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Abstract 
 

The biological carbon pump in the North Atlantic Ocean is powered by 

the annual spring phytoplankton bloom. These primary producers use inorganic 

carbon in the surface oceans and convert it into organic carbon, a fraction of 

which is exported out of the surface mixed layer and sequestered  at depth. 

Determining the rate of carbon flux below the maximum winter mixed layer 

depth, driving  sequestration on annual or longer timescales, is critical to 

understanding the North Atlantic carbon cycle. 

To constrain daily-to-annual scale changes in carbon export in the 

subpolar North Atlantic, I analyzed seven years of daily optical backscatter 

depth profiles (200-2600 m) collected from the subsurface profiler mooring at the 

Ocean Observatories Initiative (OOI)’s Global Irminger Sea Array from 

September 2014 to May 2021. This is the longest-running time series of daily, 

year-round optical backscatter profiles that has been collected in this region, 

providing novel opportunities to assess seasonal and interannual variations in 

particulate organic carbon (POC) flux to depth.  

This analysis, focused on large particles and aggregates identified from 

optical backscatter spikes, shows annual pulses of sinking particles initiating in 

May to June during each year of our seven-year time series, consistent with these 

export pulses being driven by organic matter production during the spring 



phytoplankton bloom. These pulses of particles sink through the water column at 

rates ranging from 10 and 30 meters per day, and though particle concentration 

attenuates through the water column due to remineralization, coherent large 

particle pulses generally extend deeper than 1500 m, the deepest maximum 

annual mixed layer depth over this period. Although deep winter mixing in this 

region requires sinking particles to penetrate much deeper than in other parts of 

the ocean to be sequestered long-term, pulses of large particles consistently 

penetrate to below even the deepest annual mixed layer depths in the region, 

highlighting the importance of these large particle pulses to carbon sequestration 

at depth in the subpolar North Atlantic. 
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1. Introduction 
1.1. The Subpolar North Atlantic Ocean’s Biological Carbon Pump 

 Ocean absorption of carbon dioxide from the atmosphere is an important 

mechanism in the global carbon cycle (DeVries, 2022). The annual net 

atmosphere-ocean flux of 2.6±0.4 Pg C yr-1 offsets a significant fraction of the 

annual release of 10 Pg C yr-1 into the atmosphere from the burning of fossil fuels, 

indicating that the ocean acts as a strong carbon sink (DeVries, 2022; 

Friedlingstein, et al., 2023; Watson, et al., 2020). While the majority of the ocean’s 

absorption of anthropogenic carbon has been driven by chemical and physical 

mechanisms, biological processes also play an important role in the ocean’s 

ability to sequester carbon into its depths and in regulating global climate (Boyd, 

et al., 2019). 

The biological carbon pump is the biologically driven flux of organic 

carbon through various pathways, by which carbon is fixed by phytoplankton in 

the surface ocean, and sinks or is transported out of the surface and is stored in 

the deep ocean (Boyd, et al., 2019). For example, the biological gravitational 

pump is driven by the gravitational settling of particles downwards through the 

water column, and accounts for nearly 90% of the vertical dissolved carbon 

gradient. Sinking rates within this mechanism are governed by Stokes’ Law, 

meaning particles with larger radii (and consequently, larger particles) will 

generally sink faster (Boyd, et al., 2019). Deeper in the water column, there is a 

characteristic decline in particulate organic carbon (POC) flux as a fraction of the 

sinking POC is lost to respiration (termed as remineralization), defined by a 

power law relationship known as the Martin Curve (Martin, et al., 1987). In order 
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for carbon to be sequestered in the deep ocean on time scales of at least one year, 

it must sink below the maximum annual mixed layer depth (the deepest depth in 

contact with the atmosphere over the course of a year) which occurs during the 

winter in most parts of the ocean. Some carbon will be remineralized within the 

seasonal thermocline (the portion of the water column between the shallowest 

and deepest seasonal mixed layer depths) and be reintroduced into the mixed 

layer (and subsequently, the atmosphere) when the mixed layer depth deepens 

again during the winter (Palevsky & Nicholson, 2018). Only the carbon which 

avoids remineralization within the seasonal thermocline and sinks below the 

maximum annual mixed layer depth is stored on climate-relevant timescales. 

 The subpolar North Atlantic Ocean has received significant attention in 

the scientific community’s efforts to study the role of the biological carbon pump 

in marine carbon cycle (Sanders, et al., 2014). The North Atlantic experiences a 

large annual spring phytoplankton bloom, which drives a significant flux of POC 

from the surface oceans (Briggs, et al., 2011). The bloom’s biological community is 

dominated by relatively large phytoplankton such a diatoms and 

coccolithophores, which both possess biomineralized tests that promote sinking 

(Sanders, et al., 2014; Rembauville, et al., 2017; Lacour, et al., 2019). However, in 

addition to these biological processes driving strong flux of carbon to the deep 

ocean, the subpolar North Atlantic also exhibits some of the deepest winter 

mixed layers on the planet, with regions such as the Irminger Sea1 developing 

 
1 Named for Danish Vice Admiral Carl Irminger. 
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mixed layers in excess of 800 m and the Labrador Sea2 up to 1800 m (Holte, et al., 

2017). Sinking organic particles must sink past the maximum winter mixed layer 

depth in order to be sequestered on annual or longer timescales (Palevsky & 

Nicholson, 2018). Assessment of the role of the subpolar North Atlantic 

biological pump in sequestering carbon from the atmosphere on climate-relevant 

time scales therefore requires continuous year-round biogeochemical 

observations of the water column, especially organic particles sinking below the 

winter mixed layer depth. However, wintertime research cruises are not possible 

at these latitudes due to harsh weather conditions, which has restricted the 

temporal range of prior studies using shipboard methods. 

 
 
1.2. The Ocean Observatories Initiative 

 The Ocean Observatories Initiative (OOI) is a National Science Foundation 

(NSF)-funded project dedicated to long-term multidisciplinary observations of 

ocean basins (Smith, et al., 2018; Trowbridge, et al., 2019). OOI employs common 

sensors throughout its multiple arrays, enabling open science practices while 

providing publicly available time series data sets capturing important 

oceanographic variables at a variety of sites (Palevsky, et al., 2024). Global 

Arrays, such as those located at Station Papa3, in the subarctic northeast Pacific, 

or in the Irminger Sea of the subpolar North Atlantic, are composed of both 

 
2 Named for Portuguese explorer João Fernandes Lavrador, and let’s be honest, that’s more than 
a little weird. 
3 Ocean Station Papa has a fascinating history. During World War II, weather data played an 
important role in the Battle of the Coral Sea, and in 1942 the United States Navy established 
Ocean Weather Station Peter in the Gulf of Alaska (50ºN, 140ºW). USCGC Haida (WPG-45) was 
assigned to weather ship duty at this post, and since then various weather and ocean observing 
efforts have occurred at this site (Freeland 2007). 
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moored and mobile assets appropriate for measuring air-sea interactions and 

quantifying chemical, physical, and biological properties through the entire 

water column. 

The OOI Global Irminger Sea Array (60.4582ºN, 38.4407ºW) consists of 

four moorings arranged in a triangular configuration (Figure 1). This site was 

prioritized by OOI in its early planning stages as it is a location associated with 

strong atmospheric forcing and ocean-atmosphere coupling, enabling strong 

carbon sequestration driven by physically- and chemically-driven uptake, in 

addition to  organic carbon from the annual spring phytoplankton bloom that 

sinks through the water column and is sequestered at depth (Smith, et al., 2018; 

Trowbridge, et al., 2019). The OOI has maintained this array since September 

2014 and returns to this site annually to maintain and re-deploy gliders and 

moorings. The OOI intends to observe this site for at least two decades, which 

will elucidate questions about the interplay between the atmosphere and the 

surface and deep ocean (Smith, et al., 2018; Trowbridge, et al., 2019). 
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Figure 1. Map of the Ocean Observatories Initative’s Global Irminger Sea Array (NSF Ocean 
Observatories Initiative). This thesis focuses on bio-optical measurements, namely chlorophyll-a 
(μg/L) and optical backscatter (m-1), drawn from Sea-Bird/WET Labs ECO fluorometers on the 
Apex Profiler Mooring (1). For a summary of all biogeochemical sensors deployed across the entire 
array, see Figure A.2 in Palevsky et al. (2023). 
 
1.3. Thesis Overview 

 In this thesis, I use bio-optical backscatter data drawn from the OOI 

Global Irminger Sea Array to investigate the seasonal and annual patterns of 

POC export via the biological carbon pump in the Irminger Sea. The OOI Global 

Irminger Sea Array is the longest time series available (nine years and counting) 

of biogeochemical and bio-optical water column profile measurements at daily-

scale resolution in the subpolar North Atlantic. I use the bio-optical data 

available at this site in order to elucidate the timing and magnitude of the annual 

spring phytoplankton bloom, and subsequent POC export. This investigation is 

driven by the following questions: 

1. What is the annual rate of POC flux driven by large sinking particles in 

the Irminger Sea? 
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2. How much POC sinks below the maximum annual mixed layer depth, 

such that it is sequestered from the atmosphere on annual or longer time 

scales, and how much is instead remineralized within the seasonal 

thermocline, and ventilated back into the atmosphere when the mixed 

layer deepens in winter? 

3. How does POC flux driven by large sinking particles attenuate deeper 

within the water column due to remineralization? 

4. How do interannual variability in the timing and the magnitude of the 

annual spring phytoplankton bloom and winter mixed layer deepening 

influence interannual variability in the amount of carbon sequestered by 

POC flux?  
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2. Methods 
The data analyzed in this thesis are derived from the OOI Irminger Sea 

subsurface profiler mooring, located at the northernmost apex of the array 

(Figure 1).  

 
 
Figure 2. A schematic of the Apex Profiler Mooring at the Global Irminger Sea Array (NSF Ocean 
Observatories Initiative). The Wire-Following Profiler (WFP) generates profiles between 240 and 
2592 m depth roughly every 20 hours. This WFP carries a Sea-Bird Scientific/WET Labs ECO 
PuckTM 2-wavelength fluorometer, a Falmouth Scientific ACM-Plus single point velocity meter, an 
Aanderaa 4330 oxygen optode, and a Sea-Bird SBE 52MP CTD, which measures salinity (from 
conductivity), temperature, and depth (from pressure). 
 
The subsurface Wire-Following Profiler (WFP), a design modified for OOI based 

on the McLane Moored Profiler, collects both upwards and downward-moving 

vertical profiles from nominal depths of 240 - 2592 m, with profiles occurring 

roughly every 20 hours (Figure 2).  Bio-optical data are collected by a Sea-Bird 

Scientific/WET Labs ECO Puck™ 2-wavelength fluorometer (NSF Ocean 

Observatories Initiative), which measures optical backscatter (at a red 
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wavelength of between 640 and 730 nm, roughly 700 nm) and fluorometric 

chlorophyll-a concentration. The WFP also carries a 3-D single point velocity 

meter (Falmouth Scientific ACM-Plus), an oxygen optode (Aanderaa 4330), and a 

Sea-Bird SBE 52MP CTD, which measures salinity (determined from 

conductivity), temperature, and depth (determined from pressure). 

The OOI program conducts annual turn-around cruises to the Irminger 

Sea Array4, during which the prior year’s WFP mooring is recovered and a new 

WFP mooring with an identical configuration and set of sensors is deployed. 

These cruises are imperative for several reasons. First, sensors such as the WET 

Labs ECO PuckTM will “drift” as the light source ages and require regular in situ 

calibration. Additionally, biofouling communities impact the measurements 

collected by the WFP’s sensors (Palevsky, et al., 2023) and must be removed as 

part of regular sensor maintenance and refurbishment. 

 OOI standard practices for bio-optical sensor deployment and calibration, 

and for raw data processing completed internally by the OOI program are 

provided in Chapter 5 of the OOI Biogeochemical Sensor Data Best Practices and 

User Guide (Palevsky, et al., 2023). Bio-optical data from the WFP made publicly 

available by the OOI were downloaded for use in this study from the OOINet 

Data Portal (NSF Ocean Observatories Initiative). Data used in this study are the 

Level 2 total optical backscatter (m-1), Level 1 fluorometric chlorophyll-a 

concentration (μg/L), Level 1 temperature (ºC), Level 2 practical salinity, and 

seawater pressure (dbar). Temperature, salinity, and pressure are converted from 

 
4 These cruises typically use Woods Hole Oceanographic Institution’s RV Neil Armstrong (AGOR-
27). 

https://ooinet.oceanobservatories.org/
https://ooinet.oceanobservatories.org/
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the OOI-provided units to conservative temperature, absolute salinity, and depth 

using the Thermodynamic Equation of Seawater - 2010 (TEOS-10) equations as 

implemented in the Gibbs Seawater Oceanographic Toolbox (McDougall & 

Barker, 2011). Mixed layer depths are calculated from WFP data using a 

combination of chlorophyll-a, temperature, and salinity data (Yoder, et al., 2024). 

 Prior to interpretation, total optical backscatter data were filtered to 

identify and remove outliers (comparable to a Gross Range or Climatology Test; 

see Palevsky, et al., 2023). For the analysis in this thesis, the threshold selected for 

total optical backscatter outlier removal was 0.005 m-1, chosen based on a 

histogram of all total optical backscatter data measured by the WFP across all 8 

deployment years (2014-2021) analyzed here (Figure 3a). These anomalously 

large optical backscatter measurements could reflect sensor malfunction or, more 

likely, represent conditions such as a particle being stuck on the fluorometer’s 

optical window. 

 

 
Figure 3. a) Histogram of all total optical backscatter measurements from the OOI Irminger Sea 
WFP over the full time series record analyzed in this thesis. Values greater than 0.005 m-1 were 
defined as outliers and removed prior to further analysis. These outlier values most likely reflect 
particles stuck onto the sensor’s optical window, which can produce anomalously large optical 
backscatter signals that do not reflect the particles within the surrounding water column. b) Total 
optical backscatter measurements remaining after removing the full profiles from all points 
identified as outliers (6.34% of the data shown in panel a). 
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 . For all points identified as outliers, the full profile containing the outlier 

was removed from the dataset prior to subsequent analysis. Ultimately, 172,646 

points (reflecting every point within 208 profiles containing at least one outlier) 

out of the total 2,722,109 observations are removed, representing 6.34% of the 

data.  Particulate backscattering (bbp) was calculated from the remaining total 

optical backscatter data (Figure 3b) following Equation 1 from Briggs, et al. 

(2011): 

 !!" = 2$%('#$#%& − ''()       Eqn. 1 

where βtotal is total optical backscatter, βsw is the volume scattering function of 

seawater, calculated following Zhang et al. (2009), and the χ factor for ECO pucks 

is 1.077 (Sullivan, et al., 2013). 

 This analysis focuses on the largest, fastest-sinking particles, which are 

mostly likely to penetrate deep within the water column prior to being 

remineralized. Optical backscattering due to large particles was determined from 

bbp by applying a filter to identify spikes due to large individual particles, 

separating these spikes from the portion of the signal due to small labile and 

refractory particles (Figure 4; Briggs, et al., 2011; 2020). 
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Figure 4. Example of the processing approach applied to all profiles in the time series, shown for a 
profile from July 7, 2015. a)  Measured total optical backscattering (βtotal) and the seawater volume 
scattering function (βsw), which are used to calculate b) particulate backscatter (bbp), following 
equation 1. For each profile, the small labile and refractory particle portion of the bbp signal is 
calculated by taking a 20-point moving maximum of the 20-point moving minimum (shown as the 
background line in black panel b). c) Optical backscatter spikes , representing large particles, are 
the bbp data from panel b minus the background signal. 
 
For each profile, the small labile and refractory particle portion of the bbp signal is 

calculated by taking a 20-point moving maximum of the 20-point moving 

minimum, which is roughly at 50-meter resolution through the entire water 

column, similar to prior analysis with Argo float data (Briggs, et al., 2011; 2020). 

The background is then subtracted from the bbp signal to determine the particulate 

backscattering from large particles (bbl). 

 The timing and magnitude of annual pulses of large sinking particles were 

calculated within 50-meter depth bins between 200 and 2000 meters (e.g., 200 to 

250 meters, 250 to 300 meters, …, 1950 to 2000 meters), for a total of 36 depth 
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bins. Profiles within the WFP time series record contain a median of 20 bbl 

measurements per depth bin, and profiles are only used for further analysis if all 

depth horizons within the profile contain at least 14 bbl measurements per depth 

bin. The maximum of each large sinking particle pulse within each depth bin is 

identified by calculating the 6-profile (~120 hour) moving mean of the 95th 

percentile of all bbl data within a given depth bin from each profile (example for 

three depth bins shown in Figure 5).The 95th percentile was selected to identify 

the largest particles observed while reducing sensitivity to potential outlier 

values when using the maximum bbl within each depth bin (Figure A1). The time 

and magnitude of the annual maximum of the 6-profile moving mean within 

each 50-m depth bin was identified and used for further analysis of the sinking 

pulses described below. In 2016, two sinking pulses were evident, and two 

maxima are calculated for this year: one prior to and one after August 1. 
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Figure 5. Time series of optical backscatter spikes (processed as illustrated in Figure 4) at three 
selected depth horizons (250 to 300 m, 500 to 550 m, and 850 to 900 m). Dots are the 95th percentile 
of all spikes within the 50-m depth bin for each profile and lines are the 6-profile moving mean of 
the profile-specific data points shown with the dots. The yellow dots show the annual maximum 
value of the 6-profile (~120 hour) moving mean, which identifies the timing and magnitude of the 
annual spring-summertime pulse of large sinking particles at each depth. In 2016, two sinking 
pulses were evident in the record, and so two maxima were identified, one from each pulse.  
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3. Results and Discussion 
 Figure 6 shows the entire 7-year time series of large particles identified 

from the WFP data throughout the water column below 200 m. As expected 

based on prior work (e.g. Briggs, et al., 2011), we observe a strong export pulse of 

large particles occurring in the summer months, after the development of the 

annual spring phytoplankton bloom. Our observations throughout the full water 

column and full annual cycle show that these particles penetrate deep into the 

water column, in multiple years clearly evident to below 1500 m (Figure 6). 

 
Figure 6. The 7-year time series of large particles, determined from optical backscatter spikes. The 
cyan dots show the identified annual maximum of each large sinking particle pulse within each 
50-m depth bin (see Figure 4 for details and illustration of how maxima are identified). The 
magenta dots show the depth of the mixed layer during periods where the mixed layer reaches to 
at least 200 m. 
 
The deep depths reached by these sinking particles are important to the ability of 

this export flux to contribute to long-term carbon sequestration, since winter 

mixing also extends to nearly 1500 m in many years within this time series 

record. The full time series also record also shows strong interannual variability, 

both in the concentrations of large particles within each annual pulse of sinking 

particles and the depth of winter mixing, with larger pulses of sinking large 

particles as well as deeper winter mixing in the earlier part of the OOI record 

(2014-2018) as compared to the subsequent years (2019-2021). 
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 To quantitatively assess the fate of the sinking particles from each export 

pulse, POC flux attenuation may be described using a power law relationship, 

commonly referred to as the “Martin Curve” expressed here as Equation 2 

(Martin, et al., 1987; Buesseler, et al., 2020): 

 *) = **++ + )
*++,

,!
        Eqn. 2 

Under this parameterization, Fz is the sinking flux of POC (mol C m-2 d-1), at 

depth z. The other side of the equation expresses the POC flux at a reference 

depth of 100 meters as F100, with the fraction z/100 expressing the relationship 

between depth z and reference depth 100 meters. The exponent b describes the 

attenuation of POC flux between these depths. The unitless b value of 0.86, 

determined based on the original dataset compiled by Martin, et al., 1987 

represents a roughly 90% decline in POC flux between 100 meters and 1000 

meters (Buesseler, et al., 2020). The b scaling parameter may be found using 

known sets of depths and optical backscatter values for the water column within 

an annual export pulse. 

 Remineralization of sinking particles through the water column leads to 

attenuation with depth of both the POC flux, and of the concentration of POC 

itself. Here, we use a modified version of this power law expression to describe 

the attenuation of POC with depth (Cael & Bisson, 2018): 

 - = ./,!         Eqn. 3 

The y parameter is the depth (m) of a bin containing optical backscatter spikes, 

while the x parameter is the maximum size of an optical backscatter spike in the 

same bin (m-1; a proxy for large POC concentration), while c acts as a scaling 



16 
 
 
 

coefficient. The b scaling parameter is found using known sets of depths and 

optical backscatter values for a water column within a given annual export pulse 

and describes attenuation in the same way that b does in Martin’s original 

expression. We constructed this parameterization on an annual basis for this 

study, using depth of the local maxima at each depth horizon (m) as the 

independent variable and the magnitude of the local maxima (m-1) as the 

dependent variable (Figure 7). 

 Figure 7 shows the sinking rates and flux attenuation for large particle 

pulses from three years within this time series, selected because they each 

include a complete gap-free record of the sinking particle pulse. To determine the 

sinking rate, we use a linear regression fit with date/time as the independent 

variable and depth (m) as the dependent variable. We find that in 2015, 2016, and 

2018, the export pulse occurs in the boreal summer into the early autumn, and 

that the sinking rate is between 10 and 30 meters per day, which is consistent 

with values found in the literature (Briggs, Dall’Olmo, & Claustre, 2020). 

 We use the same particle pulses to calculate flux attenuation. By fitting 

optical backscatter spike size (m-1) and depth (m) to Equation 3, we find b scaling 

parameters ranging from 0.877 (similar to the original b value from Martin, et al., 

1987) to 1.34, with greater values of b indicating slower flux attenuation with 

depth. 
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Figure 7. Calculation of sinking rates and attenuation of POC within large particle pulses from 2015 
(top), the first pulse from 2016 (middle), and 2018 (bottom). The left-hand plots show the date of 
the maximum of the large particle pulse identified for each 50-m depth bin (see example shown in 
Figure 5 and cyan dots in Figure 6). Sinking rate is determined by linear regression (red line, with 
the dashed lines showing the regression uncertainty). The sinking rates shown at the top of each 
plot are the slope of the linear regression. The right-hand plots show the magnitude of the 
maximum spike within each 50-m depth bin. The red lines are a fit to the data following the form 
y = cx-b (Eqn 3). 
 
 These results highlight the importance of both seasonal and interannual 

variability in the seasonal timing and annual magnitude of carbon export and 

long-term sequestration via the biological carbon pump in this region. We 

observed both strong interannual variability in both the maximum annual mixed 
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layer depth (ranging from 400 to 1300 m over this time series) and the timing and 

magnitude of the sinking particle pulse driven by the annual spring 

phytoplankton bloom, which together influence the magnitude of carbon 

sequestered by sinking particles over annual and longer time scales. These 

findings are consistent with results of a mixed layer DIC budget analysis, which 

found high interannual variability in the magnitude of organic carbon flux from 

the seasonal mixed layer (Yoder, et al., 2024). The ultimate amount of carbon 

sequestered long-term will depend on the interplay between the magnitude of 

flux from the surface ocean, the rate of attenuation within the water column, and 

the depth below which sinking flux must penetrate to reach deeper than the 

subsequent winter’s deepest mixed layer depth. This thesis shows that, amidst 

these competing influences, pulses of large particles consistently penetrate to 

below even the deepest annual mixed layer depths in the region (Figure 6), 

highlighting the need for further work to evaluate the role of large sinking 

particles in driving long-term biological carbon sequestration in this region. 
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4. Conclusions and Future Work 

 This work shows the power of the combined time-series of physical and 

biogeochemical sensor data provided by the OOI. The continuous time series at 

the Irminger Sea Array clearly captures the seasonal and interannual variability 

of the phytoplankton bloom at this site through the entire water column and can 

be used to evaluate the timing and magnitude of carbon export, as well as how 

carbon export attenuates with depth. While the maximum annual mixed layer 

depth varies year to year, optical backscatter spikes indicating POC are evident 

deeper within the water column, showing that carbon sequestration occurs at 

some magnitude every year within the Irminger Sea. 

 A seasonal export pulse was observed continuously from start to finish in 

three of the seven years of observations used in this analysis. In all of these years, 

the sinking rate is between 10 and 30 meters per day, all within the same order of 

magnitude and consistent with values seen in the literature (Briggs, Dall’Olmo, & 

Claustre, 2020). In 2016, the b scaling parameter was found to be 0.877, which is 

comparable to that expressed in Martin’s expression of the Martin Curve (1987), 

indicative of a similar decline in POC flux of roughly 90% between 100 and 1000 

meters. These results are in line with our present understanding of the marine 

carbon cycle and show that OOI’s public data can be used to conduct 

biogeochemical analyses over long time intervals in inhospitable ocean basins. 

In the late stages of preparing this thesis, the NSF announced a $220 

million award to continue operating and funding the OOI for an additional five 

years. This award ensures that this time series can be extended into the next 

decade, providing further context on the role of interannual and seasonal 
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variability in North Atlantic carbon export. Similarly, one could apply the 

analyses described here to other profiler-equipped OOI arrays, which would 

elucidate the mechanisms of the carbon cycle in other ocean basins. 

OOI arrays are not the only autonomous oceanographic platforms 

equipped with biogeochemical sensors. These methods draw on prior work that 

has previously been and will likely continue to be applied to Slocum Gliders5 and 

Argo floats6, especially to capture near-surface POC export. The combination of 

moored profilers, such as the WFP data analyzed here, and mobile profiling 

gliders and floats, all increasingly equipped with biogeochemical sensors, offer 

synergistic capabilities. As the deployment of such bio-optical sensors continues 

to grow worldwide, this will potentially expand the geographic footprint of 

similar analyses of POC flux to a global scale, further improving our 

understanding of the biological carbon pump in the marine carbon cycle. 

 
  

 
5 The Slocum glider is named after Captain Joshua Slocum, who was the first person to 
circumnavigate the planet alone, aboard the Spray. He disappeared in November 1909 aboard the 
Spray, headed for the Amazon. Tangentially, there are also gliders known as Spray gliders, after 
Slocum’s vessel of choice. 
6 Yes, like the Argo of Greek myth. The logo for this collaboration appropriately features a Greek 
trireme, though it may also reference the RV Argo (ARS-27) formerly operated by the Scripps 
Institution of Oceanography, whose bell adorns Sumner Auditorium to this day. As a fun 
curiosity, the author has had the pleasure of deploying two BGC-Argo floats while underway 
aboard the RV Sally Ride (AGOR-28), also operated by Scripps. 
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Appendix 

“I am Lord Nelson. See, here’s my fin.” 
 - Vice Admiral Horatio Nelson 

 
The code for this analysis may be found on GitHub, at the following address: 
https://github.com/joemcuevas/Irminger_Jose_Backscatter.  
The master script is called EngineRoomStartUp.m, and it will call other 
functions to do calculations as elaborated in the pseudocode. This pseudocode 
can serve as an introduction for a researcher who would like to replicate this 
analysis, or apply it to similarly-formatted bio-optical data. 
 
MATLAB Guide 
 
Functions 
backscatterpresentationfig.m - Produces a green gridded 
plot based on the optical backscatter measurements at each 
depth at each temporal point, as well as the maximum 
optical backscatter measurement every fifty meters within 
each annual sinking pulse. 
BGCPlot.m - Plots the chlorophyll concentration at the 
surface and at depth over the entire time series, using all 
fixed-depth sensors as well as the wire-following profiler 
data. 
Briggs2011PlotFun.m - This function plots an individual 
optical backscattering profile before and after the removal 
of the background noise. 
ChlaBksctrPlotFun.m - Plots chlorophyll and potential 
density as a function of depth, and relative to the mixed 
layer depth. 
ChoiceJustificationPlotting.m - Produces figures for the 
Methods section 
 
Variables 
 
Pseudocode and Calculations 

● All calculations are run through the 
EngineRoomStartUp.m script 

o Add paths containing downloaded OOI data and all 
essential functions 

o Download OOI Global Irminger Sea profiler 
fluorometer data for all seven years using the 
load_HYPM_flord_fun.m function. 
▪ Each annual deployment is saved into its own 

data structure (Yr1wfp, Yr2wfp, … Yr7wfp) 

https://github.com/joemcuevas/Irminger_Jose_Backscatter
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▪ Data are downloaded from the OOI Data 
Explorer 

▪ NetCDF (.nc) files for all seven deployments 
are unpacked 

● Unpacks variables of time, longitude, 
latitude, temperature (ºC), practical 
salinity, pressure, optical backscatter 
(m-1), total scattering coefficient (m-
1), and chlorophyll concentration 
(0g/L) 

● Calculates absolute salinity, 
conservative temperature, and potential 
density using the Gibbs Seawater 
Toolbox 

● Converts fluorometer time to MATLAB 
time using convertTime.m 

● Calculates depth (m based on pressure 
and latitude using the Gibbs Seawater 
Toolbox) 

● Assigns profile indices 
o Remove outliers using OutlierFilterFun.m 

▪ Run over each annual deployment’s data 
structure 

▪ Outliers defined as all optical backscatter 
readings greater than or equal to 0.005 m-1 

▪ Replaces all data in all profiles containing 
any outliers with NaN values 

▪ Calculate the number of outliers removed 
this way 

o All deployments are placed into a single data 
structure using wfpmergescript.m 
▪ New wfpmerge structure contains time, depth, 

density, backscatter without outliers (m-1), 
backscatter with outliers, total scattering 
coefficient, chlorophyll concentration, 
profile index, up/down index, depth grid, 
and a second profile index data field 

o Remove the background from the optical 
backscatter  
▪ Uses the wfpmergeindexfilter.m script 
▪ Applies a 50 m moving maximum of a 50 m 

moving minimum over each optical 
backscattering profile in order to calculate 
the background signal 

▪ Subtracts the background from each profile 
o Load mixed layer depth data 
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o Calculate Sinking Rates with SinkingPulseVertHP.m 
▪ Define depth intervals and bins 

● Minimum Depth 200 m, Maximum Depth 2000 
m, Intervals 50 m 

● Express as a vector 
([mindepth:depthint:maxdepth]) for use 
in further calculations 

▪ Initialize profile by depth bin-sized 
structure to hold variables 

● Using an optical backscatter profile to 
approximate daily-scale changes 

▪ Loop over each profile and extract all 
optical backscatter spikes within a given 
depth bin 

● Calculate mean, standard deviation, 
maximum, median, and 95th percentile 
for each depth bin 

▪ Quality check by removing all profiles with 
an insufficient number of data points 

● Tolerance set at 14 points (based on 
histogram of number of points per bin) 

▪ Create a filtered data set using only usable 
depth profiles 

● Keeps summary statistics and profiles 
of profiles containing sufficient data 

▪ Address hiatuses in data set 
● Identify large temporal gaps 
● Insert NaNs into data set where large 

gaps exist 
▪ Calculate moving mean over binned data 

● Moving mean calculated over every six 
profiles (representing 120 hours) 

▪ Calculate maximum of sinking pulse in each 
year for each depth bin 

● Date window set between 1 May and 31 
October for every year between 2015 and 
2020 inclusive 

● Saves maximum backscatter value, index 
of that value, and time of that value 
for each year and depth. 

o SinkingPulseAndMartinCurveCalculationsBinned 
▪ Calculate Sinking Rate 

● Run linear regression for a given year 
using time as the independent variable 
and depth as the dependent variable 
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▪ Define a custom fit for the Martin Curve 
using the equation ‘c*x.^-b’ and the fittype 
function 

● Calculate the c and b parameters using 
depth as the independent variable and 
optical backscatter spike magnitude as 
the dependent variable 

o Visually grid optical backscatter spikes 
▪ Create time and depth grids 

● 3 day depth bins running from start of 
first deployment to end of final 
deployment 

● 100 m depth bins running from 0 to 2573 
meters (entirety of water column) 

▪ Grids saved as fields within the wfpmerge 
structure 

o Plot all data using 
SinkingPulseAndMartinCurveCalculationsBinned.m 
and backscatterpresentationfig.m 
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Appendix Figures 

 
Figure A1. Time series of optical backscatter spikes (processed as illustrated in Figure 4) at three 
selected depth horizons (250 to 300 m, 500 to 550 m, and 850 to 900 m). Dots are the 95th percentile 
of all spikes within the 50-m depth bin for each profile and lines are the 6-profile moving mean of 
the profile-specific data points shown with the dots. The yellow dots show the annual maximum 
value of the 6-profile (~120 hour) moving mean, which identifies the timing and magnitude of the 
annual spring-summertime pulse of large sinking particles at each depth. In 2016, two sinking 
pulses were evident in the record, and so two maxima were identified, one from each pulse.  
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