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Abstract We present two statistical algorithms for predicting global oceanic net community production
(NCP) from satellite observations. To calibrate these two algorithms, we compiled a large data set of in
situ O2/Ar-NCP and remotely sensed observations, including sea surface temperature (SST), net primary
production (NPP), phytoplankton size composition, and inherent optical properties. The first algorithm is based
on genetic programming (GP) which simultaneously searches for the optimal form and coefficients of NCP
equations. We find that several GP solutions are consistent with NPP and SST being strong predictors of NCP.
The second algorithm uses support vector regression (SVR) to optimize a numerical relationship between
O2/Ar-NCP measurements and satellite observations. Both statistical algorithms can predict NCP relatively well,
with a coefficient of determination (R2) of 0.68 for GP and 0.72 for SVR, which is comparable to other algorithms
in the literature. However, our new algorithms predict more spatially uniform annual NCP distribution for the
world’s oceans and higher annual NCP values in the Southern Ocean and the five oligotrophic gyres.

1. Introduction

Oceans are responsible for up to half of primary production on Earth [Field et al., 1998]. Part of this production
is exported to depth. This process of carbon export production, known as the organic carbon or soft-tissue
biological carbon pump, transfers carbon from the atmosphere to the deep ocean where it is sequestered
for extended periods [Volk and Hoffert, 1985].

Export production can be estimated through several in situ methods including sediment traps or derived from
234Th and nutrient mass balances or estimates of new production, where new production is defined as the pro-
duction fueled by external nutrients [Dugdale and Goering, 1967]. Global estimates and large-scale patterns of
oceanic export production have also been derived from remotely sensed properties such as sea surface tempera-
ture (SST) and chlorophyll a concentration ([Chl]) [Baines et al., 1994; Betzer et al., 1984; Dunne et al., 2005, 2007;
Eppley and Peterson, 1979; Henson et al., 2011; Laws et al., 2000, 2011; Siegel et al., 2014; Westberry et al., 2012].
Generally, these estimates predict the biogeography of export production relatively well when compared to in
situ observations. However, uncertainties remain significant, partly due to biases in satellite retrievals, sparse in
situ observations, and a limited understanding of the factors regulating export production [Boyd and Trull, 2007].

Another flux of relevance to export production is net community production (NCP) which is defined as the
difference between gross primary production (GPP) and community respiration (autotrophic respiration
(AR) plus heterotrophic respiration (HR)) or the difference between net primary production (NPP) and HR
[Brix et al., 2006; Eppley and Peterson, 1979; Sarmiento and Gruber, 2006]. The relation between GPP, NPP,
and NCP can be summarized as follows:

CO2 þ H2O

GPP→
→
NCP
←
HR

|fflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflffl}
NPP

←
AR Organic matterþ O2 (1)

At steady state and when averaged over appropriate spatial and temporal scales, NCP, new production, and
export production should be equivalent. As can be seen from the equation above, NCP can be estimated from
the net ecosystem biological O2 production, which can be derived from the ratio of dissolved O2 and Ar (O2/Ar)
at the ocean surface. In this approach, estimates of NCP are derived from fluxes of biological O2 to the atmo-
sphere based on amixed layer mass balance [Cassar et al., 2011; Reuer et al., 2007]. The number of NCP observa-
tions has significantly increased over the last 15 years as a result of discrete and continuous underway O2/Ar
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(Li and Cassar, 2016)

• GPP:  Gross primary production
• AR:  Autotrophic respiration
• NPP:  Net primary production (what is left over for the heterotrophic community)
• HR:  Heterotrophic respiration (what the heterotrophic community uses)
• NCP:  Net community production (left over for export or OC accumulation)

Export defined here as flux of OC out of the system (e.g. below the euphotic zone)
For a system in steady state, export should equal NCP
The majority of OC is exported as sinking particulate organic carbon (POC)

à This talk:  Measure export and sinking POC fluxes below the productive layer
à Yibin Huang’s talk (next):  Measure NCP as changes in tracer concentrations

Can be reported per volume or per area (depth-integrated):  e.g. µmol L-1 h-1 or mmol m-2 d-1



Tools for observing POC flux – a cartoon view
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Time Time

Category 1: “Sinking" particle fluxes
Ship-supported:  Sediment traps, Marine 
Snow Catchers
Sensors:  Optical & imaging sediment traps 
on drifting platforms

Category 2: Stocks of large POC + sinking 
speed
Sensors: Optical “spikes”, underwater cameras 
on profiling platforms, particle tracking 
velocimetry

?

Category 3:  Radiotracers of particles removed 
by sinking (or zooplankton?)
Ship-supported: 234Th deficits
Sensors: In situ 234Th activity sensor?

Time

Time

Time
Time

Time

Time

Time



Technologies for observing POC export
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There are no standards for converting images, light 
scattering/attenuation, or 234Th to moles of carbon!

Category 1:  Fluxes of sinking particles
• Specific to sinking particles, measures flux directly
• Sinking particle capture efficiency can vary, not 

many off-the-shelf sensors (many prototypes...)
Category 2:  Stocks of large (sinking?) particles + 
estimates of sinking speed

• Several off-the-shelf sensors under widespread 
use

• Not always straightforward to determine particle 
sinking speeds

Category 3:  Radiotracers measuring past flux (234Th)
• Direct flux measurement, may also capture DVM
• No sensor available, yet...



Technologies for directly observing POC flux
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There are no standards for converting images, light 
scattering/attenuation, or 234Th to moles of carbon!

Category 1:  Fluxes of sinking particles
• Non-imaging optical sediment traps:  Beam 

transmissometer, OST “v2”
• Imaging optical sediment traps:  Carbon Flux 

Explorer, Sedimentation Event Sensor, MINIONS
Category 2:  Stocks of large (sinking?) particles + 
estimates of sinking speed

• Optical “spikes”
• Underwater cameras
• In situ particle tracking velocimetry

Category 3:  Radiotracers measuring past flux (234Th)
• Thorium-234 sensor



Imaging and non-
imaging optical 
sediment traps
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Sinking 
particulate 
carbon flux 
from optical 
sediment traps

Marine carbon dioxide 
removal (mCDR) 
strategies such as ocean 
nutrient fertilization, 
artificial upwelling, and 
seaweed cultivation all 
use sinking particulate 
organic carbon (POC) 
fluxes to sequester 
carbon at depth.

The challenge:  
Reproduce the accuracy 
and known uncertainty 
bounds of traditional 
oceanographic POC flux 
measurements using 
optical sensors that are 
simple and
autonomous.

A solution:
Transmitted-light
attenuance sensors 
give a quantitative proxy 
for sinking POC that can 
be measured across a 
wide range of ocean 
settings.

*Contact: margaret.estapa@maine.edu
1. University of Maine, School of Marine Sciences, Darling Marine Center, Walpole, ME
2. Monterey Bay Aquarium Research Institute, Moss Landing, CA
3. University of Rhode Island, Narraganssett, RI
4. Sequoia Scientific, Inc., Bellevue, WA

Meg Estapa1*, Colleen Durkin2, Christine Huffard2, Melissa 
Omand3, Sean O’Neill1, Wayne Slade4Measurement 

concept
1.  Sinking POC 
accumulates on 
collection plate

2.  Record optical attenuance
(“shadows cast”) by particles

Diffuse source: 
diffuse attenuance

Collimated source:
beam attenuance

Imaging detector:  
Complex QC and 

analysis à particle 
size/shape data

Non-imaging detector:  
Simpler QC and analysis 

à POC only

3.  Rate of change of 
attenuance à POC flux
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Figure 2.  FPOC and Fatn flux models as compared to the data.  Vertical error bars show 
uncertainty in FPOC observations.  Solid line shows model fit to data and dashed lines 
show the 95% confidence interval of the fit.  Best fit equations, R2 values, and number 
of observations (n) are also given.  Colors correspond to Fig. 1. Top) Prediction of 
FPOC from Fatnc. Middle) Prediction of FPOC from FatnKd.  Bottom) Relationship 
between FatnKd and Fatnc.
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Figure 1.  Locations of sample 
collection sites summarized in 
Table 2.  Colors correspond to 
those in Figure 2.

A global, autonomous proxy for 
sinking POC

All figures below are from 
Estapa et al., in preparation.  
Manuscript available upon 
request.

The optical sediment trap toolbox

Materials and procedure

Overview
The SES is a stand-alone, self-powered instrument built

into an open titanium frame, deployable at depths up to

4000 m. A large plastic funnel collects sinking particulate

matter and channels it onto a movable sample plate. After

the programmed sample period, the sample plate is posi-

tioned under a fluorometer to detect fluorescence consistent

with the presence of chlorophyll a (Chl a) and accessory pig-

ments, and then under a digital camera to record both front-

and back-lit images. Finally, the sample is discarded and the

sample plate is cleaned by brushes before the empty plate is

positioned back under the funnel to collect the next sample.

Mechanical hardware
The core of the SES mechanical design is a commercially

available sediment trap (McLane Laboratories model

Mark78H-21). The polyethylene sample funnel is 80 cm in

diameter with a collection area of 0.5 m2. The titanium

frame (Fig. 1) was modified to function as the bottom-most
element in a vertical mooring string, although the instru-
ment can be deployed at any position along a vertical moor-
ing line. A 165 kg steel drop weight on a wire rope holds the
SES 50 m above the seafloor, while a series of five 0.11 m3

syntactic foam floats provide buoyancy above the SES.
Mounts were added to the frame to accommodate two deep-
sea acoustic releases (Teledyne Benthos model 865-A). An
auxiliary frame extension, 92 cm in diameter and 78 cm in
length, was added to the base of the Parflux frame to accom-
modate a titanium pressure sphere and drop-weight release
mechanism. The titanium pressure sphere contains the nec-
essary electronics and batteries to power the system, and the
tandem acoustic release mechanism provides redundancy to
drop the ballast weight, allowing the instrument to ascend
to the surface for recovery. The instrument weighs 147 kg in
water, is 2.61 m in height and 0.92 m in diameter.

Figure 2 shows the relative placement of the SES system
components. The existing sample bottle carousel was
replaced with a new sample assembly (Fig. 3). This assembly
allows the horizontal sample plate, mounted beneath the
funnel during the collection period, to rotate into position
beneath the fluorometer or camera for analysis or imaging.
As the rotation continues, a cam-driven mechanism moves

Fig. 1. The SES being prepared for deployment. The instrument is
deployed as part of a 140-m-long mooring string. Components shown:
(1) funnel, (2) acoustic release, (3) camera and controller housing, (4)
titanium frame, (5) battery sphere.

Sediment trap

FluorometerController 
and 
camera

Hall 
switch

Mounting 
plate

Carousel Sample 
plate

Battery sphere

Step 
Motor

White
LED
light

Cleaning 
brushes

Fig. 2. Placement of major system components. A funnel collects sink-
ing particulate matter, which is then imaged and analyzed by a
downward-looking camera and a fluorometer. A large battery, in a tita-
nium sphere, powers the system for more than a year. Components not
drawn to scale.
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the sample plate to a vertical orientation, dumping the sam-

ple. The plate then passes between a pair of cleaning brushes

to remove any accumulated material before starting the next

collection cycle. At the completion of one revolution the

sample plate is back in position below the funnel, ready for

the next sample collection. The camera and fluorometer

housings are mounted near the base of the collection funnel

vertically, with their viewports looking down. The battery

sphere is centered inside the frame at the bottom of the

instrument (Fig. 2). Cleaning brushes have not shown foul-

ing or accumulation of particulates during deployments at

Station M. However they are easily replaceable if fouling is

an issue at other sites.

Sensors and electronics
Most of the SES sensors and electronics are contained

within three titanium pressure housings: two cylindrical

housings hold the fluorometer and the camera 1 system con-

troller, while a spherical case holds the large battery that

powers the system (Figs. 2 and 3). The original McLane sedi-

ment trap had a simple controller to advance the sample

bottle carousel to each position at a programmed interval. A

much more sophisticated controller is required to interface
to the SES camera and fluorometer. The new controller uses
a PC/104 board stack comprised of an ARM9-based CPU
board, a relay board to switch power to the lights and sen-
sors, and an RS-232 serial interface board to connect the sen-
sors to the CPU (Technologic Systems models TS-7250-V2,
TS-RELAY8, and TS-SER1). A separate stepper motor control-
ler board (Allmotion model EZ-17) drives the original
McLane carousel motor to move the sample plate between
the collection, imaging, and fluorometry stations. A Hall-
effect switch senses the position of the carousel to index the
stations.

A 5-megapixel color digital camera (Allied Vision Technol-
ogies model GC2450C) equipped with a 12–36 mm C-mount
varifocal video lens (Computar model 11A) captures images
of the particulate matter collected on the sample plate. The
camera looks down on the sample through a flat-glass view-
port. Each pixel in the image represents a distance of 13.9
lm on the 25-mm-diameter sample plate, yielding 72 pixels
per mm.

The camera lens is not accessible for adjustment inside
the sealed controller housing when the SES is deployed.
Therefore the zoom, focus, and aperture of the lens were pre-
adjusted on the bench, without the housing, using a test tar-
get positioned at the precise distance in air required to
simulate the combined optical thickness of the glass view-
port and water interface. The measured thickness of the glass
and water between the camera lens and sample plate is
113 mm. However, based on the thicknesses and refractive
indices of the optical elements, a computer-aided design
model of the assembly calculated the in-air optical distance
as 82 mm. Once the focus was set to 82 mm, the aperture
was adjusted to provide a depth of field that maintains
image detail from at least 3.2 mm above the top surface of
the sample plate to 1.6 mm below the surface. The camera
lens, adjusted using this procedure, required no further read-
justments once the SES was submerged.

The sample plate is made of translucent white high-
molecular-weight polyethylene to act as a volumetric light
diffuser capable of operating underwater and at high ambi-
ent pressure. Its thickness is 10 mm, selected as a compro-
mise between light uniformity across the camera field of
view and efficiency of light transmission. The 31.5 mm
diameter of the plate was selected to be slightly larger than
the 25 mm clear viewport aperture to allow for some inaccu-
racy in the mechanical indexing of the carousel.

Two LED lights illuminate the sample: a ring light sur-
rounds the camera lens inside the housing and illuminates
the sample from above, while an external light in its own
pressure housing provides illumination through the bottom
of the translucent sample plate (Fig. 3). The LEDs in both
lights are T-13=4 Lumex SLX-LX5093UWC/C. The ring light
uses eight LEDs positioned at 20 degrees relative to the lens
centerline so the light beam of each LED crosses the

Fig. 3. Carousel assembly viewed from below. Sample bottles have
been replaced with a white, translucent sample collection plate, which is
rotated through collection (1), fluorometry (2), and imaging (3) stations.
A light-emitting diode (LED) light at the lower-left illuminates the sam-
ple from below for imaging. After the sample has been analyzed, it is
discarded and the sample plate is passed through a set of cleaning
brushes (4). The clean sample plate is then rotated back to the base of
the funnel to begin collecting the next sample. Alternatively, the carou-
sel can be left in a flow-through position such that the sample plate is
not beneath the base of the funnel, and the sinking particulate matter
flows through a hole in the carousel plate without being collected. This
allows the sample analysis interval to be longer than the collection time
to avoid accumulating too much material on the sample plate during
long analysis intervals or during times of heavy particulate flux. For
example, a sample can be collected for 2 h, followed by a 4-h flow-
through mode before collecting another 2-h sample.
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Sedimentation Event Sensor
• Imaging diffuse attenuance sensor
• Appropriate for integration with 

moored, stationary platforms at up 
to full ocean depth

• Under development at Monterey 
Bay Aquarium Research Institute

• Publications:  McGill et al., 2016; 
Smith et al. 2018; Huffard et al., 
2020; Estapa et al., in prep.

• Contacts:  cdurkin@mbari.org, 
chuffard@mbari.org

Beam transmissometer 
optical sediment trap
• Non-imaging beam attenuance

sensor
• Appropriate for integration with 

profiling floats and deployments in 
the upper 2 km of the ocean

• Commercially available (LISST-Tau, 
Sequoia Scientific, Inc.; C-Rover 
2000, Sea-Bird Scientific, Inc.)

• More published attenuance flux 
data from this sensor type than any 
other

• Not actually designed as an OST; 
expert data QC and interpretation 
required

• Publications:  Bishop et al. 2004; 
Bishop and Wood 2009; Estapa et 
al. 2013, 2017, 2019, 2020, and in 
prep.

• Contact:  
margaret.estapa@maine.edu

• Imaging sensor using side-
scattered light

• Not an attenuance sensor, but 
highly complementary to non-
imaging attenuance sensors

• SnoCam+ (left): appropriate for 
integration with a variety of 
drifting platforms at depths up to 
900 m

• MINIONS (right):  Small, low cost
drifting platform that 
incorporates a similar imaging 
system to SnoCam+

• Under cooperative development 
at URI, MBARI, and UMaine

• Contacts:  momand@uri.edu, 
cdurkin@mbari.org, 
margaret.estapa@maine.edu

Figures:  McGill et al., 2016

Photo:  M. Omand, URI

Photo:  A. Santoro, UCSB
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3.5.2 Proposed sensor design concept 
Since cylindrical hulls offer numerous advantages in the design of underwater pressure housings, we 
mostly considered design concepts using two parallel cylinders, one supporting the showerhead with a 
transmit optics upper endcap, and the second, offset and lower, with its upper endcap holding the large 
sample window; additionally, some type of pass-through would be required for electrical wiring between 
the two housings. After iterating on this idea, we arrived at the concept shown in Figure 9. This design 
keeps the first showerhead housing with an upper endcap for transmit optics, but the lower endcap is a 
larger base block that includes the second cylindrical cap that holds the sample window. We are planning 
to use modified transmissometer optoelectronics like the lab mockup, with the source illuminating the 
window in a similar manner as well. We have opted to use a sapphire window with much higher strength 
compared with other optical glasses, allowing us to use a much thinner window while still accommodating 
the large unsupported clear aperture of the window. The thinner and more refractive window provides 

Figure 9 – CAD rendering of the proposed instrument design. (A) Shown relative to the hull of a 
profiling float. (B) Prototype instrument dimensions, in centimeters. (C) Cross-sectional view. The 

proposed instrument design consists of a lower base block with a long tube to support the 
“showerhead” transmit optics. A second cap on the lower base block acts as a window hold-down 
for the collection window. Source LED and collimating and reference optics are contained within 
the long tube along with electronics and the beam is folded and then decollimated. Access to the 

top of the “showerhead” is through a top cap without exposed screws (held by long internal 
screws). Receive optics are contained in the base block, containing a Fresnel lens to capture near-
forward and transmitted light, which is then reflected by a mirror to the photodetector. An electrical 

bulkhead connector supplies power and communications with the instrument. 

(A) 

(B) (C) 

Figure:  W. Slade, Sequoia Sci.

Optical sediment trap V2
• Non-imaging diffuse attenuance

sensor
• Appropriate for integration with a 

variety of drifting platforms (including 
but not limited to profiling floats) and 
deployments in the upper 2 km of the 
ocean

• Designed for simple data processing 
and QC and low power consumption

• Forthcoming prototype and 
commercial availability 
through Sequoia Scientific, 
Inc.

• Contacts:  
wslade@sequoiasci.com, 
margaret.estapa@maine.edu References:  Bishop et al., Science. 304, 417–420 (2004); Bishop and Wood, Global Biogeochem. 

Cycles. GB2019 (2009); Bourne et al., Biogeosci. 16, 1249–1264 (2019); Estapa et al., A new, global 
optical sediment trap calibration dataset (in preparation); Estapa et al., J. Atmos. Oceanic Technol. 37, 
957–973 (2020); Estapa et al., Global Biogeochem. Cycles. 33, 282–300 (2019); Estapa et al., Deep Sea 
Res. I. 120, 100–111 (2017); Estapa et al., Biogeosci. 10, 5517–5531 (2013); Huffard et al., Deep Sea 
Res. II. 173, 104763 (2020); McGill et al., Limnology and Oceanography: Methods. 14, 853–863 (2016); 
Smith et al., Proc Natl Acad Sci USA. 115, 12235–12240 (2018).

GPS 
transmitter

Strobe light

Circuit boards

Traveller pole

Batteries

Image surface,
hydrophone
and sensors

Glass housing

SnoCam+ and MINIONS

Time à

Funding support for development of the above sensors and platforms:  Transmissometer-OST: NASA Ocean Biology and 
Biogeochemistry; NSF Chemical Oceanography; NASA New Investigator Program.  OSTv2:  NSF Small Business Technology 
Transfer.  SnoCam+:  NSF Ocean Technology and Interdisciplinary coordination.  MINIONS: NSF CAREER; NOPP.  SES:  NSF, 
California Sea Grant, David and Lucile Packard Foundation.

• Imaging:  Information on 
particle size, identity.  
Expert data interpretation 
required.

• Non-imaging:  Information 
on POC flux only but 
simpler data interpretation.
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capture the impact of changes in ballast, among other
things, on the global carbon cycle.
[5] Autonomous technology promises to overcome the

space-time gap in ocean carbon observations. The interna-
tional program Argo [Argo Science Team, 1999] has seeded
the world’s oceans with 3000 low-cost autonomous profil-
ing floats to gather widespread temperature and salinity
profiles and information on middepth circulation for inves-
tigation of the climate state of the ocean. Argo floats are
designed to profile to the surface from kilometer depths
once every 10 days and record deep currents between
profiles over 5 years.
[6] The Carbon Explorer (CE), which is described in

section 2, is a telemetry- and optical sensor–enhanced Argo
float designed and programmed to capture the fast diurnal
physical and biological linkages and processes of the ocean’s
biological carbon pump [Bishop et al., 2002]. Here we report
on yearlong continuous CE deployments in the Southern
Ocean, an area of sparse carbon observations, yet critically
important to the carbon cycle. Two CEs were deployed at
55!S, 172!W, north of the Antarctic Polar Front (APF) in
the Southern Ocean during the January–February 2002

Southern Ocean Iron Experiment (SOFeX) [Coale et al.,
2004] (one as control and the other in iron-amended waters;
we refer to these as CE 55C and CE 55A, respectively). A
third CE (CE 66A) was deployed (also during SOFeX) at
66!S, 172!W, south of the APF. A strong (but unexpected in
low-silicate, high-nitrate subantarctic waters), iron-stimulated
plankton bloom and subsequent enhanced sedimentation
through 100 m [Bishop et al., 2004] was observed over
60 days at 55!S.
[7] The three CEs continued profiling in the Southern

Ocean for another 14 months after the effects of SOFeX
iron were no longer detectable. The 66!S CE observed
particulate organic carbon (POC) dynamics in the seasonal
ice influenced waters, survived one Antarctic winter, and
continued for a total of 18 months into the next winter
season. Ship-based observations would have been impossi-
ble because of the prohibitive cost and extreme environ-
mental conditions. This paper reports, for the first time,
year-round high-frequency observations of surface biomass
and carbon export to depth in the Southern Ocean. A central
question investigated is how and if surface biomass fields
detected by satellite remote sensing may be used to predict
carbon sedimentation to depth and, if not, what biogeo-
chemical mechanisms are in action.

2. Methods

[8] The Carbon Explorer (CE) (Figure 1), like all Argo
floats, can autonomously collect hundreds of profiles of
temperature (T), salinity (S), and pressure (Sea-Bird Elec-
tronics, Inc., Seattle, Washington) to kilometer depths and
communicate data to shore via satellite in near real time.
Unlike Argo floats, the CE is outfitted with a neutrally
buoyant transmissometer (WETLabs Inc., Philomath, Oregon)
to measure particulate organic carbon (POC) concentration
while profiling and carbon flux index (CFI) while drifting at
depth between profiles (Figure 2). CFI is the transmittance
signal anomaly due to the accumulation of particles on the
upward looking transmissometer window normalized by the
time the float is at depth; specifics are described in detail by
Bishop et al. [2004]. An added light scattering sensor (0.03W
power, Seapoint Sensors, Inc., Exeter, New Hampshire) was
used to cross-check the transmissometer. Each CE uses fast
bidirectional satellite (ORBCOMM) telemetry, which per-
mits efficient uplink of data in minutes and postdeployment
changes to mission parameters such as profiling depths, drift
depths, and profiling frequency.
[9] Three CEs (floats 1177, 2054, and 2104) were

deployed in January 2002 during the Southern Ocean Iron
Experiment (SOFeX) near 55!S, 172!W. One CE (float
2103) was deployed in iron-amended waters near 66!S,
172!W.
[10] A fourth explorer, CE 2054, was deployed in iron-

amended waters but failed early in its mission. CE 2104 was
deployed 10 days later, again in iron-amended waters. The
early record for CE 2054 was combined with the complete
record of CE 2104, and in this paper we describe this record
as CE 55A (the ‘‘55’’ denotes deployment latitude (!S),
and the ‘‘A’’ denotes ‘‘iron-amended’’). The record from
CE 1177, deployed as a control in untreated waters, is

Figure 1. Carbon Explorer showing optical transmiss-
ometer (A) and scattering sensors (B). The transmissometer
has been configured to permit the determination of the
systematic variations of carbon sedimentation. While the
float is at depth between profiles, particles accumulate on
the upward looking window (C) of the transmissometer.
Prior to profile operations, the transmissometer is read,
the window is flushed clean with flowing seawater, and
the transmission reading is determined a second time. The
difference in transmission normalized by time at depth
between profiles is the carbon flux index (CFI).
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The Explorer data allows a first particle-
based estimate of the ratio of Fe-added to
POC-exported, as illustrated below. The orig-
inal patch area was !225 km2, and the three

amendments totaled !1700 kg of Fe (4). The
initial iron-fertilized patch (650 kg of Fe
added) split in two, and half was lost from the
experiment; thus, there was a net Fe amend-

ment of !1400 kg. From the only clear-sky
satellite image available, the amended patch
was approximately 1000 km2 on patch day 21
(4, 10), 6 days before the start of the sedi-
mentation event and 10 days before the sub-
duction event. During this subduction pro-
cess, the layer containing the iron-enhanced
biomass, between potential density surfaces
of 26.6 and 26.5, decreased from a thickness
of 40 m to approximately 20 m (Fig. 2 and
fig. S11). We therefore hypothesize that the
patch area doubled early during the sedi-
mentation event, as required by water mass
conservation. Applying the Explorer observa-
tions to a 2000-km2 area yields an iron-
added:POC-exported ratio (in moles) ranging
from a lower limit of !1:1"104 to
!1:1"105 at 55°S. These export estimates
could increase by 40% if the third (450 kg) Fe
addition (patch day 28) had no effect.

Phytoplankton present in the waters of the
Southern Ocean have the highest iron stress
in the world (20) and thus are most likely to
respond to added iron (21). Iron fertilization
experiments in the Southern Ocean have pre-
viously documented the stimulation of phy-
toplankton biomass after the addition of iron
(22, 23), but none of the experiments ob-
served the end of the iron-stimulated blooms.
SOFeX is the first experiment where the
study of carbon export has been attempted on
a sustained basis. Buesseler et al. (14) fol-
lowed the export from the 66°S patch over 30
days. The Carbon Explorers at 55°S recorded
patch events for !50 days.

The SOFeX “ensemble” experiment test-
ed the hypothesis that silica limitation would
result in much less biomass enhancement and
carbon export at 55°S compared with the
silica-rich waters at 66°S. Our finding of a
strong biomass increase in low-silicate, high-
nitrate waters at 55°S contradicts the hypoth-
esis and is confirmed by other shipboard data
(4). We believe that the enhanced carbon
export at 55°S was due to physical triggering
(suddenly changed light/turbulence regimes),
but we cannot rule out a natural progression
of biogeochemical processes brought on by
the third addition of iron and caution that
extrapolation of these first results to greater
depths or larger scales is premature.
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7. CFI is the measure of the accumulation of particles
on the upward-looking optical (detector end) window
of the Explorer’s transmissometer-based POC sensor
(WETLabs Inc., Philomath, OR) while the float is
“parked” at 100 m. Before profiling starts, the raw
transmission “counts” from the POC sensor are read;

Fig. 2. Time series of POC variability from (A) Carbon Explorer 2104 (in iron-amended waters) and (B)
Explorer 1177 (control) during the first 60 days of deployment. Patch day 0, the start of iron addition,
corresponds to UTC day 12.5. The first week of data from Explorer 2054 is included in (A). Cyan
up-triangle and orange down-triangle at the top of each panel are plotted at the times of dawn and dusk
profiles, respectively. Heavy black contours for cold to warm colors are drawn at 1.0, 2.0, 4.0, and 8.0
#M POC levels. Light contours are at 0.5 #M intervals up to 2.5 #M (except between 1.0 #M and 2.0
#M, where they are drawn at 0.2 #M intervals). Near-surface lows in POC concentration recorded by
the “in-patch” Explorer (e.g., UTC days 30 and 34) indicated that it was not always “in” the patch. The
white curve is the mixed-layer depth, calculated from the dawn Carbon Explorer profile with potential
density data (12). The red line plotted relative to the scale to the right of the figure is the carbon flux
index (CFI) (counts d$1) at 100 m. CFI values peaked UTC day 53 (patch day 41). About 150 POC
profiles are represented in each of the time series shown. Gray bars are due to loss of profile data caused
by transmit buffer overflow on the Explorer as a result of prolonged stormy conditions. CFI data are
more frequent because they are transmitted at higher priority. Revelle was present at 55°S from 10 to
20 January and for a brief 2-day period in early February 2002. Times of Fe addition by RV Revelle are
indicated by Fe. RVMelville (M) was present for several days during late January 2002 and again briefly
in the third week of February 2002.
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screen and combined. The screen was picked under 12x magnification
to remove swimmers whilst leaving on the screen particles and organ-
isms, such as foraminifera, that passively sank into the trap. These
particles were rinsed from the screen back into the main sample.
Swimmers were rinsed onto a 25 mm diameter QMA filter (nominal
pore size 1 µm), dried and counted on board for 234Th and analysed
later by laboratory Group 1 for total carbon, nitrogen (TC/N) and
particulate inorganic carbon (PIC).

Passively sinking particles remaining after swimmer removal were
combined and wet split into 1/8th aliquots using a custom rotary
splitter (Lamborg et al., 2008). Generally, four of the splits were filtered
onto QMA filters, dried and processed for 234Th counting and later for
TC/N and PIC analysis (details for 234Th in Section 2.3.5). Three or four
splits were filtered onto 0.2 µm polycarbonate membranes (Whatman
Nucleopore) and rinsed with borate-buffered, pH 8.5 Milli-Q water to
remove seawater salts. The filters were then dried and weighed on
shore to determine mass flux and later analysed for biogenic silica (BSi;

SiO2). Some of the splits prior to filtration were also provided to la-
boratory Group 2 for cross calibration (see Section 2.3.2, Table 1 and
Table 3).

Similar to the wider NBST tubes, the narrow tubes on the STT had
overlying seawater siphoned off, and the 125 ml sample collection
bottles were removed. Generally two samples were combined into a
secondary container and processed identically to the wider sampling
tubes, with a screen to remove swimmers, wet split and 1/8 aliquots
filtered on to either QMA or polycarbonate filters and processed in an
identical manner to the other samples. Some of the single PELAGRA
cups were also processed according to this protocol, while others were
sent to Group 2 for further processing (see Section 2.3.2).

2.3.2. Sample processing at laboratory Group 2
Replicate Group 1 splits and PELAGRA cups were processed in

parallel using Group 2 methodology. To better preserve the sample
prior to processing on shore, additional concentrated formaldehyde was

Fig. 2. (a) Neutrally buoyant sediment trap (NBST, Group 1) with wide collection tubes, (b) Surface tethered trap (STT, Group 1) with both wide (left) and narrow
(right) collection tubes and (c) PELAGRA drifting trap (Group 2) with collection via funnel shaped openings to increase sampled area, with sample cups below (inset).

Fig. 3. Chlorophyll concentration (µg L−1) derived from a chlorophyll fluorescence sensor at 30 m at the PAP Site and Niskin bottle samples at 30 m during the cruise
(left axis in green). The mixed layer depth (MLD; solid line) and the base of the primary production zone (PPZ; dashed line) derived from CTD data are plotted in
black. Deployment 1 (D1) and 2 (D2) are marked. The fluorescence sensor (data up to April 17th) had been deployed for one year and may have undergone sensor
drift, which may explain the lower chlorophyll concentrations from the water samples versus the sensor data. The fluorescence sensor was recovered on April 17th,
hence the sampling gap, and a new calibrated sensor was deployed.

C.A. Baker, et al. Progress in Oceanography 184 (2020) 102317
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Remineralization length scales computed from monthly, binned OST data at the shallowest two OST depths
were within the ranges predicted by a recent observational study (Marsay et al., 2015) and a modeling study
(DeVries & Weber 2017), but were much more variable, ranging from a minimum of 70 m in February
2014 to a maximum of 319 m in December 2013 (Figure 7). The seasonal behavior of z* was inconsistent with
temperature or oxygen serving as the primary control on remineralization rate, as reported in other studies
(Laufkötter et al., 2017; Marsay et al., 2015). However, at zref in our study area, these two parameters did not
vary a great deal. The observed, annual mean, and standard deviation in temperature were 20.3 ± 0.9 °C, and
for oxygen were 202 ± 10 μmol/kg. Therefore it is possible that other factors thought to covary with z*, such
as mineral ballasting and particle sinking speeds, were locally more relevant. No significant correlations (at
the 95% confidence level) were observed between z* and the monthly mean temperature, O2, bbp, cp, optical
spikes, or optical property ratios above zref.

Oxygen supersaturation predominately occurred just below the mixed layer while the mixed layer deepened
(Figure S6). This was evident during December 2013 for F033 and July to November 2014 for F034 and was
likely due to biological production in the submixed layer. Overall, temporal variability in O2 on short time-
scales is consistent with previous studies (Alkire et al., 2012; Yang et al., 2017).

Dall'Olmo and Mork (2014) used the rate of change in the depth‐integrated POC stock (from bbp as in this
study) as a proxy for POC flux due to seasonal stratification that traps surface particles below the surface
mixed layer (i.e., the mixed layer pump; Gardner et al., 1995). It is also possible that such events could arise
from disaggregation of large sinking particles at depth, or advection of small particles, and like geochemical

Figure 6. (a) Monthly means and standard deviations of shallowest particulate organic carbon (POC) flux observations
from optical sediment trap (OST; black bars) and Bermuda Atlantic Time‐Series Study (BATS) sediment traps (red
bars). Also indicated is the comparison depth. (b–n) Monthly means (circles) and standard deviations (horizontal lines) of
monthly flux profiles from OST on floats (black), BATS (red), and 1,500‐mOceanic Flux Program (OFP) fluxes (blue) over
all time series' respective durations. Note the larger x axis ranges (marked in red) in February and March 2014 plots.

10.1029/2018GB006098Global Biogeochemical Cycles
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OPTICAL SEDIMENT TRAP
Scattering Properties of Accumulating Sinking Marine Particles

Beam-c 
Optics

Diffuse 
Attenuation Optics

Collection 
Window

We are working to develop an “optical sediment trap” (OST) 
sensor for autonomous profiling floats that will measure the 
gravitational flux carrying the greatest amount of biological 
carbon into the deep ocean. OST physically intercepts settling 
particles on an optical window and measures changing 
attenuance over time to infer collection of POC on the 
window as the float drifts at depth for several days between 
profiles. Prior studies1-5 have used a beam transmissometer 
as an OST although its design is not well-suited for the 
application1.

A key question underlaying the OST concept is how the 
forward scattering by accumulated, sinking particles is 
affected by the physical and biogeochemical properties of the 
particles. Here we use an empirical approach to compare off-
axis diffuse attenuation relevant to the OST design with beam 
attenuation for a wide range of aggregates.

BACKGROUND

Wayne Slade1, Margaret Estapa2, and Sean O’Neill2
1. Sequoia Scientific, Inc. Bellevue, WA, USA (wslade@sequoiasci.com)

2. School of Marine Sciences, Darling Marine Center, 
University of Maine, Walpole, ME, USA

OST lab apparatus includes both diffuse and 
beam attenuation measurements for 
comparison with earlier OST approach.

Samples were pipetted into both the beam 
and diffuse beam areas, their bulk optical 
properties measured, and particles 
collected for organic and inorganic carbon 
analysis.

Test particles (see right side of poster) were 
chosen to represent a broad range of 
optical properties and were created in 
rolling tanks6 from cultured and coastal 
Maine phytoplankton, inorganic particles, 
and xanthan gum; fecal pellets were 
collected from coastal Maine zooplankton.

LAB SETUP

Previous OST with transmissometers 
showed a good relationship between 
attenuance flux and POC flux across a 
variety of environments7 (upper 
panel). Diffuse attenuance computed 
from brightfield microscopy also 
correlated well to beam attenuance
flux7 (lower panel).

Here we establish a similarly strong 
relationship between beam and diffuse 
attenuance flux with a non-imaging 
sensor.

A strong relationship was observed between beam and 
diffuse attenuance, in agreement with earlier field 
results where diffuse attenuance was computed from 
brightfield microscope images7 (see upper right of 
poster). No systematic dependence on particle 
composition or size was observed.

INITIAL RESULTS

We are grateful to Jeff Runge, the MBON program, and Capt. R. Downs (RV Ira C.) for 
assistance with zooplankton fecal pellet collection. We also thank U. Passow for advice 
on roller tank construction. Funding support: NSF STTR Award 2136735 to Sequoia.
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EXAMPLE TEST PARTICLES
Brightfield photomicrographs composited from multiple 
images for purposes of illustration. Dish diameter is 35 mm.

Simple, non-imaging quantitative 
POC flux sensor, designed for easy 
integration into distributed 
networks of drifting platforms, e.g., 
BGC-Argo. 

Cost target ~$10k in commercial 
production.

Diffuse LED illumination and 
housing design to minimize shading 
of large collection window

SENSOR DESIGN CONCEPT

Slade et al., Ocean Optics 2022 
poster
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Now... prototyping a 
simple, low-cost 
sensor that is 
actually meant to 
be used as an 
optical sediment 
trap
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Figure 1. (a) CFE-Cal during deployment from R/V Revelle in 2017. The sampling system for particles is interfaced between the optical
sedimentation recorder (a) and SOLO float (b). (b) Map of CFE-Cal deployment and drift locations overlaying map of sea surface tem-
perature (�C) for 10–17 June 2017 from NASA Ocean Color Aqua Modis 4 km resolution (https://oceancolor.gsfc.nasa.gov/, last access:
26 August 2018). Blue dots within location boxes represent CFE-Cal 002 and red dots represent CFE-Cal 004 positions.

Below we describe important design advances that led to
the CFE-Cal and report first results from two CFE-Cals that
were deployed and recovered 15 times at four locations dur-
ing the 1 June to 2 July 2017 California Current Ecosystem
Long-Term Ecological Research (CCE-LTER) process study
cruise aboard R/V Revelle. The aim of the CCE-LTER ex-
pedition was to characterize food web processes and particle
export at different places within and outside of an offshore-
flowing phytoplankton-rich filament of upwelled water near
Point Conception, CA (Fig. 1b). The diverse environments
sampled provided an excellent opportunity to collect a cali-
bration sample dataset under high to low particle flux condi-
tions.

2 Materials and methods

2.1 CFE, CFE-Cal and optical attenuation

Bishop et al. (2016) describe in detail the CFE and the oper-
ation of its particle-flux-sensing OSR. These core elements
are identical to those of the CFE-Cal. Briefly, once released
from the ship the CFE dives repeatedly below the surface
to obtain OSR observations at up to three target depths as it
drifts with currents. The CFE’s OSR awakes when the tar-
get depth is reached. Particles settle through a hexagonal
celled baffle (1 cm opening) into a high-aspect-ratio funnel
(15.4 cm diameter opening) assembly before depositing on a
2.54 cm diameter glass sample stage. Particles are imaged at
13 µm pixel resolution in three lighting modes: transmitted,
transmitted–cross polarized and dark field. Here we focus on
CFE-Cal results and on the calibration of volume attenuance
determined from transmitted light imagery in terms of POC,
PN and PP sample loading. This study focuses on the calibra-
tion of VA : POC and PN. In future studies, cross-polarized
photon yield measured by the CFE, as discussed in Bishop

et al. (2016), will be calibrated in terms of PIC units also us-
ing the sampler. As the samples collected on filters had large
amounts of residual sea salt, the separation of the non-salt Ca
requires very high accuracy and a separate protocol.

On first wake-up of a given CFE dive, the sample stage
is flushed with water and images of the particle-free stage
are obtained. At timed intervals (⇠ 25 min in the data de-
scribed here) the OSR repeats image sets, which register the
sequential buildup of particles. The 25 min interval was de-
termined to be consistent with previous CFE studies (Bishop
et al., 2016). After a predetermined number of image sets
over ⇠ 1.8 h, stage cleaning occurs and a new reference im-
age set is obtained. After ⇠ 5–6 h at a target depth, the OSR
performs a final image set, cleaning cycle and reference im-
age set, and the CFE surfaces to report GPS position, CTD
profile data and OSR engineering data, then it dives to its
next target depth. All target depths in this study were chosen
to be at 150 m. We describe in detail below the particle sam-
pler and its integration with the CFE to form the CFE-Cal.
In the case of the CFE-Cal, stage cleaning operations direct
particles from each dive to a unique sample bottle.

Image attenuance was calculated following Bishop et
al. (2016). Briefly, transmitted light images were normal-
ized by a composite in situ image of the particle-free sam-
ple stage. The �log10 of the normalized image was taken to
yield attenuation (ATN) values. Pixels with an ATN value
less than 0.02 were defined to be background. Pixels with at-
tenuation values above 0.02, determined to be particles, were
integrated across the sample stage then divided by the total
number of pixels in the sample stage area to yield average at-
tenuation. This is multiplied by 1000 to yield mATN and then
by the sample stage area to give sample volume attenuance
(units: mATN cm2). As light is reduced exponentially as it
passes through particles, as long as the overlapping particles
do not 100 % obscure the transmitted light, attenuation af-

www.biogeosciences.net/16/1249/2019/ Biogeosciences, 16, 1249–1264, 2019
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Figure 14. Representative transmitted light imagery of particles sampled by the CFEs at locations L1, L2, L3, and L4. The top row of images
is for material captured shallower than ⇠ 150 m. The middle row shows particles captured near 250 m (125 m at L1). The bottom row are
images of particles captured near 500 m (250 m at L1). Dashes in the images are 1 mm long. Anchovy faecal pellets are the optically dense
7–10 mm long particles seen in images at L1 (1). The 150 m sample at L2 is ringed by several hundred ⇠ 250 µm sized olive faecal pellets (2).
The > 1000 µm sized aggregate particles dominate deeper samples at all locations and especially so at L4 (3). A closeup of olive-coloured
faecal pellets and aggregates is in Fig. 6. All imagery is available online.

Volume attenuance flux was converted to POCATN flux
(1 VAF unit = 1 mmol C m�2 d�1, Sect. 2.2.2) and parti-
tioned into 30–100, 100–200, 200–400, 400–1000, and
> 1000 µm size categories for 21 CFE deployments at the
four locations. Martin curve parameters were derived from
linear least-squares fit to the log10 transforms of the data ac-
cording to Eq. (3):

log10F = b · log10(z/zref) + log10(FRef). (3)

F is POCATN flux at depth z, b is the Martin power, and zref
was set to 50 m at L1 and 100 m at L2, L3, and L4. FRef is
calculated from the intercept. It should be noted that Mar-
tin b values are independent of the reference depth chosen.
As z/zref is precisely known, it is chosen as the X vari-
able. Table 3 summarizes Martin fit results for POCATN flux.
Table 4 summarizes Martin parameters for PIT-derived car-
bon flux (POCPIT flux) and to POCPIT flux combined with a
new-production-based estimate euphotic zone carbon export
(POCNP flux) (Kranz et al., 2020; Stukel and Landry, 2020);
zref was set to the euphotic zone depth. Table 5 is a tabulation
of Martin fit results for particle number fluxes across the dif-
ferent size categories. Data used for regressions are provided
as the Supplement.

Figure 15a shows POCATN flux for individual dives parti-
tioned by particle size class. Martin fits to the data are also

shown (Table 3). Figure 15b shows the fraction of POCATN
flux for each size category. Large symbols denote pooled data
at four depth horizons. POCATN flux decreases with depth at
all locations for particles in the 30–100, 100–200, and 200–
400 µm categories, often close to the classic Martin function
(Table 3). Our refinement of the 200–400 µm fraction which
separated the high-attenuance ovoid faecal pellets from other
particles (Fig. 8) also shows that this pellet class consis-
tently decreases down the water column at all locations. The
> 1000 µm POCATN fluxes increase with depth at L1 and L2
and show little trend with depth at L4 and a slow decrease
with depth at L3. Flux was dominated by > 1000 µm aggre-
gates at all locations except at L2 near 100 m where 200–
400 µm material had an equal contribution (Fig. 15b).

At L1, POCATN flux was high with significant anchovy
faecal pellet contributions (Fig. 14). At location L2, the flux
at 150 m was dominated by 200–400 µm sized olive-coloured
ovoid faecal pellets. Number fluxes were 150 000 m�2 d�1.
Evidence suggesting a fast-sinking rate for these particles
was that they accumulated at the edges of the sample stage,
reflecting the focusing effect of the tapered funnel (Fig. 14,
L2 at 150 m); aggregates were more evenly distributed across
the sample stage. At this depth, > 1000 µm aggregates ac-
counted for less than 0.5 % of particle number flux but
⇠ 40 % of attenuance flux. In deep waters aggregates ac-

https://doi.org/10.5194/bg-18-3053-2021 Biogeosciences, 18, 3053–3086, 2021

Materials and procedure

Overview
The SES is a stand-alone, self-powered instrument built

into an open titanium frame, deployable at depths up to

4000 m. A large plastic funnel collects sinking particulate

matter and channels it onto a movable sample plate. After

the programmed sample period, the sample plate is posi-

tioned under a fluorometer to detect fluorescence consistent

with the presence of chlorophyll a (Chl a) and accessory pig-

ments, and then under a digital camera to record both front-

and back-lit images. Finally, the sample is discarded and the

sample plate is cleaned by brushes before the empty plate is

positioned back under the funnel to collect the next sample.

Mechanical hardware
The core of the SES mechanical design is a commercially

available sediment trap (McLane Laboratories model

Mark78H-21). The polyethylene sample funnel is 80 cm in

diameter with a collection area of 0.5 m2. The titanium

frame (Fig. 1) was modified to function as the bottom-most
element in a vertical mooring string, although the instru-
ment can be deployed at any position along a vertical moor-
ing line. A 165 kg steel drop weight on a wire rope holds the
SES 50 m above the seafloor, while a series of five 0.11 m3

syntactic foam floats provide buoyancy above the SES.
Mounts were added to the frame to accommodate two deep-
sea acoustic releases (Teledyne Benthos model 865-A). An
auxiliary frame extension, 92 cm in diameter and 78 cm in
length, was added to the base of the Parflux frame to accom-
modate a titanium pressure sphere and drop-weight release
mechanism. The titanium pressure sphere contains the nec-
essary electronics and batteries to power the system, and the
tandem acoustic release mechanism provides redundancy to
drop the ballast weight, allowing the instrument to ascend
to the surface for recovery. The instrument weighs 147 kg in
water, is 2.61 m in height and 0.92 m in diameter.

Figure 2 shows the relative placement of the SES system
components. The existing sample bottle carousel was
replaced with a new sample assembly (Fig. 3). This assembly
allows the horizontal sample plate, mounted beneath the
funnel during the collection period, to rotate into position
beneath the fluorometer or camera for analysis or imaging.
As the rotation continues, a cam-driven mechanism moves

Fig. 1. The SES being prepared for deployment. The instrument is
deployed as part of a 140-m-long mooring string. Components shown:
(1) funnel, (2) acoustic release, (3) camera and controller housing, (4)
titanium frame, (5) battery sphere.
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Mounting 
plate

Carousel Sample 
plate

Battery sphere

Step 
Motor

White
LED
light
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Fig. 2. Placement of major system components. A funnel collects sink-
ing particulate matter, which is then imaged and analyzed by a
downward-looking camera and a fluorometer. A large battery, in a tita-
nium sphere, powers the system for more than a year. Components not
drawn to scale.
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the sample plate to a vertical orientation, dumping the sam-

ple. The plate then passes between a pair of cleaning brushes

to remove any accumulated material before starting the next

collection cycle. At the completion of one revolution the

sample plate is back in position below the funnel, ready for

the next sample collection. The camera and fluorometer

housings are mounted near the base of the collection funnel

vertically, with their viewports looking down. The battery

sphere is centered inside the frame at the bottom of the

instrument (Fig. 2). Cleaning brushes have not shown foul-

ing or accumulation of particulates during deployments at

Station M. However they are easily replaceable if fouling is

an issue at other sites.

Sensors and electronics
Most of the SES sensors and electronics are contained

within three titanium pressure housings: two cylindrical

housings hold the fluorometer and the camera 1 system con-

troller, while a spherical case holds the large battery that

powers the system (Figs. 2 and 3). The original McLane sedi-

ment trap had a simple controller to advance the sample

bottle carousel to each position at a programmed interval. A

much more sophisticated controller is required to interface
to the SES camera and fluorometer. The new controller uses
a PC/104 board stack comprised of an ARM9-based CPU
board, a relay board to switch power to the lights and sen-
sors, and an RS-232 serial interface board to connect the sen-
sors to the CPU (Technologic Systems models TS-7250-V2,
TS-RELAY8, and TS-SER1). A separate stepper motor control-
ler board (Allmotion model EZ-17) drives the original
McLane carousel motor to move the sample plate between
the collection, imaging, and fluorometry stations. A Hall-
effect switch senses the position of the carousel to index the
stations.

A 5-megapixel color digital camera (Allied Vision Technol-
ogies model GC2450C) equipped with a 12–36 mm C-mount
varifocal video lens (Computar model 11A) captures images
of the particulate matter collected on the sample plate. The
camera looks down on the sample through a flat-glass view-
port. Each pixel in the image represents a distance of 13.9
lm on the 25-mm-diameter sample plate, yielding 72 pixels
per mm.

The camera lens is not accessible for adjustment inside
the sealed controller housing when the SES is deployed.
Therefore the zoom, focus, and aperture of the lens were pre-
adjusted on the bench, without the housing, using a test tar-
get positioned at the precise distance in air required to
simulate the combined optical thickness of the glass view-
port and water interface. The measured thickness of the glass
and water between the camera lens and sample plate is
113 mm. However, based on the thicknesses and refractive
indices of the optical elements, a computer-aided design
model of the assembly calculated the in-air optical distance
as 82 mm. Once the focus was set to 82 mm, the aperture
was adjusted to provide a depth of field that maintains
image detail from at least 3.2 mm above the top surface of
the sample plate to 1.6 mm below the surface. The camera
lens, adjusted using this procedure, required no further read-
justments once the SES was submerged.

The sample plate is made of translucent white high-
molecular-weight polyethylene to act as a volumetric light
diffuser capable of operating underwater and at high ambi-
ent pressure. Its thickness is 10 mm, selected as a compro-
mise between light uniformity across the camera field of
view and efficiency of light transmission. The 31.5 mm
diameter of the plate was selected to be slightly larger than
the 25 mm clear viewport aperture to allow for some inaccu-
racy in the mechanical indexing of the carousel.

Two LED lights illuminate the sample: a ring light sur-
rounds the camera lens inside the housing and illuminates
the sample from above, while an external light in its own
pressure housing provides illumination through the bottom
of the translucent sample plate (Fig. 3). The LEDs in both
lights are T-13=4 Lumex SLX-LX5093UWC/C. The ring light
uses eight LEDs positioned at 20 degrees relative to the lens
centerline so the light beam of each LED crosses the

Fig. 3. Carousel assembly viewed from below. Sample bottles have
been replaced with a white, translucent sample collection plate, which is
rotated through collection (1), fluorometry (2), and imaging (3) stations.
A light-emitting diode (LED) light at the lower-left illuminates the sam-
ple from below for imaging. After the sample has been analyzed, it is
discarded and the sample plate is passed through a set of cleaning
brushes (4). The clean sample plate is then rotated back to the base of
the funnel to begin collecting the next sample. Alternatively, the carou-
sel can be left in a flow-through position such that the sample plate is
not beneath the base of the funnel, and the sinking particulate matter
flows through a hole in the carousel plate without being collected. This
allows the sample analysis interval to be longer than the collection time
to avoid accumulating too much material on the sample plate during
long analysis intervals or during times of heavy particulate flux. For
example, a sample can be collected for 2 h, followed by a 4-h flow-
through mode before collecting another 2-h sample.
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Fig. 2. Particle quantity, type, and quality as measured using the SES, a conventional sediment trap, and time-lapse images of the seafloor. A) SES light attenuation 1 
d average (black line) and 10 d average ⌃ s.d. (red line with pink shading) when aggregated to same time scale as conventional sediment trap measurements. B) Mass 
flux from conventional sediment trap (black line), and light attenuation aggregated to same time scale as conventional sediment trap flux measurements (red line and 
pink shading à 10 d average ⌃ s.d). C) Contribution of different fecal pellet types to fecal pellet number flux depicted in stacked bar plot (daily average: cylindrical à
blue, ellipsoid à red, tabular à yellow). During high flux periods, aggregates often occluded image area and reduced ability to detect absolute fecal pellet number 
fluxes. D) Stacked bar plot of SES-estimated particulate organic carbon flux (POCSES flux using model 3) by particle type (daily average: aggregate à gray, cylindrical 
à blue, ellipsoid à red, tabular à yellow). E) POCtrap flux (black line à sediment trap measurements) and total POCSES flux aggregated to the same time scale as 
POCtrap flux measurements (red line and pink shading à 10 d average ⌃ s.d.). Tabular fecal pellet number flux from conventional sediment trap (yellow line, right 
axis). F) SES fluorescence (F690, F590) daily average. G) Daily measurements of percent cover of phytodetrital aggregates on the sea floor. In panel E, dashed line 
indicates sample too small for analysis. 

C.L. Huffard et al.                                                                                                                                                                                                                              

Huffard et al., 2020.  10.1016/j.dsr2.2020.104763

McGill et al. 2016.  10.1002/lom3.10131
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Scattered-light imaging optical sediment traps: SnoCam



Autonomous, subsurface expendable platforms which are Lagrangian, 
essential for accurately quantifying respiration, sinking rates and fluxes, 
and widely deployable (small and low cost).

Scattered-light imaging optical sediment traps: 
MINIONs  (MINiature IsOpycNal floats)

Slide:  M. Omand (URI)
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There are no standards for converting images, light 
scattering/attenuation, or 234Th to moles of carbon!

Category 1:  Fluxes of sinking particles
• Non-imaging optical sediment traps:  Beam 

transmissometer, OST “v2”
• Imaging optical sediment traps:  Carbon Flux 

Explorer, Sedimentation Event Sensor, MINIONS
Category 2:  Stocks of large (sinking?) particles + 
estimates of sinking speed

• Optical “spikes”
• Underwater cameras
• In situ particle tracking velocimetry

Category 3:  Radiotracers measuring past flux (234Th)
• Thorium-234 sensor
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inter-calibration with an additional C-Star on the Lagrangian float
as described below.

A series of cross-calibration casts with nearly simultaneous
ship CTD and glider profiles were carried out during the cruises,
with at least two calibration profiles per glider over the entire
field program. The first set of calibration profiles was made during
the deployment cruise, the second during the May cruise, and the
third during the recovery cruise at the end of the experiment (for
the two remaining gliders) for a total of ten cross-calibration
exercises. The typical procedure was to put a Seaglider into a
shallow dive sequence and then hold it at the surface while the
ship was brought alongside (o50 m). When the glider began to
dive, a profile with the ship’s CTD was begun. One additional data
set was collected by chance during the May cruise when a ship’s
CTD profile was taken within 2 km of a diving glider, yielding a
total of 11 independent intercalibrations between Seaglider and
ship optical sensors.

Both glider and ship profiles were smoothed by sequentially
applying a 5-point running median filter and a 7-point mean
filter. The ship’s CTD downcast was interpolated in density space
to match the glider profile. If the r2 value for the linear regression
between the resulting Seaglider and ship optical data was o0.7,
the matchup was rejected as a poor fit. Nine out of the 11 ship
profiles were retained and combined into a single type-II linear
regression to line up glider BB2F bbp and chlorophyll fluorescence
with the ship FLNTU values, e.g., bbp(700) in Fig. 3. Twelve similar
calibration profiles and analyses were performed for the float and
ship; these intercalibrations were used to align values for the
ship’s two C-Stars. Triplet chlorophyll fluorescence was aligned
with BB2F chlorophyll fluorescence for each glider by linear
regression (r2Z0.99 for each regression).

2.3. Spike analysis

Spikes were observed in all optical measurements as rapid,
transient, and often large increases in optical signals (Fig. 4a).
Spike heights were calculated by subtracting a moving ‘‘baseline’’
(7-point running minimum filter followed by 7-point running
maximum filter) from the total profile. The resulting spike signal
contained both occasional large spikes and more uniform, low-
level instrument noise (as seen below 400 m in Fig. 4b). A
maximum noise threshold for each instrument was chosen as
twice the 90th percentile value of all of the filtered spike values
taken prior to 5 May (YD 126) and below 300 m, when large
spikes were rare (black dashed line in Fig. 4b). All spike values
below this threshold were considered indistinguishable from
instrument noise and set to zero.

Baseline and spike signals were each averaged into 2-day,
50 m bins, facilitating inter-platform comparisons by reducing the
impact of sub-mesoscale variability encountered by ships and
gliders. Data from all four gliders were then combined to increase
sample size and spatial coverage. Spike bin averages included
zero values (where no spike was present), hence these bin
averages depend on both spike height and spike frequency. Spike
bins with fewer than 200 data points (zeros included) were
eliminated from further analysis because of high uncertainty
due to the randomness of spike occurrence. Data below 600 m
after 21 May (YD 142) were omitted because gliders encountered
suspended sediments over the Reykjanes Ridge (Fig. 1).

3. Results

3.1. Evolution of the bloom

When the autonomous platforms were deployed on 4 April
(YD 94), chlorophyll fluorescence and bbp measurements in the
upper 200 m were low (Fig. 5a, c); shipboard measured chlor-
ophyll concentrations were o0.5 mg l!1. Chlorophyll fluores-
cence remained low until 19 April (YD 110) and then increased
exponentially between 19–28 April (YD 110–119) at a rate of
0.28 doublings d!1. We refer to this period as the ‘‘early bloom’’,
following the convention of Alkire et al. (submitted for
publication). The early bloom was interrupted by a storm-induced
mixing event that reduced chlorophyll fluorescence between 28
April and 2 May (YD 119–123). After the storm, chlorophyll
fluorescence again increased in the upper 50 m and remained
high from 7 to 15 May (YD 127–136), during which maximum
chlorophyll concentrations of 5 mg l!1 were observed (shipboard
measurements), and the phytoplankton community was domi-
nated by chain-forming diatoms, primarily of the genus Chaetoceros,
but also including Thalassionema and Leptocylindrus (Sieracki and
Rynearson, personal communication). We refer to this period as the
‘‘May bloom’’. At the end of the May bloom, chlorophyll fluorescence
decreased rapidly and remained low through 8 June (YD 160); we
refer to this period as ‘‘post-bloom’’. Shipboard phytoplankton
samples taken early in the post-bloom period were dominated by
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Fig. 3. Cross-calibration of glider and ship particulate backscatter (bbp) at 700 nm
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Fig. 4. Backscattering spikes (bbp, 700 nm) from a ship’s FLNTU profile on 9 May
(YD 130). (a) The total signal (gray line) contains large, high-frequency fluctua-
tions (‘‘spikes’’) above 400 m and smaller fluctuations (instrument noise) below
400 m. The ‘‘baseline’’ signal (black line) is established with a 7-point running
minimum filter followed by a 7-point running maximum filter. (b) The spike signal
(gray) is derived by difference; below a minimum threshold (black line), the spike
signal is indistinguishable from instrument noise.
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aggregates; Fl represents a subset of bbl, which
additionally includes fecal and detrital matter
(21). BetweenMay 2013 and February 2018, we
identified 34 pulses of bbl and/or Fl in the
mesopelagic that were associated with surface
phytoplankton blooms and were clearly dis-
tinguishable from prebloom background con-
centrations. Bulk large-particle sinking velocity
was estimated for each large-particle pulse (fig.
S2) from the timing of peak concentration
versus depth (24). Mean sinking velocities
(and 95%confidence intervals) across all pulses
were 74 (58 to 100) m per day for large back-
scattering particles and 98 (79 to 129)mper day
for large fluorescing particles.
We observed close coupling between large-

and small-particle concentrations during these
flux pulses (Fig. 2). Small-particle concentra-
tions increased rapidly during periods of peak
large-particle concentration (Fig. 2; solid black
lines) at all depths below200m, peaking slightly
later (e.g., Fig. 2, left column: peakFs lags behind

peak Fl by ~2 days, regardless of depth). This
coupling provides strong evidence that large-
particle fragmentation drives the observed
accumulation of small particles in the meso-
pelagic, both for large particles in general
(bbl) and phytoplankton aggregates in particu-
lar (Fl).
We quantified specific fragmentation rates

during each sinking pulse by tracking these
changes in the concentrations of large and
small particles as a function of depth and time.
Full computations, assumptions, and uncer-
tainty budgets (24) are shown in figs. S3 to
S11 along with alternative calculations support-
ing key methodological assumptions (figs. S11
to S13).Mean fragmentation rate profiles across
all pulses varied with depth and particle type
from 0.03 to 0.27 per day (Fig. 3). Although
wide uncertainty bounds prevent firm conclu-
sions, the patterns in these rates offer prelim-
inary indications of possible fragmentation
mechanisms. First, live phytoplankton aggre-

gates (Fl) fragmented at higher rates than
large sinking particles in general (bbl) at all
depths in the mesopelagic zone (Fig. 3). Fresh
phytoplankton aggregates therefore appear
either more fragile than other large sinking
particles and/or are subject to higher local shear.
The latter might result from selective feed-
ing on fresh material by zooplankton. Second,
specific fragmentation rates decreased with
depth (Fig. 3). This depth dependency could
result from passive breakup of more fragile
particles closer to the surface. It might also re-
sult from higher zooplankton activity closer to
the surface, where we expect food to be more
abundant and more nutritious. On average,
fragmentation accounted for close to 50% of
the observed loss rates of large particles in gen-
eral and 30 to 60% of the loss of large fluoresc-
ing particles (Fig. 3) at all depths between 250
and 950 m.
We also found regional differences in spe-

cific fragmentation rates. When calculated

Briggs et al., Science 367, 791–793 (2020) 14 February 2020 2 of 3

Fig. 2. Fragmentation of large particles
generates small particles at depth. Large-
and small-particle measurements from
example large-particle pulses from the
North Atlantic (left panels) and the
Southern Ocean (right panels) are shown.
Large-particle fluorescence Fl (green
circles) and large-particle backscattering
bbl (red circles) are shown above the
corresponding log10 small-particle
fluorescence Fs (green) and backscattering
bbs (red). Large-particle measurements
are plotted individually with higher values
(darker colors) covering lower values.
Thin black lines along the top edges
of the panels show mixed-layer depth;
thick, diagonal solid lines show linear
least-squares fits of maximum large-particle
concentration with depth; and dashed
lines show the ±15 day windows used
for fragmentation calculations. Similar
visualizations for all 34 plumes in this
study can be found at seanoe.org
(26). Chl, chorophyll.
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UVP6 orientation on floats
For deployments on floats, we compared the vertical orien-

tation of the sensors by mounting two UVP6s on the same
float for three descent and three ascent profiles (down to
850, 650, and 470 decibars, respectively). The analysis of the
results confirmed that down-looking and up-looking profiles
provided the same information during both descent
(0.03 m s!1) and typical float ascent (0.1 m/s), which was
coherent with the fact that the float’s very low speed prevents
any wake effect. This result led to the decision to mount the
UVP6 on floats looking downwards, as this orientation reduces
the effect of direct sunlight on the images, and also prevents
sinking particles from settling on the instrument’s porthole.

Three case studies
We deployed UVP6 prototypes on different platforms.

Here, we present examples of selected data from deployments

on NKE CTS5 floats, a Seaexplorer glider in the Mediterranean
Sea, and a mooring in the Arctic Ocean near Svalbard,
Norway. All data were processed using UVPapp and imported
in EcoPart and Ecotaxa after recovery, and also in quasi real
time via satellite telemetry for the float and glider deploy-
ments. The data used for Figs. 5–9 were exported with EcoPart.
The purpose here is not to analyze data in detail, but to pro-
vide examples of the possibilities provided by the UVP6
mounted on autonomous platforms. We also provide images
of different particles and plankton recorded by the UVP6 to
illustrate its imaging capability. The original data are available
on the EcoPart and Ecotaxa websites.

In the 1st case study, we mounted a UVP6 on a BGC-Argo-
type profiling float (NKE CTS5), which was deployed on sev-
eral occasions in the Mediterranean Sea off the coast of Nice,
France, between April 2019 and July 2019 (Figs. 5, 6). These
deployments were mostly intended to test the upward or

Fig. 5. Particle abundance resulting from depth-integrated data transmitted by satellite, and data recorded by the UVP6 sn000110LP and downloaded
after retrieval of the float, for three selected size classes (from left to right, 81–256, 257–512, and 513–1020 μm) during a vertical profile down to
1000 m (1000 decibar) in the Mediterranean Sea off the coast of Nice (43.446"N, 7.187"E; 2020/07/21, 20:24 UTC). The figure shows the satellite-
transmitted data binned and displayed at variable depths of 5, 10 and 20 decibars according to LPM slices and the recovered data binned and displayed
every 5 decibars.

Fig. 6. Left: UVP6-LP mounted looking downwards on a NKE CTS5 BCG-Argo float. Right: The abundance of particles from the 256 to 323 μm
intermediate-size class provided as an example during a 15-profile float deployment in the Mediterranean Sea off Nice. The float drifted along the steep
continental slope from 20 November 2019 to 25 November 2019.
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gradient from the surface to 1000 m depth (Fig. 7), consistent
with an earlier observation (Stemmann et al. 2008b). The
UVP6 mounted on a float provided daily vertical variations of
particles during 1 month, which have only been observed
once in the past because of the ship time required (Stemmann
et al. 2000). The UVP6 mounted on a glider provided details
of the sharp boundary in the distribution of particles across
the Ligurian Current, an area subject to complex horizontal
and vertical hydrodynamics (Stemmann et al. 2008b). For the
3rd study in the Arctic Ocean, there were no previous data on
particles acquired at such a frequency in the selected area. The
results (Fig. 8) show a three-step seasonal dynamic, with an
initial decrease in particle concentration at the onset of win-
ter, episodic particle bursts during winter which could corre-
spond to sea-ice dynamics, and the beginning of a particle rise
in June possibly resulting from the settling of particles pro-
duced during the spring bloom.

Images of plankton and detritus
We provide in Fig. 9 examples of large plankton and parti-

cles (marine snow) obtained during several UVP6

deployments. The plankton images show that the camera reso-
lution is high enough to distinguish morphological character-
istics of millimetric objects, and thus identify their taxa.
However, large plankton are generally rare in oceanic waters,
that is, only a few per m3, and thus rarely appear on UVP6
images. As most of the imaged objects are smaller, only a
minority of them can be identified from their morphological
characteristics. The low abundance of large objects can be
compensated by the repetition of sampling, thus providing
enough data for quantitative ecological studies of plankton.

Discussion
During the last 30 years, data from UVPs have contributed

to a better understanding of particle and plankton dynamics
in the ocean. For example, results from UVP2 documented the
export of particles in the northwestern Mediterranean Sea,
and linked it to seasonal climatic forcing (Stemmann
et al. 2002). Next, results from UVP2 and UVP4 highlighted
the impact of mesoscale eddies on the spatial distribution of
particle export in the Atlantic Ocean, the Indian Ocean and
the Mediterranean Sea, and linked this phenomenon to the

Fig. 9. Examples of plankton and detritus images acquired by UVP6-LP (blue frames) off the coast of Nice in March 2021, and UVP6-HF (green frames)
south of Tasmania during the Solace cruise in December 2020. The different organisms displayed are: (a1) a narcomedusa, (b1–b6) copepods, (c1–c7)
rhizarian protozoa, (d1–d6) marine snow particles, (e1,e2) appendicularian houses, (f) a chaetognath, (g) a thecosome pteropod, and (h) a planktonic
polychaete.
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How to go from particle number concentration 
(#/volume) to carbon flux (mass/area/time)?

A commonly-used method:  Assume particle 
carbon content and sinking speed are both 
power-law functions of diameter (Guidi et al., 
2008):

Obtain A and B by fitting particle size spectra 
(N(d)) to carbon flux measurements (F).
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FIGURE 3 | Comparison of flux estimates derived from sediment trap deployments and UVP algorithms using parameter values from (A) Guidi et al. (2008) and

(B) Iversen et al. (2010) with shaded areas as the 95% confidence interval of an OLS regression determined via non-parametric bootstrapping. Each point is cycle

averaged. Colors indicate vertically integrated NPP. Gray dashed lines are 1:1.

FIGURE 4 | (A) Size spectral slope of particles for the mixed layer (0–20 m) colored by sediment trap flux at 100 m. (B) Same as (A) at each sediment trap

deployment depth colored by the flux at that corresponding depth. Gray points are individual cast measurements, while colored points are cycle averages.

<272 µm in ESD. This is notable for two reasons. First, fecal
pellets often dominated flux into the sediment traps, particularly
during high flux periods (Morrow et al., 2018). Second, the Guidi
et al. (2008) and Iversen et al. (2010) algorithms explicitly exclude
particles with an ESD less than 250 and 150 µm, respectively,
and find a relatively insignificant contribution to flux for all
particles less than 500 µm. This inherent mismatch is due to
the assumption built into previous applications of the UVP-flux
approach that large particles such as marine snow aggregates
dominate carbon flux. Indeed, some studies have found that a
substantial portion of carbon flux was dominated by <64-µm
particles (Hung et al., 2010; Durkin et al., 2015). In our study,
32% of the fecal pellet fluxes was derived from pellets with an
ESD < 200-µm, while 63% was derived from pellets with a
width of <200-µm. We find that if the flux of fecal pellets is

added to the aggregate flux estimated by the Guidi et al. (2008)
algorithm, we achieve a much better fit than if the Guidi et al.
(2008) algorithm is used alone (Figure 5). While such an addition
is surely an oversimplification and double-counts the >250 µm
fecal pellets that are accounted for under the Guidi et al. (2008)
algorithm, it illustrates the beginnings of a potential avenue for
alleviating the apparent underestimation of flux. Furthermore,
because of the large exponent found in the Guidi et al. (2008)
algorithm, that algorithm assigns very little flux to particles in
the size range of even large fecal pellets. There is, however, still
a substantial misfit for cycles with low total flux. Despite the fact
that recognizable fecal pellets were relatively few in these samples,
the Guidi et al. (2008) algorithm substantially underestimated
flux. These samples typically had a more negative size spectral
slope (Figure 4). Hence it is possible that <60 µm fecal pellets

Frontiers in Marine Science | www.frontiersin.org 8 October 2019 | Volume 6 | Article 603

fmars-06-00603 September 30, 2019 Time: 12:9 # 11

Fender et al. Investigating Particle Size-Flux Relationships

FIGURE 8 | (A) Comparison of cycle averaged flux estimates derived from sediment trap deployments and the CCE-optimized UVP algorithm using fitted A and B

values of 15.4 and 1.05 respectively with points colored based on primary productivity. The calculated relative misfit [i.e., (FUVP – FST )/FUVP ] plotted against (B) the

Si:C ratio of sinking material, (C) the pigment:carbon ratio of sinking material, and (D) NPP.

Particle Flux Vertical Profiles
Comparison of our CCE-optimized UVP-derived flux estimates
to flux profiles determined using a blended sediment trap-
234Th approach (from 50–200 m depth) showed relatively good
agreement (Figure 9A). There was a strong correlation between
the two measurements (Spearman’s r = 0.59, p < 0.001). The AE
was 28.6 mg C m�2 d�1, showing no substantial bias in the data
overall, while the ANAE was 0.68. However, over the 50–200 m
depth range we did find a slight di�erence in algorithm accuracy
with depth (Figure 9B). The AE was 112.5 mg C m�2 d�1 at
50 m, 39.9 mg C m�2 d�1 at 100 m, 12.5 mg C m�2 d�1 at
150 m, and 108.9 mg C m�2 d�1 at 200 m. This suggests that
(at least over the limited depth range of the upper twilight zone)
changing relationships between particle size and flux do not lead
to major biases in profiles of vertical flux. However, manual
inspection of profiles showed that for most cycles there was a
depth near the base of the euphotic zone at which UVP-derived
particle flux estimates substantially overestimated measured flux
(Figure 10). Since UVP flux estimates were based on particle size
and abundance, this suggests that near the base of the euphotic

zone there is a large abundance of particles that are sinking more
slowly than similarly sized particles deeper in the euphotic zone.

DISCUSSION

Quantifying Vertical Carbon Flux
Many marine ecosystems are rapidly responding to a changing
climate (Behrenfeld et al., 2006; Doney et al., 2012; Asch, 2015).
Whether these changes will lead to increased or decreased
e�ciency of the BCP ultimately depends on changes in
nutrient supply (Bakun, 1990; Garcia-Reyes and Largier, 2010;
Rykaczewski and Dunne, 2010; Capotondi et al., 2012; Sydeman
et al., 2014) and the ways in which plankton communities adapt
to altered physical forcing (Richardson and Schoeman, 2004;
Montes-Hugo et al., 2009; Boyd, 2015; Cael et al., 2017). The
complex interactions of di�erent components of the BCP make
predictions of future changes in the BCP highly uncertain. As
a result, sustained large-scale measurements of carbon flux are
a research priority. Unfortunately, the most direct approach for
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FIGURE 3 | Comparison of flux estimates derived from sediment trap deployments and UVP algorithms using parameter values from (A) Guidi et al. (2008) and

(B) Iversen et al. (2010) with shaded areas as the 95% confidence interval of an OLS regression determined via non-parametric bootstrapping. Each point is cycle

averaged. Colors indicate vertically integrated NPP. Gray dashed lines are 1:1.

FIGURE 4 | (A) Size spectral slope of particles for the mixed layer (0–20 m) colored by sediment trap flux at 100 m. (B) Same as (A) at each sediment trap

deployment depth colored by the flux at that corresponding depth. Gray points are individual cast measurements, while colored points are cycle averages.

<272 µm in ESD. This is notable for two reasons. First, fecal
pellets often dominated flux into the sediment traps, particularly
during high flux periods (Morrow et al., 2018). Second, the Guidi
et al. (2008) and Iversen et al. (2010) algorithms explicitly exclude
particles with an ESD less than 250 and 150 µm, respectively,
and find a relatively insignificant contribution to flux for all
particles less than 500 µm. This inherent mismatch is due to
the assumption built into previous applications of the UVP-flux
approach that large particles such as marine snow aggregates
dominate carbon flux. Indeed, some studies have found that a
substantial portion of carbon flux was dominated by <64-µm
particles (Hung et al., 2010; Durkin et al., 2015). In our study,
32% of the fecal pellet fluxes was derived from pellets with an
ESD < 200-µm, while 63% was derived from pellets with a
width of <200-µm. We find that if the flux of fecal pellets is

added to the aggregate flux estimated by the Guidi et al. (2008)
algorithm, we achieve a much better fit than if the Guidi et al.
(2008) algorithm is used alone (Figure 5). While such an addition
is surely an oversimplification and double-counts the >250 µm
fecal pellets that are accounted for under the Guidi et al. (2008)
algorithm, it illustrates the beginnings of a potential avenue for
alleviating the apparent underestimation of flux. Furthermore,
because of the large exponent found in the Guidi et al. (2008)
algorithm, that algorithm assigns very little flux to particles in
the size range of even large fecal pellets. There is, however, still
a substantial misfit for cycles with low total flux. Despite the fact
that recognizable fecal pellets were relatively few in these samples,
the Guidi et al. (2008) algorithm substantially underestimated
flux. These samples typically had a more negative size spectral
slope (Figure 4). Hence it is possible that <60 µm fecal pellets

Frontiers in Marine Science | www.frontiersin.org 8 October 2019 | Volume 6 | Article 603

Fender et al. 2019. 10.3389/fmars.2019.00603 

L to R: Fit to “global” flux data 
(Guidi et al. 2008), fit to flux 
data from a different region
(Iversen et al. 2010) and fit to 
locally collected flux data.  

Take home:  hard to 
extrapolate particle size to C 
flux!

Guidi “global” 
coefficients

Iversen (2010) Canary 
Current coefficients

Local re-tuning 
of model
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There are no standards for converting images, light 
scattering/attenuation, or 234Th to moles of carbon!

Category 1:  Fluxes of sinking particles
• Non-imaging optical sediment traps:  Beam 

transmissometer, OST “v2”
• Imaging optical sediment traps:  Carbon Flux 

Explorer, Sedimentation Event Sensor, MINIONS
Category 2:  Stocks of large (sinking?) particles + 
estimates of sinking speed

• Optical “spikes”
• Underwater cameras
• In situ particle tracking velocimetry

Category 3:  Radiotracers measuring past flux (234Th)
• Thorium-234 sensor



In situ particle tracking velocimetry
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Iversen and Lampitt, 2020. 10.1016/j.pocean.2020.102445  

In situ settling speeds of marine snow aggregates 387 

Data from this research are amongst the first in situ measured settling speeds of aggregates 
below the mixed layer. In situ settling speeds of aggregates were measured in two distinct 
environments, the central Black Sea and the coastal northern Gulf of Mexico. Settling 
speeds were compared to aggregate diameter (equivalent spherical diameter, ESD) to 
investigate the relationship of these two parameters below the mixed layer. 

MATERIALS AND METHODS 

Marine Aggregate Settling Collector and Observation Tower (MASCOT) 

The Marine Aggregate Settling Collector and Observation Tower (MASCOT) consists of 
a sediment trap and two 35 mm cameras (see Fig. 1) with the objective of determining the in 
situ settling speeds and the flux of settling aggregates. The trap consists of an acrylic box 
with two distinct compartments, each with its own collecting cylinder on top. The collecting 
area of the trap is 0.00785 m* per trap cylinder. 

The cameras are LobsigerO rand deep-sea cameras with ELCANO 0” field of view lenses 
and dual head 50 Watt-second strobe lights. One camera, to measure settling speeds, is 
mounted horizontally (90’ angle) to view the side of the sediment trap. The other camera, 
mounted directly under the box looking up, records aggregate flux, by enumerating the 
number of aggregates in each size class arriving on the clear trap bottom per unit area and 
unit time. Both cameras take time-lapse photographs on rolls of black and white 

Horizontal Camera 

U Vertical Camera 

Fig. 1. Schematic of the Marine Aggregate Settling Collector and Observation Tower (MASCOT) 

Diercks et al: Scales of seafloor sediment resuspension in the northern Gulf of MexicoArt. 32, page 10 of 28  

of settling matter (Figure 6), though a multiple regres-
sion analysis revealed no significant overall correlation. 
The higher settling speeds at GC600 were associated with 
higher mineral and lower POC content, but variability was 
high during this time interval, obscuring the relationships.

Figure 7 presents in detail the variability of marine snow 
size and settling speed during the time period relevant for 

Hurricane Isaac. The diameter of marine snow increased 
on average from 0.8 mm ± 0.2 mm to 1.0 mm ± 3 mm  
(n = 76) on 31 August 2012, two days after Isaac made land-
fall on 29 August 2012. The variance in particle diameter 
was greatest during the peak in particle concentration, 
when the number of particles was counted in bi-hourly 
increments, on 2 September 2012 (Figure S1). A period 

Figure 6: Particle settling speed versus mean equivalent spherical diameter and percent mineral content. Set-
tling speed of particles versus equivalent spherical diameter (ESD) and percent mineral content from sediment trap 
data. Black dots represent data from the second trap deployment at OC26; triangles represent the available data at 
GC600. DOI: https://doi.org/10.1525/elementa.285.f6

Figure 7: Passage of Hurricane Isaac documented in ADCP and flux camera data at OC26. Bi-hourly particle flux 
calculated as outlined in methods section using fractal equation by Maggi (2013) per individual particle. Numbers of 
particles arriving in the flux camera are reflected in the uneven spacing of data points along the x-axis. Particle set-
tling speed, diameter and particle flux are plotted relative to the current speed. The two large peaks in current speed 
on 30 and 31 August are related to Hurricane Isaac passing over the mooring site. All dates are for the year 2012. DOI: 
https://doi.org/10.1525/elementa.285.f7

Diercks et al. 2018. 10.1525/elementa.285 
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Fig. 3. Log-normal distribution of settling speeds versus the aggregate diameter in the Black Sea 
deployment BSKZ, showing no statistically significant correlation between the two parameters. The 
curve shows theoretical values for aggregates settling after Stokes’ law, with assumed excess densities 

of 1 x 10-s g/cm3. 

sequence of frames, the aggregate settled vertically in an undisturbed manner (the black 
comet-shaped object in the pictures). On the first image of the following burst of images (1 h 
later), the aggregate had settled to the bottom of the trap, directly underneath the settling 
path. The overall length of the comet shaped aggregate was approximately 20 mm, and the 
diameter of the head was approximately 4 mm. A very small aggregate (dark spot to the 
right of the comet), settled at a similar speed. On the last image at 1 h (Fig. 4d), the very 
small aggregate had also settled to the bottom of the trap, and a new, somewhat larger, 
aggregate (see arrow in Fig. 4d) had arrived in the trap and settled down to the right of the 
path of the very small aggregate. Individual aggregates were identified on successive images 
by their position and size in reference to the location on the previous image. 

In addition to the slow settling aggregates, faster ones arrived in the trap but were 
measured only once, because they only showed up in two images, and hence no standard 

Diercks and Asper 1997. 
10.1016/S0967-0637(96)00104-5

Both studies:  No relationship 
between particle size and sinking 
speed... 
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There are no standards for converting images, light 
scattering/attenuation, or 234Th to moles of carbon!

Category 1:  Fluxes of sinking particles
• Non-imaging optical sediment traps:  Beam 

transmissometer, OST “v2”
• Imaging optical sediment traps:  Carbon Flux 

Explorer, Sedimentation Event Sensor, MINIONS
Category 2:  Stocks of large (sinking?) particles + 
estimates of sinking speed

• Optical “spikes”
• Underwater cameras
• In situ particle tracking velocimetry

Category 3:  Radiotracers measuring past flux (234Th)
• Thorium-234 sensor



In situ Thorium-234 detector
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Multiply depth-
integrated 234Th 
deficit 
(dpm/area/time) 
by C:Th ratio 
(mol/dpm) of 
sinking particles

Can 234Th be measured in situ?  
Figures:  K. Buesseler, WHOI, unpublished
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Category 1:  Fluxes of sinking particles
• Specific to sinking particles, measures flux directly
• Sinking particle capture efficiency can vary, not 

many off-the-shelf sensors (many prototypes...)
Category 2:  Stocks of large (sinking?) particles + 
estimates of sinking speed

• Several off-the-shelf sensors under widespread 
use

• Not always straightforward to determine particle 
sinking speeds

Category 3:  Radiotracers measuring past flux (234Th)
• Direct flux measurement, may also capture DVM
• No sensor available, yet...

• Non-imaging optical sediment traps:  Beam 
transmissometer, OST “v2”

• Imaging optical sediment traps:  Carbon Flux Explorer, 
Sedimentation Event Sensor, MINIONS

• Optical “spikes”
• Underwater cameras
• In situ particle tracking velocimetry

• In situ Thorium-234 sensor

There are no standards for converting images, light scattering/attenuation, or 
234Th to moles of carbon!


