evolution in our fundamental knowledge of trace element chemistry is required to achieve fully-149	
representative, global, biogeochemical models that can be used in a prognostic mode [Gledhill 150	
and Buck, 2012; Turner et al., 2016]. Emerging areas of Chemical Oceanography, such as 151	
proteomics, metabolomics, and the chemical and structural characterization of organic matter, 152	
may have a solid theoretical basis [e.g., Koch et al., 2005; Slattery et al., 2012; Hansell, 2013; 153	
Kido Soule et al., 2015], but their interpretive power is currently limited by the extent of 154	
application. For example, marine proteomics studies have revealed physiological responses of 155	
Southern Ocean phytoplankton to changing environmental conditions [Boyd et al., 2016] and 156	
been used to track organic nitrogen sources from the water column to sediment burial in the 157	
Bering Sea [Moore et al., 2012], demonstrating the field’s emerging interpretive power. Nascent 158	
areas can be high risk for investigators as the scientific benefits of novel method development 159	
are not always rapidly realized; nevertheless, techniques such as the interpretation of certain 160	
compound-specific isotope ratios [e.g. Horner et al., 2015; Cao et al., 2016] or the determination 161	
of specific metal complexes [e.g., Mawji et al., 2008; Boiteau et al., 2016a, 2016b] offer exciting 162	
potential for discovery. We are becoming increasingly competent at assessing oceanic stocks, but 163	
the changing ocean environment highlights the importance of understanding temporal changes 164	
and thus the rates of underlying processes. These temporal changes occur over a range of 165	

Applied 
 

• Mature and widely 
applied technique 

• Spatial and temporal 
datasets available 

• Recognised 
interpretive power  

Ready 
 

• Mature and widely 
applied technique 

• Global snapshot or 
local time series 

• Growing interpretive 
power  

Emerging 
 

• Mature technique 
• Limited data sets but 

ready for scale-up  
• Emerging interpretive 

power 

Nascent 
 

• Potentially 
transformative 
technique 

• Limited datasets 
• Unknown interpretive 

power 

	

7	
	

Table 1. List of some common parameters measured by chemical oceanographers. Columns to 251	
the right represent the location where the analytical measurement is made. Research Vessels 252	
include volunteer observing ships and Mobile Platforms include floats, gliders, and AUVs. 253	
Colors correspond to the geochemical technique readiness levels in Figure 1. 254	
 255	

Parameter  Laboratory Research 
Vessels 

Fixed 
Platform 

Mobile 
Platform Satellite  

Salinity            Nutrients       Nitrate           Ammonium           Phosphate, Nitrite          Silicate         CO2 System      Key 
pH          Applied 
pCO2          Ready 
DIC          Emerging 
TA          Nascent 

Gases not CO2       O2           N2O, CH4           N2           DMS, CFCs, SF6         Ne, Ar, Kr, Xe         Trace Elements       Fe, Al, Zn, Mn, Cd, Cu          Dissolved Org. Mat.       DOC           DON, DOP        Particulate Matter       Chl-a            CaCO3            Other Pigments     
    Org. C, N, P   

     cell properties   
     Stable Isotopes 

      13C, 15N, 16O, 17O, 18O   
     32S, 33S, 34S, 36S   
     Fe, Zn, Cd, Cu, Ba   
     Radioactive Isotopes 

      234Th         
  137Cs         
  223Ra, 224Ra     

    14C   
     Radiogenic Isotopes 

      Pb, Nd, Sr, Os   
     Omics       Genomics, Transcriptomics         Proteomics, Metabolomics            

 256	

	

4	
	

contextualize the development of a geochemical tool as it relates to broad oceanographic 130	
understanding. 131	

 132	

	133	
Figure 1. Categories for existing geochemical techniques based on their current contribution to 134	
broad oceanographic understanding.	135	
	136	

In parallel with advancing analytical techniques, chemical oceanographers develop 137	
biogeochemical concepts and theories that are used to enhance predictive capabilities. As such, 138	
the path by which nascent ideas are developed into mature chemical oceanographic concepts and 139	
predictions depends on the rate of analytical progress, the formulation of biogeochemical 140	
concepts and theories, and the application of biogeochemical models. Our understanding of the 141	
inorganic carbon cycle is a good example of an area of Chemical Oceanography in the Applied 142	
phase that also has a strong theoretical underpinning [e.g., Millero, 2007; Dickson, 2010]. Here, 143	
extensive datasets coupled with a mature understanding of seawater carbonate chemistry have 144	
led to confident estimates of the amount of anthropogenic carbon in the ocean, and application of 145	
this knowledge at the societal level [Ciais et al., 2013]. In contrast, the ongoing largescale 146	
GEOTRACES program has moved the field of trace-metal chemistry to the Ready level and 147	
refined our knowledge of important trace element sources [Anderson et al., 2014]. Further 148	
evolution in our fundamental knowledge of trace element chemistry is required to achieve fully-149	
representative, global, biogeochemical models that can be used in a prognostic mode [Gledhill 150	
and Buck, 2012; Turner et al., 2016]. Emerging areas of Chemical Oceanography, such as 151	
proteomics, metabolomics, and the chemical and structural characterization of organic matter, 152	
may have a solid theoretical basis [e.g., Koch et al., 2005; Slattery et al., 2012; Hansell, 2013; 153	
Kido Soule et al., 2015], but their interpretive power is currently limited by the extent of 154	
application. For example, marine proteomics studies have revealed physiological responses of 155	
Southern Ocean phytoplankton to changing environmental conditions [Boyd et al., 2016] and 156	
been used to track organic nitrogen sources from the water column to sediment burial in the 157	
Bering Sea [Moore et al., 2012], demonstrating the field’s emerging interpretive power. Nascent 158	
areas can be high risk for investigators as the scientific benefits of novel method development 159	
are not always rapidly realized; nevertheless, techniques such as the interpretation of certain 160	
compound-specific isotope ratios [e.g. Horner et al., 2015; Cao et al., 2016] or the determination 161	
of specific metal complexes [e.g., Mawji et al., 2008; Boiteau et al., 2016a, 2016b] offer exciting 162	
potential for discovery. We are becoming increasingly competent at assessing oceanic stocks, but 163	
the changing ocean environment highlights the importance of understanding temporal changes 164	
and thus the rates of underlying processes. These temporal changes occur over a range of 165	

Applied 
 

• Mature and widely 
applied technique 

• Spatial and temporal 
datasets available 

• Recognised 
interpretive power  

Ready 
 

• Mature and widely 
applied technique 

• Global snapshot or 
local time series 

• Growing interpretive 
power  

Emerging 
 

• Mature technique 
• Limited data sets but 

ready for scale-up  
• Emerging interpretive 

power 

Nascent 
 

• Potentially 
transformative 
technique 

• Limited datasets 
• Unknown interpretive 

power 

	

4	
	

contextualize the development of a geochemical tool as it relates to broad oceanographic 130	
understanding. 131	

 132	

	133	
Figure 1. Categories for existing geochemical techniques based on their current contribution to 134	
broad oceanographic understanding.	135	
	136	

In parallel with advancing analytical techniques, chemical oceanographers develop 137	
biogeochemical concepts and theories that are used to enhance predictive capabilities. As such, 138	
the path by which nascent ideas are developed into mature chemical oceanographic concepts and 139	
predictions depends on the rate of analytical progress, the formulation of biogeochemical 140	
concepts and theories, and the application of biogeochemical models. Our understanding of the 141	
inorganic carbon cycle is a good example of an area of Chemical Oceanography in the Applied 142	
phase that also has a strong theoretical underpinning [e.g., Millero, 2007; Dickson, 2010]. Here, 143	
extensive datasets coupled with a mature understanding of seawater carbonate chemistry have 144	
led to confident estimates of the amount of anthropogenic carbon in the ocean, and application of 145	
this knowledge at the societal level [Ciais et al., 2013]. In contrast, the ongoing largescale 146	
GEOTRACES program has moved the field of trace-metal chemistry to the Ready level and 147	
refined our knowledge of important trace element sources [Anderson et al., 2014]. Further 148	
evolution in our fundamental knowledge of trace element chemistry is required to achieve fully-149	
representative, global, biogeochemical models that can be used in a prognostic mode [Gledhill 150	
and Buck, 2012; Turner et al., 2016]. Emerging areas of Chemical Oceanography, such as 151	
proteomics, metabolomics, and the chemical and structural characterization of organic matter, 152	
may have a solid theoretical basis [e.g., Koch et al., 2005; Slattery et al., 2012; Hansell, 2013; 153	
Kido Soule et al., 2015], but their interpretive power is currently limited by the extent of 154	
application. For example, marine proteomics studies have revealed physiological responses of 155	
Southern Ocean phytoplankton to changing environmental conditions [Boyd et al., 2016] and 156	
been used to track organic nitrogen sources from the water column to sediment burial in the 157	
Bering Sea [Moore et al., 2012], demonstrating the field’s emerging interpretive power. Nascent 158	
areas can be high risk for investigators as the scientific benefits of novel method development 159	
are not always rapidly realized; nevertheless, techniques such as the interpretation of certain 160	
compound-specific isotope ratios [e.g. Horner et al., 2015; Cao et al., 2016] or the determination 161	
of specific metal complexes [e.g., Mawji et al., 2008; Boiteau et al., 2016a, 2016b] offer exciting 162	
potential for discovery. We are becoming increasingly competent at assessing oceanic stocks, but 163	
the changing ocean environment highlights the importance of understanding temporal changes 164	
and thus the rates of underlying processes. These temporal changes occur over a range of 165	

Applied 
 

• Mature and widely 
applied technique 

• Spatial and temporal 
datasets available 

• Recognised 
interpretive power  

Ready 
 

• Mature and widely 
applied technique 

• Global snapshot or 
local time series 

• Growing interpretive 
power  

Emerging 
 

• Mature technique 
• Limited data sets but 

ready for scale-up  
• Emerging interpretive 

power 

Nascent 
 

• Potentially 
transformative 
technique 

• Limited datasets 
• Unknown interpretive 

power 

	

4	
	

contextualize the development of a geochemical tool as it relates to broad oceanographic 130	
understanding. 131	

 132	

	133	
Figure 1. Categories for existing geochemical techniques based on their current contribution to 134	
broad oceanographic understanding.	135	
	136	

In parallel with advancing analytical techniques, chemical oceanographers develop 137	
biogeochemical concepts and theories that are used to enhance predictive capabilities. As such, 138	
the path by which nascent ideas are developed into mature chemical oceanographic concepts and 139	
predictions depends on the rate of analytical progress, the formulation of biogeochemical 140	
concepts and theories, and the application of biogeochemical models. Our understanding of the 141	
inorganic carbon cycle is a good example of an area of Chemical Oceanography in the Applied 142	
phase that also has a strong theoretical underpinning [e.g., Millero, 2007; Dickson, 2010]. Here, 143	
extensive datasets coupled with a mature understanding of seawater carbonate chemistry have 144	
led to confident estimates of the amount of anthropogenic carbon in the ocean, and application of 145	
this knowledge at the societal level [Ciais et al., 2013]. In contrast, the ongoing largescale 146	
GEOTRACES program has moved the field of trace-metal chemistry to the Ready level and 147	
refined our knowledge of important trace element sources [Anderson et al., 2014]. Further 148	
evolution in our fundamental knowledge of trace element chemistry is required to achieve fully-149	
representative, global, biogeochemical models that can be used in a prognostic mode [Gledhill 150	
and Buck, 2012; Turner et al., 2016]. Emerging areas of Chemical Oceanography, such as 151	
proteomics, metabolomics, and the chemical and structural characterization of organic matter, 152	
may have a solid theoretical basis [e.g., Koch et al., 2005; Slattery et al., 2012; Hansell, 2013; 153	
Kido Soule et al., 2015], but their interpretive power is currently limited by the extent of 154	
application. For example, marine proteomics studies have revealed physiological responses of 155	
Southern Ocean phytoplankton to changing environmental conditions [Boyd et al., 2016] and 156	
been used to track organic nitrogen sources from the water column to sediment burial in the 157	
Bering Sea [Moore et al., 2012], demonstrating the field’s emerging interpretive power. Nascent 158	
areas can be high risk for investigators as the scientific benefits of novel method development 159	
are not always rapidly realized; nevertheless, techniques such as the interpretation of certain 160	
compound-specific isotope ratios [e.g. Horner et al., 2015; Cao et al., 2016] or the determination 161	
of specific metal complexes [e.g., Mawji et al., 2008; Boiteau et al., 2016a, 2016b] offer exciting 162	
potential for discovery. We are becoming increasingly competent at assessing oceanic stocks, but 163	
the changing ocean environment highlights the importance of understanding temporal changes 164	
and thus the rates of underlying processes. These temporal changes occur over a range of 165	

Applied 
 

• Mature and widely 
applied technique 

• Spatial and temporal 
datasets available 

• Recognised 
interpretive power  

Ready 
 

• Mature and widely 
applied technique 

• Global snapshot or 
local time series 

• Growing interpretive 
power  

Emerging 
 

• Mature technique 
• Limited data sets but 

ready for scale-up  
• Emerging interpretive 

power 

Nascent 
 

• Potentially 
transformative 
technique 

• Limited datasets 
• Unknown interpretive 

power 

Fassbender & 
COMEABOARD Writing 
Team, submitted, 
Marine Chemistry

Sensors on mobile 
platforms



	

7	
	

Table 1. List of some common parameters measured by chemical oceanographers. Columns to 251	
the right represent the location where the analytical measurement is made. Research Vessels 252	
include volunteer observing ships and Mobile Platforms include floats, gliders, and AUVs. 253	
Colors correspond to the geochemical technique readiness levels in Figure 1. 254	
 255	

Parameter  Laboratory Research 
Vessels 

Fixed 
Platform 

Mobile 
Platform Satellite  

Salinity            Nutrients       Nitrate           Ammonium           Phosphate, Nitrite          Silicate         CO2 System      Key 
pH          Applied 
pCO2          Ready 
DIC          Emerging 
TA          Nascent 

Gases not CO2       O2           N2O, CH4           N2           DMS, CFCs, SF6         Ne, Ar, Kr, Xe         Trace Elements       Fe, Al, Zn, Mn, Cd, Cu          Dissolved Org. Mat.       DOC           DON, DOP        Particulate Matter       Chl-a            CaCO3            Other Pigments     
    Org. C, N, P   

     cell properties   
     Stable Isotopes 

      13C, 15N, 16O, 17O, 18O   
     32S, 33S, 34S, 36S   
     Fe, Zn, Cd, Cu, Ba   
     Radioactive Isotopes 

      234Th         
  137Cs         
  223Ra, 224Ra     

    14C   
     Radiogenic Isotopes 

      Pb, Nd, Sr, Os   
     Omics       Genomics, Transcriptomics         Proteomics, Metabolomics            

 256	

Fassbender & 
COMEABOARD Writing 
Team, submitted, 
Marine Chemistry

(Mostly) missing 
categories:

• Trace elements
• Particulate 

matter
• Isotopic 

signatures 
• ‘Omics



In addi>on to 
chemical 
composi>on we 
need biological and 
physical proper>es 
of par>cles

providing surfaces for the adsorption and subsequent removal of
particle-reactive TEIs. Indeed, particles are central to the internal
cycling of many TEIs via processes of active biological uptake and
remineralization (Morel et al., 2003), passive scavenging and
desorption (Bacon and Anderson, 1982), and transformations of
particles between the suspended and sinking classes through pro-
cesses of aggregation and disaggregation (Clegg and Whitfield,
1990; Nozaki et al., 1987). Total and acid-leachable concentrations
of TEIs can provide information about the source and scavenged
fractions, respectively (Landing and Bruland, 1987). The degree of
particle reactivity of a trace element or isotope can be assessed
by calculating partition coefficients, which describe the equilib-
rium partitioning between dissolved and particulate phases
(Chase et al., 2002). The controls on the scavenging behaviors of
many TEIs are not well understood, however, and are thought to
be a function of total particle concentration and/or particle phases
such as CaCO3, opal, particulate organic matter, and lithogenic
material (Chase and Anderson, 2004; Chase et al., 2002; Luo and
Ku, 2004). All of these metrics of the role of particles in TEI cycling
require the physical collection of particles followed by laboratory-
based measurements.

Direct measurements of particle fluxes are also important for
several reasons. For all particle reactive and/or bioactive TEIs, their
association with sinking particles and flux to depth determines
their residence time in the surface ocean and recycling within
the subsurface waters. These processes also set up the gradient
in surface to deep-water concentration profiles. It is therefore
imperative that we measure the downward fluxes of carbon, nitro-
gen, phosphorous, silicon, and the key TEIs in order to quantify the
amount of material that is transported to different depth horizons
by the ocean’s biological pump. These elemental fluxes are neces-
sary to constrain models ranging from mechanistic simulations of
particle dynamics to global biogeochemical simulations
(Honeyman and Santschi, 1988; Jackson and Burd, 2002, 2014;
Schlitzer, 2002, 2004; Yamanaka and Tajika, 1996). In addition to
constraints on the quantity of material sinking through the water
column, the collection of sinking material can provide insights into
the processes and mechanisms that control the flux of particles to
depth.

Particle concentrations (C) and fluxes (F) are linked by the sink-
ing rate (w), F = C ⁄ w (e.g., Bishop et al., 1987). However, this sink-
ing rate is difficult to determine independently for all particles
classes, sizes and chemical compositions, and is known to vary

Fig. 1. Images of various particle collections obtained from large volume in situ pumps and polyacrylamide gel sediment traps. Panels A and B show samples from the
Multiple Unit Large Volume in-situ Filtration System (MULVFS) on 51-lm mesh filters against white (A) and black (B) backgrounds to highlight the dark and light aggregates,
respectively. Samples A and B are from 138 m in the Subantarctic Pacific (from Lam and Bishop, 2007). Panels C and D show examples of large sinking particles collected using
the Marine Snow Catcher, (C) a marine snow aggregate from 57 m in the Norwegian Sea (70!N) and (D) a phytodetrital aggregate (whole diatom cells are visible) from 95 m in
the South Indian Ocean (55!S). Panels E and F show particle collections from polyacrylamide gel samples of sinking particles from (E) the west Antarctic Peninsula at 50 m and
(F) the Sargasso Sea at 150 m.
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quartz fiber filters are depth filters, increasing the depth of filtra-
tion by stacking more than one filter together increases the effi-
ciency of particle retention. Indeed, a pair of QMA filters, each
with nominal pore size of 1 lm, collected similar POC and chloro-
phyll compared to a single GF/F, with a nominal pore size of 0.7 lm
(Bishop et al., 1999). Quartz fiber filters are also suitable for mea-
surement of short-lived radionuclide by counting methods
(Buesseler et al., 1998) and measurement of TEIs by weak
(Bishop and Wood, 2008) and strong (Bowie et al., 2010) acid lea-
ches. Glass and quartz fiber filters are, however, not suitable for
measurement of TEIs that require total digestion using strong acids
that include hydrofluoric acid, as the digested quartz filter material
contributes a high blank value. Instead, plastic filters are best for
the measurement of TEIs by strong acid digestion, but typically
have poorer flow and particle distribution characteristics com-
pared to quartz fiber filters, making it more challenging to collect

enough material and to representatively subsample a filter for dis-
tribution to multiple investigators. During the GEOTRACES inter-
calibration cruises, several plastic submicron filter types and pore
sizes were tested (Table 1; Bishop et al., 2012). Paired 0.8 lm
polyethersulfone (e.g., Pall Supor) filters were selected as the best
choice, as the two 0.8 lm Supor filters together collected a particle
population similar to a single 0.45 lm Supor filter, as judged by
particulate P, Cd, Mn, and Ba concentrations, but with much better
flow and particle distribution characteristics (Bishop et al., 2012).
Similarly, a single 0.8 lm Supor filter collected a particle popula-
tion similar to paired QMA filters.

Because of the requirement for collection of particles on both
plastic filters for the measurement of many TEIs and quartz filters
for the measurement of organic matter, a dual in situ pump (e.g., a
modified McLane pump (GEOTRACES, 2010)) or multiple flow path
(e.g., MULVFS) in-situ pump is the most efficient way to do this.

Fig. 2. Oceanographic sampling devices for the collection of suspended particulate matter. (A) The marine snow catcher, (B) MULVFS pump and filtration unit, (C) McLane in
situ pump, (D) a towed trace metal clean surface sampler/fish system, (E) Go-Flo bottles, (F) the ‘‘SuperSucker’’ pumping towed vehicle, (G) trace metal clean gravity size-
fractionated filtration apparatus.
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providing surfaces for the adsorption and subsequent removal of
particle-reactive TEIs. Indeed, particles are central to the internal
cycling of many TEIs via processes of active biological uptake and
remineralization (Morel et al., 2003), passive scavenging and
desorption (Bacon and Anderson, 1982), and transformations of
particles between the suspended and sinking classes through pro-
cesses of aggregation and disaggregation (Clegg and Whitfield,
1990; Nozaki et al., 1987). Total and acid-leachable concentrations
of TEIs can provide information about the source and scavenged
fractions, respectively (Landing and Bruland, 1987). The degree of
particle reactivity of a trace element or isotope can be assessed
by calculating partition coefficients, which describe the equilib-
rium partitioning between dissolved and particulate phases
(Chase et al., 2002). The controls on the scavenging behaviors of
many TEIs are not well understood, however, and are thought to
be a function of total particle concentration and/or particle phases
such as CaCO3, opal, particulate organic matter, and lithogenic
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quartz fiber filters are depth filters, increasing the depth of filtra-
tion by stacking more than one filter together increases the effi-
ciency of particle retention. Indeed, a pair of QMA filters, each
with nominal pore size of 1 lm, collected similar POC and chloro-
phyll compared to a single GF/F, with a nominal pore size of 0.7 lm
(Bishop et al., 1999). Quartz fiber filters are also suitable for mea-
surement of short-lived radionuclide by counting methods
(Buesseler et al., 1998) and measurement of TEIs by weak
(Bishop and Wood, 2008) and strong (Bowie et al., 2010) acid lea-
ches. Glass and quartz fiber filters are, however, not suitable for
measurement of TEIs that require total digestion using strong acids
that include hydrofluoric acid, as the digested quartz filter material
contributes a high blank value. Instead, plastic filters are best for
the measurement of TEIs by strong acid digestion, but typically
have poorer flow and particle distribution characteristics com-
pared to quartz fiber filters, making it more challenging to collect

enough material and to representatively subsample a filter for dis-
tribution to multiple investigators. During the GEOTRACES inter-
calibration cruises, several plastic submicron filter types and pore
sizes were tested (Table 1; Bishop et al., 2012). Paired 0.8 lm
polyethersulfone (e.g., Pall Supor) filters were selected as the best
choice, as the two 0.8 lm Supor filters together collected a particle
population similar to a single 0.45 lm Supor filter, as judged by
particulate P, Cd, Mn, and Ba concentrations, but with much better
flow and particle distribution characteristics (Bishop et al., 2012).
Similarly, a single 0.8 lm Supor filter collected a particle popula-
tion similar to paired QMA filters.

Because of the requirement for collection of particles on both
plastic filters for the measurement of many TEIs and quartz filters
for the measurement of organic matter, a dual in situ pump (e.g., a
modified McLane pump (GEOTRACES, 2010)) or multiple flow path
(e.g., MULVFS) in-situ pump is the most efficient way to do this.

Fig. 2. Oceanographic sampling devices for the collection of suspended particulate matter. (A) The marine snow catcher, (B) MULVFS pump and filtration unit, (C) McLane in
situ pump, (D) a towed trace metal clean surface sampler/fish system, (E) Go-Flo bottles, (F) the ‘‘SuperSucker’’ pumping towed vehicle, (G) trace metal clean gravity size-
fractionated filtration apparatus.
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providing surfaces for the adsorption and subsequent removal of
particle-reactive TEIs. Indeed, particles are central to the internal
cycling of many TEIs via processes of active biological uptake and
remineralization (Morel et al., 2003), passive scavenging and
desorption (Bacon and Anderson, 1982), and transformations of
particles between the suspended and sinking classes through pro-
cesses of aggregation and disaggregation (Clegg and Whitfield,
1990; Nozaki et al., 1987). Total and acid-leachable concentrations
of TEIs can provide information about the source and scavenged
fractions, respectively (Landing and Bruland, 1987). The degree of
particle reactivity of a trace element or isotope can be assessed
by calculating partition coefficients, which describe the equilib-
rium partitioning between dissolved and particulate phases
(Chase et al., 2002). The controls on the scavenging behaviors of
many TEIs are not well understood, however, and are thought to
be a function of total particle concentration and/or particle phases
such as CaCO3, opal, particulate organic matter, and lithogenic
material (Chase and Anderson, 2004; Chase et al., 2002; Luo and
Ku, 2004). All of these metrics of the role of particles in TEI cycling
require the physical collection of particles followed by laboratory-
based measurements.

Direct measurements of particle fluxes are also important for
several reasons. For all particle reactive and/or bioactive TEIs, their
association with sinking particles and flux to depth determines
their residence time in the surface ocean and recycling within
the subsurface waters. These processes also set up the gradient
in surface to deep-water concentration profiles. It is therefore
imperative that we measure the downward fluxes of carbon, nitro-
gen, phosphorous, silicon, and the key TEIs in order to quantify the
amount of material that is transported to different depth horizons
by the ocean’s biological pump. These elemental fluxes are neces-
sary to constrain models ranging from mechanistic simulations of
particle dynamics to global biogeochemical simulations
(Honeyman and Santschi, 1988; Jackson and Burd, 2002, 2014;
Schlitzer, 2002, 2004; Yamanaka and Tajika, 1996). In addition to
constraints on the quantity of material sinking through the water
column, the collection of sinking material can provide insights into
the processes and mechanisms that control the flux of particles to
depth.

Particle concentrations (C) and fluxes (F) are linked by the sink-
ing rate (w), F = C ⁄ w (e.g., Bishop et al., 1987). However, this sink-
ing rate is difficult to determine independently for all particles
classes, sizes and chemical compositions, and is known to vary

Fig. 1. Images of various particle collections obtained from large volume in situ pumps and polyacrylamide gel sediment traps. Panels A and B show samples from the
Multiple Unit Large Volume in-situ Filtration System (MULVFS) on 51-lm mesh filters against white (A) and black (B) backgrounds to highlight the dark and light aggregates,
respectively. Samples A and B are from 138 m in the Subantarctic Pacific (from Lam and Bishop, 2007). Panels C and D show examples of large sinking particles collected using
the Marine Snow Catcher, (C) a marine snow aggregate from 57 m in the Norwegian Sea (70!N) and (D) a phytodetrital aggregate (whole diatom cells are visible) from 95 m in
the South Indian Ocean (55!S). Panels E and F show particle collections from polyacrylamide gel samples of sinking particles from (E) the west Antarctic Peninsula at 50 m and
(F) the Sargasso Sea at 150 m.

2 A.M.P. McDonnell et al. / Progress in Oceanography xxx (2015) xxx–xxx

Please cite this article in press as: McDonnell, A.M.P., et al. The oceanographic toolbox for the collection of sinking and suspended marine particles. Prog.
Oceanogr. (2015), http://dx.doi.org/10.1016/j.pocean.2015.01.007

McDonnell et al., Prog. Ocean., 2015

quartz fiber filters are depth filters, increasing the depth of filtra-
tion by stacking more than one filter together increases the effi-
ciency of particle retention. Indeed, a pair of QMA filters, each
with nominal pore size of 1 lm, collected similar POC and chloro-
phyll compared to a single GF/F, with a nominal pore size of 0.7 lm
(Bishop et al., 1999). Quartz fiber filters are also suitable for mea-
surement of short-lived radionuclide by counting methods
(Buesseler et al., 1998) and measurement of TEIs by weak
(Bishop and Wood, 2008) and strong (Bowie et al., 2010) acid lea-
ches. Glass and quartz fiber filters are, however, not suitable for
measurement of TEIs that require total digestion using strong acids
that include hydrofluoric acid, as the digested quartz filter material
contributes a high blank value. Instead, plastic filters are best for
the measurement of TEIs by strong acid digestion, but typically
have poorer flow and particle distribution characteristics com-
pared to quartz fiber filters, making it more challenging to collect

enough material and to representatively subsample a filter for dis-
tribution to multiple investigators. During the GEOTRACES inter-
calibration cruises, several plastic submicron filter types and pore
sizes were tested (Table 1; Bishop et al., 2012). Paired 0.8 lm
polyethersulfone (e.g., Pall Supor) filters were selected as the best
choice, as the two 0.8 lm Supor filters together collected a particle
population similar to a single 0.45 lm Supor filter, as judged by
particulate P, Cd, Mn, and Ba concentrations, but with much better
flow and particle distribution characteristics (Bishop et al., 2012).
Similarly, a single 0.8 lm Supor filter collected a particle popula-
tion similar to paired QMA filters.

Because of the requirement for collection of particles on both
plastic filters for the measurement of many TEIs and quartz filters
for the measurement of organic matter, a dual in situ pump (e.g., a
modified McLane pump (GEOTRACES, 2010)) or multiple flow path
(e.g., MULVFS) in-situ pump is the most efficient way to do this.

Fig. 2. Oceanographic sampling devices for the collection of suspended particulate matter. (A) The marine snow catcher, (B) MULVFS pump and filtration unit, (C) McLane in
situ pump, (D) a towed trace metal clean surface sampler/fish system, (E) Go-Flo bottles, (F) the ‘‘SuperSucker’’ pumping towed vehicle, (G) trace metal clean gravity size-
fractionated filtration apparatus.
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Few current methods for characterizing complex particles are autonomous!
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(Chase et al., 2002). The controls on the scavenging behaviors of
many TEIs are not well understood, however, and are thought to
be a function of total particle concentration and/or particle phases
such as CaCO3, opal, particulate organic matter, and lithogenic
material (Chase and Anderson, 2004; Chase et al., 2002; Luo and
Ku, 2004). All of these metrics of the role of particles in TEI cycling
require the physical collection of particles followed by laboratory-
based measurements.

Direct measurements of particle fluxes are also important for
several reasons. For all particle reactive and/or bioactive TEIs, their
association with sinking particles and flux to depth determines
their residence time in the surface ocean and recycling within
the subsurface waters. These processes also set up the gradient
in surface to deep-water concentration profiles. It is therefore
imperative that we measure the downward fluxes of carbon, nitro-
gen, phosphorous, silicon, and the key TEIs in order to quantify the
amount of material that is transported to different depth horizons
by the ocean’s biological pump. These elemental fluxes are neces-
sary to constrain models ranging from mechanistic simulations of
particle dynamics to global biogeochemical simulations
(Honeyman and Santschi, 1988; Jackson and Burd, 2002, 2014;
Schlitzer, 2002, 2004; Yamanaka and Tajika, 1996). In addition to
constraints on the quantity of material sinking through the water
column, the collection of sinking material can provide insights into
the processes and mechanisms that control the flux of particles to
depth.

Particle concentrations (C) and fluxes (F) are linked by the sink-
ing rate (w), F = C ⁄ w (e.g., Bishop et al., 1987). However, this sink-
ing rate is difficult to determine independently for all particles
classes, sizes and chemical compositions, and is known to vary
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quartz fiber filters are depth filters, increasing the depth of filtra-
tion by stacking more than one filter together increases the effi-
ciency of particle retention. Indeed, a pair of QMA filters, each
with nominal pore size of 1 lm, collected similar POC and chloro-
phyll compared to a single GF/F, with a nominal pore size of 0.7 lm
(Bishop et al., 1999). Quartz fiber filters are also suitable for mea-
surement of short-lived radionuclide by counting methods
(Buesseler et al., 1998) and measurement of TEIs by weak
(Bishop and Wood, 2008) and strong (Bowie et al., 2010) acid lea-
ches. Glass and quartz fiber filters are, however, not suitable for
measurement of TEIs that require total digestion using strong acids
that include hydrofluoric acid, as the digested quartz filter material
contributes a high blank value. Instead, plastic filters are best for
the measurement of TEIs by strong acid digestion, but typically
have poorer flow and particle distribution characteristics com-
pared to quartz fiber filters, making it more challenging to collect

enough material and to representatively subsample a filter for dis-
tribution to multiple investigators. During the GEOTRACES inter-
calibration cruises, several plastic submicron filter types and pore
sizes were tested (Table 1; Bishop et al., 2012). Paired 0.8 lm
polyethersulfone (e.g., Pall Supor) filters were selected as the best
choice, as the two 0.8 lm Supor filters together collected a particle
population similar to a single 0.45 lm Supor filter, as judged by
particulate P, Cd, Mn, and Ba concentrations, but with much better
flow and particle distribution characteristics (Bishop et al., 2012).
Similarly, a single 0.8 lm Supor filter collected a particle popula-
tion similar to paired QMA filters.

Because of the requirement for collection of particles on both
plastic filters for the measurement of many TEIs and quartz filters
for the measurement of organic matter, a dual in situ pump (e.g., a
modified McLane pump (GEOTRACES, 2010)) or multiple flow path
(e.g., MULVFS) in-situ pump is the most efficient way to do this.

Fig. 2. Oceanographic sampling devices for the collection of suspended particulate matter. (A) The marine snow catcher, (B) MULVFS pump and filtration unit, (C) McLane in
situ pump, (D) a towed trace metal clean surface sampler/fish system, (E) Go-Flo bottles, (F) the ‘‘SuperSucker’’ pumping towed vehicle, (G) trace metal clean gravity size-
fractionated filtration apparatus.
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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 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

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
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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).

predict the export and fates of global oceanic NPP and its roles
in the Earth’s carbon cycle. Hence we believe that a high-level
presentation of the construction of the EXPORTS Science Plan
will be of wide interest to the interdisciplinary marine science
community.

HYPOTHESIS

The overarching hypothesis for EXPORTS is that. . .

Carbon Export from the Euphotic Zone and
its Fate within the Twilight Zone Can be
Predicted Knowing Characteristics of the
Surface Ocean Ecosystem
The corollary to this hypothesis suggests that the importance
of the export pathways should vary systematically among
di!ering ocean ecosystem conditions. Together this implies that
a comprehensive data set can be created to test this hypothesis by
sampling NPP, export, and fates over a range of ecosystem states.

This focus on sampling a range of ecosystem/carbon cycling
(ECC) states is central to the proposed experimental approach.

One way to visualize ECC state di!erences is shown in
Figure 2 (after Buesseler and Boyd, 2009). For each site and time,
export e"ciency can be quantified by the ratio of NPP to POC
flux at the base of the EZ (Export ratio; Y-axis of Figure 2),
and the transmission of export flux below the EZ defined by
the ratio of POC flux 100m below the EZ to that at the base of
the EZ (T100; X-axis). The plotting of these two metrics permit
both regional and seasonal variability in carbon cycling states
to be characterized and related to di!erences in upper ocean
characteristics.

It is instructive to examine two end-member sites; the North
Atlantic spring bloom (e"cient export and weak attenuation
below the EZ; green circles in Figure 2) and the low-iron
waters of the NE subarctic Pacific (ine"cient export yet strong
attenuation in the TZ, orange circles). During the North Atlantic
spring bloom, about half of the NPP is exported out of the
EZ and there is negligible POC attenuation in the first 100m
below EZ. The net e!ect is an extremely strong and e"cient
export of NPP with >40% of NPP found at 100m below

Frontiers in Marine Science | www.frontiersin.org 3 March 2016 | Volume 3 | Article 22

Siegel et al., Frontiers in Marine Science, 2016

EXport Processes in the Ocean from Remote Sensing (EXPORTS) 
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North Atlantic (Irminger Basin), all variables except pH
require very long time series to detect a trend. For the
other regions, n* is long in all variables except pH, SST
and oxygen.
Also plotted in Fig. 2 are the positions of 33 planned

and existing ocean observing stations which have a sig-
nificant biogeochemical component. In some cases
(Table S2), these stations are located in regions where
climate change should be relatively rapidly detectable,
for example at ALOHA (ranging from ~13 years for
SST to ~29 years for chlorophyll concentration) or the
PIRATA stations in the equatorial Atlantic (from
~11 years for SST to ~26 years for oxygen at the south-

erly station). At other stations, considerably longer time
series would be needed to distinguish a climate change
trend, for example at BATS (ranging from ~11 years for
SST, ~47 years for export flux, to undetectable in a
95 year record for PP) or the Southern Ocean Time Ser-
ies station off Tasmania (from ~20 years in SST to
~46 years in chlorophyll, to undetectable in export
flux).

Spatial footprints of current ocean observatory network

Ocean observing stations are typically single point loca-
tions, although in some cases arrays of sampling may

(a)

(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

only currently operating and planned stations, according to http://www.oceansites.org. (b) Median value of n* (number of years of

data required to detect a climate change-driven trend above background variability) for all eight variables considered here. Plotted is

the multivariable median of the multimodel medians shown in Figure 1. White stars mark locations of BGC-SOs.
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• Direct measurements of physical and 
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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

Challenges:  Platforms
• Bridging the gap between ship and 

autonomous observations

• Large data volumes
• Imaging sensors
• Fast sampling rates
• Hyperspectral and multiple-

angle optical measurements

• Power, payload, and biofouling
• On-board processing


