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Abstract Sinking organic matter in the North Atlantic Ocean transfers 1–3 Gt carbon yr21 from the
surface ocean to the interior. The majority of this exported material is thought to be in form of large,
rapidly sinking particles that aggregate during or after the spring phytoplankton bloom. However,
recent work has suggested that intermittent water column stratification resulting in the termination of
deep convection can isolate phytoplankton from the euphotic zone, leading to export of small par-
ticles. We present depth profiles of large (>0.1 mm equivalent spherical diameter, ESD) and small
(<0.1 mm ESD) sinking particle concentrations and fluxes prior to the spring bloom at two contrasting
sites in the North Atlantic (61.308N, 11.008W and 62.508N, 02.308W) derived from the Marine Snow
Catcher and the Video Plankton Recorder. The downward flux of organic carbon via small particles
ranged from 23 to 186 mg C m22 d21, often constituting the bulk of the total particulate organic car-
bon flux. We propose that these rates were driven by two different mechanisms. In the Norwegian
Basin, small sinking particles likely reached the upper mesopelagic by disaggregation of larger, faster
sinking particles. In the Iceland Basin, a storm deepened the mixed layer to >300 m depth, leading to
deep mixing of particles as deep as 600 m. Subsequent restratification could trap these particles at
depth and lead to high particle fluxes at depth without the need for aggregation (‘‘mixed-layer
pump’’). Overall, we suggest that prebloom fluxes to the mesopelagic are significant, and the role of
small sinking particles requires careful consideration.

1. Introduction

The uptake of carbon dioxide by phytoplankton in the surface ocean and subsequent sinking of this organic
matter to the ocean’s interior—a process termed the ‘‘biological carbon pump’’—plays an important role in
controlling atmospheric carbon dioxide concentrations [Falkowski et al., 1998]. Most of this sinking organic
matter is thought to be carried by large aggregates (>0.5 mm [Alldredge and Silver, 1988]) composed of a
mix of material including phytoplankton, detritus, inorganic matter, zooplankton moults, fecal material, and
micro-organisms. This ‘‘marine snow’’ forms via physical coagulation and zooplankton-mediated aggrega-
tion [Kiørboe, 2001] predominantly in the upper ocean (mixed layer). Aggregates that sink below the mixed
layer (‘‘export’’) are rapidly consumed and reworked by the resident biota, thus forming the base of the
mesopelagic food web [Giering et al., 2014].

Particle formation via aggregation takes place most readily when phytoplankton concentrations are high
[Jackson, 1990], for example, toward the end of a diatom bloom [Burd and Jackson, 2009]. In mid and high-
latitude oceans, spring diatom blooms are a major feature of the annual cycle in plankton biomass and pro-
duction. During the bloom phytoplankton reach a critical concentration at which aggregation occurs, lead-
ing to the formation and downward flux of aggregates [Jackson, 1990, 2005; Kiørboe et al., 1994; Jackson
and Kiørboe, 2008]. This leads to a strong seasonal cycle in the particle flux recorded by deep sediment traps
[e.g., Honjo and Manganini, 1993; Neuer et al., 1997; Steinberg et al., 2001; Lampitt et al., 2010]. In the North
Atlantic, for example, long-term sediment trap deployments at 3000 m record strong peaks in particle flux
around midsummer (approximately an order of magnitude higher than winter values), with the increase in
flux at depth almost always following the increase in surface chlorophyll during spring [Lampitt et al., 2010].
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Such observations suggest that prebloom deep flux rates are low and, when integrated, do not contribute
significantly to total annual deep flux.

Conversely, K€ortzinger et al. [2008] found that the highest deep flux (3000 m) at the Porcupine Abyssal Plain
site in the North Atlantic coincided with the onset of water column stratification. A similar observation was
made in the Norwegian Sea based on Bio-Argo float backscattering profiles; calculated export fluxes from
the euphotic zone by small (approximately 0.2–20 mm) particles were highest at the time of mixed-layer
shoaling [Dall’Olmo and Mork, 2014].

In this study we investigate the hypothesis that significant export occurs before the spring bloom in the
North Atlantic. Depth profiles of particles were investigated over 7 weeks using the Marine Snow Catcher
(MSC) and the Video Plankton Recorder (VPR) at two contrasting sites. We discuss how a storm affected
stratification and chlorophyll distributions, and what may have controlled prebloom particle fluxes.

2. Methods

2.1. Site Description
Particles were photographed using the VPR and collected with the MSC between 19 March and 2 May 2012 at
two open ocean sites in the high-latitude North Atlantic during FS Meteor cruise M87/1 (Figures 1a and 1b).
The aim of the cruise was to investigate the mechanisms leading to the development of the spring bloom.
Station 1 (‘‘IcB’’) was located south of the Iceland-Faroe Ridge (61.308N, 11.008W) in the Iceland Basin and was
occupied four times during the cruise (25–28 March, 7–11 April, 18–21 April, and 27–30 April). Station 2
(‘‘NwB’’) was located north of the ridge in the southern part of the Norwegian Sea (62.508N, 02.308W) and was
occupied three times (30 March–1 April, 12–14 April, and 22–25 April). At each station, depth profiles of tem-
perature, salinity, and fluorescence were recorded using vertical CTD casts. CTD fluorescence was calibrated
against Chlorophyll a (Chl) measurements made on 90% acetone extracts (24 h, 48C) from samples collected
in the upper 115 m of the water column (P< 0.001, R2 5 0.76, n 5 75). The mixed-layer depth (MLD) was
defined as the depth at which the potential density, r�, was >0.05 kg m23 higher than the surface density
(Dr�) [Brainerd and Gregg, 1995]. An alternative method defines the mixed layer as the depth at which the
temperature is >0.58C higher than sea surface temperature. Both methods agreed well. The mixing layer was
determined using Dr� of 0.005 kg m23 [Brainerd and Gregg, 1995]. The buoy ‘‘K5’’ (Met Office) located 270 km
south of IcB provided data on average wind speed and dominant wave height.

2.2. Particle Collection
Suspended and sinking particles were sampled at four depths between 50 and 650 m during each visit in the
IcB and NwB using the MSC (Figure 2a). The MSC was successfully deployed 27 times during the cruise at the

Figure 1. Details of the sampling area. (a) Sampling sites in the Iceland Basin (‘‘IcB’’) and Norwegian Basin (‘‘NwB’’) overlaid on the seabed topography. (b) Sea surface temperature
between 30 January and 5 February 2012 (NEODAAS). (c) Salinity-temperature plots showing the different water masses in the IcB (black circles) and NwB (gray circles). Gray box
identifies the upper 500 m in IcB. AW: Atlantic Water; NIWW: North Icelandic Winter Water; LAIW: Lower Arctic Intermediate Water; AIWd: deep Arctic Intermediate Water; NSDW:
Norwegian Sea Deep Water.
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two sites, providing seven depth pro-
files between 50 and 650 m. Details of
the deployments are listed in Table 1.

For a full description of the MSC and
how it can be used to estimate particle
fluxes, see Riley et al. [2012]. It has
been used to measure particle fluxes
in the North Atlantic [Riley et al., 2012;
A. Belcher et al., Depth-resolved parti-
cle associated microbial respiration in
the northeast Atlantic, submitted to
Biogeosciences Discussion, 2016] and in
the Southern Ocean [Cavan et al.,
2015; Belcher et al., 2016]. In brief, the
MSC is a large volume (95 L) water
sampler with a removable base section
that holds 8 L. During deployment, the
two sections of the MSC are attached
and the terminal apertures of the sam-
pler are open allowing water transport
through the sampler with minimal tur-
bulence. Upon arrival at the desired
depth, a trigger is released and the
apertures are closed. After recovery of
the device, 5 L are decanted from the
top section as ‘‘time zero’’ (t0). The MSC
is subsequently secured on deck and
particles left to settle for 2 h. The top
section of the MSC is then drained
slowly (2–3 L min21) through the bot-
tom tap to minimize resuspension of
settled particles. To estimate the con-
centration of suspended material (here
operationally defined as matter still
remaining in the top section after the
settling period), the drained water is
subsampled at the beginning and the
end of draining procedure. The top
section of the MSC is then removed.
All visible aggregates (‘‘large’’ particles
with a diameter of >0.1 mm) are
removed from the bottom of the base
section using a pipette. The remaining
water in the base section is sub-
sampled to estimate the concentration
of small (<0.1 mm) sinking particles.
All water samples were analyzed for
particulate organic carbon (POC), par-
ticulate organic nitrogen (PON), partic-
ulate inorganic carbon (CaCO3), and
biogenic silica (bSiO2).

Large particles were photographed
using a microscope camera (Motic

Figure 2. (a) Schematic of the Marine Snow Catcher. (b) Sinking speed (m d21) as
function of particle radius (mm) and density (kg m23) calculated using Stoke’s law.
Density and viscosity of seawater was as observed in the IcB. Gray bars show
ranges observed for diatoms [Van Ierland and Peperzak, 1984] and copepod fecal
pellets (FP) [Frangoulis et al., 2001; Komar et al., 1981]. Arrows indicate density of
CaCO3 and bSiO2. Sinking speed assumed for fluxes in the MSC (�20 m d21) is
highlighted.
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Moticam 1000 CMOS 1/200, 1.3 mega pixels, 1280 3 1024). Particle photos were analyzed using ImageJ
(v1.49 [Schindelin et al., 2012]), particles counted, and for each particle volume and equivalent spherical
diameter (ESD) were calculated assuming fecal pellets were cylindrical and all other particles were prolate
ellipsoids. POC content of large sinking particles was calculated following Alldredge [1998]: POC (mg) 5 0.99
3 V0.52, where V is the particle volume (mm3). Unfortunately, no photos were taken from deployments on
the 27–29 April.

The sinking speeds of up to 20 particles from each MSC deployment (total n 5 132) were measured in the
controlled-temperature laboratory (at ambient sea surface temperature) using a 1 L measuring cylinder
filled with water from the suspended fraction of the respective MSC deployment. Using a pipette, individual
particles were carefully transferred approximately 5 cm below the water surface, and sinking speed was
recorded three times over a total distance of 7.5 cm (median R.S.D. 5 0.09, n 5 132).

2.3. Sample Analyses
Concentrations of POC and PON were determined by filtering 1000 mL seawater onto precombusted
(4508C, 12 h) GF/F filters (25 mm diameter, Whatman). Filters were dried (408C, 24 h) and stored for subse-
quent analysis. On shore, filters were fumed with concentrated sulfurous acid for 24 h, dried (608C, 24 h)
and pelleted in tin cups (Elemental microanalysis). POC and PON were analyzed from the same filter using
an ANCA NT prep system coupled with a 20-20 Stable Isotope Analyser (PDZ Europa Scientific Instruments,
Northwich, UK) as described by Flynn and Davidson [1993]. Calibration was performed using a solution of
isoleucine (L-Isoleucine, Sigma) at concentrations of 1 lg N and 5.14 lg C, and with series of standards from
5.34 to 106.8 lg N and 27.44 to 548.95 lg C at the beginning of each batch. Reference samples were ana-
lyzed after every eight samples to check the instrument precision, and a drift correction was applied. All
samples were blank corrected. Twenty-six of the 95 PON samples were below the calibration range, 18 of
these gave values below the detection limit (3 3 S.D. of blank: 3.75 lg N). We included all PON samples for
the calculation of fluxes as the uncertainty in these low concentration estimates will not alter the overall
interpretation, but we acknowledge that the resulting small PON fluxes need to be viewed with caution
especially when calculating C:N ratios. POC and PON were assumed to have a molecular mass of 12 and 14,
respectively.

Concentrations of CaCO3 were determined following Daniels et al. [2015] by filtering 500 mL onto 0.8 lm
polycarbonate filters, rinsing them with pH-adjusted (pH 9, using ammonium hydroxide) MilliQ water. Filters
were dried (408C, 24 h) and stored until later analysis. On shore, samples were digested for 24 h using
20 mL HNO3 (0.4 M), and filtered through a PTFE syringe filter (0.45 lm pore size, 25 mm diameter, What-
man). Samples were analyzed using an ICP-OES measuring sodium (589.6 nm) and calcium at three different
wavelengths (315.9, 317.9, and 422.7 nm). Results were corrected for sea salt, which was negligible in this
case. CaCO3 was assumed to have a molecular mass of 100. bSiO2 was determined following Brown et al.
[2003] by filtering 500 mL onto 0.8 lm polycarbonate filters which were then dried (408C, 24 h) and stored
until later analysis. On shore, filters were digested using 0.2 M NaOH (808C, 4 h), neutralized with 0.1 M HCl,
and silicate concentrations determined using a Skalar SanPlus autoanalyser. bSiO2 was assumed to have a
molecular mass of 60.

2.4. Calculation of Concentrations and Fluxes
Concentrations of suspended, small (<0.1 mm ESD) and large (>0.1 mm ESD) sinking particles were calcu-
lated based on Riley et al. [2012]. During the settling period some of the organic matter sinks, causing
increased concentrations in the base section compared to the top section. The difference in the concentra-
tions between the two sections was used to calculate the concentration of suspended sinking matter (psus;
lg L21) and small sinking matter (psmall; lg L21):

psus5ptop; (1)

psmall5 pbase–ptop
� �

3Vbase=VMSC; (2)

where ptop and pbase are, respectively, the concentrations (lg L21) in the top section (average of the two
samples taken from the top section during draining) and base section, and Vbase and VMSC are the volume
of the base section (8 L) and the MSC (95 L incl. base), respectively. Fluxes of small sinking particles (Fsmall;
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lg m22 d21) were calculated from psmall divided by the area of the MSC base (AMSC; 0.06 m2) and the set-
tling time (t; 2 h)

Fsmall5psmall3VMSC3 AMSC3tð Þ21: (3)

POC and PON samples for the base section of four MSC were lost during analysis. Fluxes for these depths
were estimated using CaCO3 and bSiO2 fluxes multiplied by the average C:CaCO3 and C:bSiO2 ratios of all
samples taken from the respective MSC deployment. This method, when applied to MSC data where the
base sample was present, underestimated MSC-derived fluxes in 87% of the cases.

The assumed average sinking velocity of small particles is determined by the height of the MSC (1.5 m) and
the settling time (2 h), and is 18 m d21. This rate is in broad agreement with the sinking speeds of small
spherical particles calculated from the density difference between the particle and the ambient water fol-
lowing Stoke’s law (Figure 2b). Particles such as single diatom cells, small phytoplankton aggregates, and
small fecal pellets, are likely to sink at 0–150 m d21 (Figure 2b), consistent with measured sinking rates of
phytoplankton of diverse taxonomic composition (0.32–1.69 m d21 [Bienfang, 1981]) and of small (<0.5 mm
length) fecal pellets (5–153 m d21 [Turner, 2002]). The fluxes of small particles we calculate represent lower
limits of the true flux. This is because the concentration gradient between the top and the bottom section
of the MSC (equation (2)) established sometime during the settling period of 2 h. Reducing the time term in
equation (3) from 2 h to a shorter time period leads to an increase in calculated fluxes; thus, the presented
fluxes are lower limits.

The flux of large sinking particles (Flarge; lg m22 d21) was calculated using a derivation of equation (3)

Flarge5
X
ðmparticle3vparticle3h21Þ3AMSC

21: (4)

The amount of carbon trans-
ported by a given particle
(‘‘mass flow rate’’; lg d21) was
calculated using its carbon con-
tent (mparticle; lg POC) and the
time needed for the particle to
sink the height of the MSC (h;
1.5 m) according to its mea-
sured sinking speed (vparticle; m
d21) (see section 2.2). Particles
whose sinking speed was not
measured directly were
assumed to sink with the medi-
an sinking speed of particles at
the particular station and visit
(82–97 m d21). Mass flow rates
of all particles collected during
a MSC deployment were then
summed and normalized to
area using the area of the MSC
base (AMSC; 0.06 m2).

To account for the uncertainties
and potential error propagation,
all concentrations and fluxes
were estimated using the
Monte Carlo method (see sup-
porting information).

2.5. Video Plankton Recorder
High-resolution images of par-
ticles were obtained using a

Figure 3. Total (suspended 1 small sinking) particle concentrations of (a) POC, (b) PON, (c)
CaCO3, and (d) bSiO2 in the upper 200 m in the IcB (circles) and NwB (crosses). The trend
of concentration change over time is shown by lines (solid and dotted, respectively).
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digital autonomous Video Plankton Recorder (VPR). The VPR (DAVPR-15, Seascan Inc., USA) is a modern
underwater camera system towed by the research vessel. The VPR was equipped with a high-resolution
camera (1 mega pixel (1024 3 1024) Uniq UC-1830CL color camera) which records approximately 15 image
frames s21. We used a camera setting with a field of view of 24 3 24 mm resulting in a calibrated image vol-
ume of 44.72 mL. Illumination for the camera was provided by a strobe light which was synchronized with
the camera shutter. Additionally, the VPR was equipped with a CTD (Seabird SBE-49, Seabird, USA) to obtain
hydrographic information. The VPR was mounted on an equipment rack with a v-fin depressor and
deployed vertically from near surface to its maximum depth rating (1200 m). Recorded images and sensor
data were saved to the instruments hard drive and retrieved after each deployment. Plankton and particle
images were extracted from each image frame as region of interest (ROIs) using the Autodeck image analy-
sis software (Seascan Inc., USA) and saved as TIFF files. Each ROI was tagged using a timestamp to allow
merging with the hydrographic and depth information that were written to a separate logfile.

All images were classified automatically following a method by Hu and Davis [2006] as described in M€oller
et al. [2012]. Images of particles were combined in one marine snow category varying in shape and size and
yielded high classification accuracy due to their distinct shape and texture. However, all particles were addi-
tionally manually double-checked after classification. Finally, size (as ESD) was extracted from each 2-D
image and particle abundances were calculated and averaged for VPR deployments in temporal proximity
using the same depth bins that were used for the MSC. Smallest particles had ESDs of 0.1 mm, allowing
direct comparison of VPR and MSC data.

2.6. Net Surface Heat Flux
The Net Surface Heat Flux (NSHF) is a commonly used indicator for assessing convective mixing [e.g., Taylor
and Ferrari, 2011]. Heat loss at the sea surface (defined here as negative NSHF) increases the density of

Figure 4. (a) Net surface heat flux in the IcB (dark gray area) and NwB (light gray area). Black and gray bars near x axis identify periods during which the respective station was sampled.
(b) Average wind speed and (c) dominant wave height at the K5 buoy (59.048N, 11.258W). Gray areas show periods of severe weather. Lines show lower thresholds for force 7 and 8 on
the Beaufort scale.
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surface waters and thus induces water column instability and convective mixing. The NSHF was calculated
according to

NSHF5SWin2LWout2HFsens2HFlat; (5)

where SWin is the incoming short-wave radiation, LWout the outgoing long-wave radiation, HFsens the sensi-
tive heat flux, and HFlat the latent heat flux, which were obtained from the ECMWF ERA Interim reanalysis
data set [Dee et al., 2011].

3. Results

3.1. Phytoplankton Community
At both sites the bloom began �20 days after the study ended according to satellite-derived maps of Chl
concentration and ‘‘traditional’’ bloom metrics (5% increase in surface Chl above annual median) [Daniels
et al., 2015]. This suggests that both plankton communities represented early stages of the North Atlantic
bloom. However, the plankton community structures at the two sites were different, with diatoms dominat-
ing the IcB and nano and picoplankton dominating the NwB [Daniels et al., 2015]. The difference in the
developing community structure was also reflected in the strong increase of PON at both sites, the pro-
nounced increase in bSiO2 concentrations in the IcB and moderate increases of both bSiO2 and CaCO3 con-
centrations in the NwB (Figure 3).

Details of the microbial community and microzooplankton grazing during our cruise are discussed, respec-
tively, by Paulsen et al. [2015] and Morison and Menden-Deuer [2015].

3.2. Hydrographic Setting and Chlorophyll-a Distribution
Warming of the upper ocean was observed for about 1 week immediately at the beginning of the cruise
(20–27 March). Thereafter, daily mean NSHF was negative, indicating heat leaving the ocean at both sta-
tions for the remaining period of the cruise (Figure 4a). High winds (Beaufort scale 7) were observed on
three occasions (around the 2 April, 17 April, and 25 April). Around the 17 April, winds were very strong
(with gusts of 10 Beaufort) and waves exceeded 6 m in height (Figures 4b and 4c).

The IcB was characterized by a MLD of �660 m (range 602–767 m) throughout the cruise. However, close
examination of the density and temperature profiles of the upper 100 m revealed a weak, unstable stratifica-
tion. The mixing layer depth was shallower during the first two visits (27–96 and 6–42 m, respectively) and

Figure 5. Changes of stratification during our study in the (a) IcB and (b) NwB, showing mixed-layer depth (MLD, circles), mixing layer
depths (solid squares), the depths below which Chl was <0.25 mg m23 in the IcB (green squares), and the halocline (depth at which
salinity was 0.05 psu lower than at 5 m depth) in the NwB (blue triangles). Light gray areas show periods of sampling in the NwB.
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deeper during the last two visits (45–307 and 15–337 m, respectively) (Figure 5). A clear Chl maximum was pre-
sent in the upper 50 m during the 1 and 2 visit (Figures 6a and 6b). However, during the third visit the Chl pro-
file in the upper 50 m had decreased by �25% and Chl concentrations between 50 and 350 m were three
times higher than during the previous visit (Figure 6c). This redistribution of Chl throughout the upper 400 m
occurred during a 9 day period before the third visit during which there was a strong storm (9–10 on Beaufort
wind force scale; Figure 4). Vertical profiles had changed little when we returned 8 days later for the fourth visit
(Figure 6d). For the interpretation of our data, we therefore divided the sampling period in the IcB into two
phases, prestorm (25 March–10 April) and poststorm (19 April–29 April).

In contrast, the water characteristics at the station in the NwB changed little during the three visits (Figures
5 and 6e–6g). The station was located in the frontal zone between North Atlantic Current and East Icelandic
Current. At the Eastern corner of the Faroe Plateau, the Atlantic Water (AW) flows northeast across both the
Lower Arctic Intermediate Water (LAIW) located at 250–500 m depth and the Norwegian Sea Deep Water
(NSDW) located below 600 m (Figure 1c). The two salinity minima at �200 and 600 m are likely associated
with the North Icelandic Winter Water (NIWW) and the deep Arctic Intermediate Water (AIWd) [Blindheim,
1990]. We suspect that the strong stratification at the NwB was caused by the AW flowing over the NIWW
rather than the development of a seasonal thermocline; salinity profiles showed a drop in salinity from
35.18 psu below �50 (20–70) m depth (associated with AW) to �34.92 psu at 200 m (associated with
NIWW; compare to Figure 1c). A comparison between the depth at which salinity dropped 0.05 psu below
that at 5 m depth and the MLD shows that both metrics give approximately the same depth (linear regres-
sion with slope 5 0.99 and an intercept not significantly different from 0; P< 0.01, R2 5 0.89, n 5 12; see
also Figure 5). This MLD was �70 m (range: 32–119 m). The mixing layer depth was shallower with an aver-
age of 38 m (range: 15–68 m). Surface Chl increased between visits from an initial 0.58–0.59 to 0.84–0.93 mg
Chl L21, driven by an increase in the 2–10 mm size fraction [Daniels et al., 2015].

Figure 6. Flux profiles of POC (deep blue), PON (light blue), CaCO3 (light orange), and bSiO2 (deep orange) observed during four visits in the IcB (in order a–d) and three visits in the
NwB (in order e–f). Asterisks indicate where POC fluxes were calculated from CaCO3 and bSiO2 flux (see section 2.4). Average Chl and temperature during each visit based on CTD profiles
are shown by gray solid line and black dashed line, respectively.
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3.3. Concentrations of Small Sinking and Suspended Particles
Concentrations of small sinking and suspended particles are summarized in Table 1. In the IcB, total (sus-
pended 1 small sinking) POC concentration in the upper 200 m were lower at the end of the cruise (�80 mg
L21) than at the start (�100 mg L21; Figure 3a). Upper ocean PON concentrations increased over time from
�2 to 12 mg L21 at a rate of 0.08 day21 of the initial concentration (Figure 3b). Upper ocean concentrations
of total CaCO3 were slightly higher at the end of the cruise, increasing from �6 to �10 mg L21 (Figure 3c).
Upper ocean bSiO2 concentrations showed the most pronounced change over time, increasing from 6 to
44 mg L21 with a rate of 0.19 day21 (Figure 3d). In the NwB, total particle concentrations of POC and PON in
the upper 200 m followed similar trends to those observed in the IcB (Figures 3a and 3b). CaCO3 concentra-
tions, in contrast, increased from 9 to 19 mg L21 (0.04 day21), and bSiO2 concentrations increased from 6 to
13 mg L21 (0.04 day21; Figures 3c and 3d).

The relative contribution of small sinking matter to total (suspended 1 small sinking) matter varied for the
different components. For POC, small sinking particles contributed 6 6 3% and 5 6 4% to total POC in the
IcB and NwB, respectively. For PON, CaCO3, and bSiO2 the respective contribution of small sinking particles
was 14 6 15% and 13 6 12% (PON), 6 6 5% and 4 6 3% (CaCO3), and 5 6 9% and 5 6 5% (bSiO2).

3.4. Fluxes of Small Particles
POC flux carried by small particles (average 6 S.D.) in the IcB and NwB were of similar magnitude with
74 6 44 and 70 6 34 mg POC m22 d21, respectively. For PON, CaCO3, and bSiO2, the respective fluxes at the
two sites were 8 6 5 and 11 6 5 mg PON m22 d21, 9 6 7 and 8 6 8 mg CaCO3 m22 d21, and 13 6 13 and
8 6 8 mg bSiO2 m22 d21. Upward fluxes were observed for bSiO2 during two occasions (Table 1).

In the IcB, small particle fluxes varied considerably in magnitude and did not show a clear trend with depth
or over time, though fluxes at �600 m were generally lower than fluxes observed at 50 m (Figures 6a–6d
and Table 1). In the NwB, small particle fluxes were highest in the upper 250 m and appeared to decrease
with depth (Figures 6e–6g). Fitting of a power law function (Fz 5 FMLD 3 (z/MLD)2b) [Martin et al., 1987]) to
the bootstrapped (n 5 10,000) data for small-particle POC flux below the maximum recorded MLD (93 m)
showed a moderate fit (P 5 0.09, R2 5 0.39, n 5 8) with an average exponent b of 0.50 (60.25 S.D.).

3.5. Large Particle Sizes, Concentrations, and Fluxes
The average size of large particles at any one depth or station ranged from 0.11 to 0.42 mm ESD with no
apparent trend over time or with depth (Table 2). Estimates of average particle size by MSC and VPR were
similar, although average estimates of ESD based on MSC samples tended to be smaller than those based
on VPR records (see supporting information).

Concentrations of large particles as estimated by the MSC and VPR ranged from 0 to 70 particles L21 (Table
2). MSC and VPR estimates differed at times by an order of magnitude. This discrepancy might be caused
by the low sampling volume (95 and �250 L, respectively; Table 2), the potential patchiness of particles,
and temporal offsets between VPR and MSC deployments (see supporting information for a detailed discus-
sion). Concentrations of large particles decreased with depth at all stations according to measurements
from both the VPR and MSC, with the exception of MSC-based estimates in the IcB on 19 April. At this sta-
tion the MSC collected a relatively large number of particles at 600 m (5.1 particles L21; Table 2). During the
course of the cruise, particle concentrations increased at both stations toward a maximum of 70 particles
L21 at 50 m in the IcB on 28 April.

Large particle sinking speeds ranged from 3 to 736 m d21 with a median sinking speed of 88 m d21 (inter-
quartile range: 69–104 m d21, see also Table 2). Estimated fluxes based on the MSC ranged from 0 to 48 mg
POC m22 d21 reflecting the temporal and vertical changes observed for particle concentrations: an increase
over time at both stations and a decrease of fluxes with depth in the NwB (Table 1). Based on the MSC, large
particles contributed �15% of the total POC flux except for on three occasions: on 19 April when a large
number of particles was collected at 600 m (contributing 54% of the total POC flux), and at 50 m in the NwB
on both 14 April and 25 April (contributing 28% and 17% of the total POC flux, respectively). Large particles
collected by the MSC were not photographed during the last visit at the IcB (27–19 April). According to the
VPR, large particles were very abundant during this visit, thus potentially making up the bulk of the flux.
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4. Discussion

4.1. Prebloom Particle Composition and Flux Rates of Small Sinking Particles
The POC flux rates of small particles in the upper 200 m ranged from 23 to 186 mg POC m22 d21, similar to
total particle fluxes observed using sediment traps during (10–152 mg POC m22 d21 at 150–750 m depth
[Buesseler et al., 1992; Martin et al., 2011]) and after the North Atlantic spring bloom (29–182 mg POC m22

d21 [Riley et al., 2012; Giering et al., 2014]). A comparison with previous studies that measured particle flux
using sediment traps or MSCs in the North Atlantic (458N–758N [Buesseler et al., 1992; Martin et al., 2011; Riley
et al., 2012; Torres-Valdes et al., 2014, and references therein]) shows that our prebloom flux rates fall well
within the expected range both with season (Figure 7a) and with depth (Figure 7b). Moreover, our fluxes
were similar to estimates based on optical backscattering profiles measured by Bio-Argo floats in the
Norwegian Sea [Dall’Olmo and Mork, 2014]. Dall’Olmo and Mork [2014] investigated seasonal patterns in
POC export fluxes by small (approximately 0.2–20 mm) particles and calculated that highest fluxes occurred
at the time of mixed-layer shoaling, with fluxes as high as 250 mg POC m22 d21 at �100 m depth.

In order to establish whether our estimated fluxes are plausible, we compared export fluxes to both pro-
duction rates and the standing stock of POC present at the time of sampling. Absolute concentrations of
POC in the upper 200 m decreased over the duration of the cruise at both stations whereas the concen-
trations of PON, CaCO3, and bSiO2 all progressively increased (Figure 3). These data suggest that
although absolute concentrations of particulate organic matter in the upper ocean decreased, the rela-
tive abundance of living phytoplankton increased over the period of sampling [see also Daniels et al.,
2015]. Primary production rates, measured using the 13C technique and integrated over the euphotic
zone (50–115 m deep), ranged between 38 and 359 mg C m22 d21 [Daniels et al., 2015] and were thus of
the same order of magnitude as our flux estimates in the upper 200 m (23–186 mg POC m22 d21). Based
on interpolation of the integrated standing stocks of small sinking particle POC between 50 and 600 m,
we estimated standing stocks of 1.9 and 2.1 g m22 in the IcB and NwB, respectively. The observed fluxes
at 600 m (on average 73 and 40 mg POC m22 d21, respectively) were equivalent to 2–4% of this standing
stock. It follows that flux rates even higher than those that we observed could have been readily sus-
tained by the ecosystems at the two sites.

Table 2. Average Particle Size and Concentration of Large Particles in the Iceland Basin (IcB) and Norwegian Basin (NwB) as Recorded by the VPRa

Station Visit Date
Depth

(m)

Sampling
Volume

(L)

VPR Time
in

Bin (min)

Average Size Concentration Average Size

Concentration
(Particle L21)

Sinking Speed

(ESD
mm) (S.D.)

(Particle
L21) (S.D.)

(ESD
mm) (S.D.)

(m
d21) (S.D.)

IcB 1 28 Mar 12 25–75 211 5.24 0.25 0.07 0.47 0.09 0
IcB 1 28 Mar 12 150–200 115.4 2.9 0.39 0.18 0.03 0.02 0
IcB 1 28 Mar 12 175–225 124.4 3.09 0.22 0.20 0.01 0.01 0
IcB 1 28 Mar 12 625–675 342.6 8.51 0.29 0.04 0.01 0.01 0
IcB 2 10 Apr 12 175–225 250.9 6.3 0.19 0.06 0.87 0.14 0.21 0.12 0.07 59 19
IcB 2 10 Apr 12 375–425 255.1 6.4 0.24 0.10 0.11 0.04 0.15 0.03 0.06 69 33
IcB 2 10 Apr 12 525–575 260.5 6.5 0.27 0.15 0.03 0.02 0.26 0.15 0.11 90 19
IcB 3 21 Apr 12 25–75 277.3 6.8 0.28 0.02 24.38 4.66 0.23 0.18 1.83 134 167
IcB 3 21 Apr 12 175–225 248.3 6.2 0.42 0.28 4.25 2.2 0.33 0.18 0.08 105 61
IcB 3 21 Apr 12 375–425 249.9 6.2 0.24 0.11 0.92 0.45 0.34 0.25 0.08 113 111
IcB 3 21 Apr 12 575–625 249.8 6.2 0.30 0.18 0.18 0.11 0.16 0.05 5.10 140 124
IcB 4 28 Apr 12 25–75 244.8 6.1 0.22 0.05 69.46 7.65
IcB 4 28 Apr 12 95–145 245.6 6.1 0.31 0.04 12.08 3.31
IcB 4 28 Apr 12 175–225 252 6.3 0.30 0.12 7.95 6.5
IcB 4 28 Apr 12 375–425 249.2 6.2 0.12 0.10 15.61 6.11
IcB 4 28 Apr 12 575–625 257.5 6.4 0.30 0.14 0.42 0.29
NwB 1 31 Mar 12 175–225 145.1 3.6 0.33 0.03 0.29 0.05 0
NwB 2 14 Apr 12 25–75 265.4 6.6 0.31 0.05 0.53 0.09 0.15 0.03 1.07 113 44
NwB 2 14 Apr 12 75–125 290.3 7.2 0.19 0.04 0.09 0.08 0.18 0.05 0.17 101 72
NwB 2 14 Apr 12 225–275 268.2 6.9 0.40 0.23 0.12 0.03 0.27 0.08 0.09 113 65
NwB 2 14 Apr 12 575–625 285 7.7 0.29 0.11 0.01 0.05 0
NwB 3 24 Apr 12 25–75 279.8 6.9 0.33 0.06 0.82 0.36 0.12 0.03 2.75 75 0
NwB 3 24 Apr 12 95–145 252 6.2 0.21 0.15 0.18 0.15 0.21 0.12 0.11 85 52
NwB 3 24 Apr 12 225–275 218.8 5.4 0.29 0.11 0.14 0.11 0.18 0.09 0.13 79 26
NwB 3 24 Apr 12 575–625 211.1 5.2 0.37 0.22 0.01 0.03 0.14 0.06 0.02 49 37

aThese are compared to large particles collected using the MSC at the same site, visit, and approximate depth.
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These high fluxes need to be reconciled with previous studies based on deep traps that observed low fluxes
during and prior to the spring bloom period [Honjo and Manganini, 1993]. Long-term sediment trap data
from 3000 m at the Porcupine Abyssal Plain (498N, 168W), for example, suggest that prebloom deep flux
rates are small (2–4 mg POC m22 d21) and deep fluxes only increase after surface Chl concentrations have
peaked (based on 14 years of data at 3000 m depth [Lampitt et al., 2010]). This is likely because bloom or
postbloom export events are often dominated by fecal pellets [Turner, 2002, and references therein] and
larger phytodetritus aggregates [e.g., Lampitt et al., 2001], which form during periods of high phytoplankton
concentration [e.g., Kiørboe et al., 1994; Jackson and Kiørboe, 2008] or toward the end of a bloom when
nutrients are limiting [e.g., Smetacek, 1985; Armbrecht et al., 2014]. These large aggregates sink rapidly
(>100 m d21) through the mesopelagic [e.g., Lampitt et al., 2001; Martin et al., 2011] and can, at times, reach
the abyssal plain in large quantities [e.g., Lampitt et al., 2001]. Our observed prebloom fluxes, on the other
hand, consisted mainly of small sinking particles, which likely sank at average speeds of �20 m d21.
These small particles are potentially rich in labile organic compounds [Lee et al., 2000; Sheridan et al.,
2002; Alonso-Gonzalez et al., 2010] and are therefore readily colonized and remineralized by mesopelagic
organisms [Mayor et al., 2014]. The slow sinking rates of small particles imply that the majority will be
remineralized within the mesopelagic [Villa-Alfageme et al., 2016] and thus that the export fluxes we
observed are unlikely to reach lower bathyal or abyssal depths.

We next discuss the potential mechanisms driving export of small-sinking particles at our two study sites,
which exhibited markedly different hydrographic conditions.

4.2. Particle Transport Mechanisms From a Deep Mixed Layer (IcB)
Positive NSHF into the oceans reduces mixing and ultimately leads to the development of stratification.
However, following a period of positive NSHF, the physical profile of a previously deeply mixed environ-
ment does not change immediately and can falsely indicate deep convection for days or potentially weeks
[Marshall and Schott, 1999; Taylor and Ferarri, 2011]. During such a period, a shallower, actively ‘‘mixing layer’’
may develop [Brainerd and Gregg, 1995], allowing surface phytoplankton concentrations to increase despite a
deep ‘‘mixed layer’’ and the lack of obvious physical stratification [e.g., Townsend et al., 1992]. We observed Chl
concentrations in the IcB peaked at the surface even though the water column appeared to be mixed to
�700 m (Figure 4). Together with the NSHF, which remained generally positive during the week before our
study, and a shallow mixing layer (�44 m), this indicates that deep mixing at the IcB had abated sufficiently for
the phytoplankton population to establish near the surface.

Yet this stratification was weak and unstable. Half-way through our 7 week long study, we observed severe
weather conditions (Beauford Scale 9-10). After this storm, surface Chl concentrations in the IcB had

Figure 7. POC fluxes in the North Atlantic (458N–758N) measured using MSCs (black symbols) and sediment traps (gray symbols) [Buesseler
et al., 1992; Martin et al., 2011; Riley et al., 2012; Torres-Valdes et al., 2014, and references therein]. Fluxes are plotted against (a) month and
(b) depth. Symbols indicate geographical region as in legend. Data presented in this paper are shown by black circles.
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decreased to <1.2 mg Chl m23 and remained low for the rest of the cruise at concentrations similar to
those found in the NwB (0.62–1.18 versus 0.84–0.93 mg Chl m23, respectively [Daniels et al., 2015]). Much of
the Chl appeared to have been distributed over the upper 300–400 m (Figures 5, and 6c,d). It has previously
been suggested that storms are a potential driver for prebloom export. Koeve et al. [2002] found, in 1992,
that the developing spring bloom in the Northeast Atlantic was interrupted by storm events which lead to
the export of around half of the standing stock. After the storm at the IcB, we observed high POC fluxes
driven by small sinking particles as deep as 600 m and a redistribution of Chl down to �400 m Figures 5,
and 6c,d. We can think of two possible mechanisms that could cause such a scenario: 1) sinking of large par-
ticles that had aggregated during the storm and subsequent disaggregation at depth, or (2) deep mixing of
small particles during the storm (‘‘the mixed-layer pump’’).

Aggregation and Disaggregation. Aggregation is controlled by several parameters, including cell concentra-
tion, cell size, shear, and mixing layer depth [Jackson and Lochmann, 1992]. Using a numerical model, Jack-
son and Lochmann [1992] showed that aggregation can occur at relatively low phytoplankton
concentrations when shear is high. Kiorboe et al. [1994] tested this model using field data from a shallow
Danish fjord and calculated that during periods of high shear (�1.2 s21) the critical concentration for aggre-
gation of diatom species with a diameter of �20 mm was between 50 and 400 cells mL21. During our study,
diatom abundance in the IcB increased rapidly between the first and the second visit from 1.3 to 250 cells
mL21, of which �50% were �20 mm in diameter [Daniels et al., 2015]. It is thus feasible that large aggre-
gates formed during the storm and subsequently sank to depth. Indeed, after the storm, large particle con-
centrations in the upper 100 m were 2 orders of magnitude higher than before the storm (Table 2).

Large particle concentrations were highest during the fourth visit at the IcB, even though Chl concentra-
tions and primary production rates had decreased since the third visit [Daniels et al., 2015]. Jackson and
Lochmann [1992] suggested that a deeper mixing layer enables the formation of larger aggregates com-
pared to shallower mixing layers. This is because a deeper mixing layer allows large aggregates to interact
with smaller ones for longer, resulting in even larger, faster sinking aggregates. Although we observed a
deep mixing layer and highest particle concentrations during the fourth visit, we did not observe an
increase in large particle size, and large particles remained relatively small with �0.3 mm ESD (Table 2).

Aggregates formed in the surface ocean can disaggregate at depth via mechanical fragmentation, dissolu-
tion, or zooplankton activity, thus generating small particles at depth [Stemmann et al., 2004]. After the
storm in the IcB, concentrations of large particles decreased rapidly with depth (Table 2), which could indi-
cate that particle disaggregation took place. However, concentrations of suspended and/or small sinking
particles did not increase with depth (Table 1), suggesting that the dominant reason for the disappearance
of large particles was remineralization (e.g., by particle-attached microbes [Iversen and Ploug, 2010;
McDonnell et al., 2015; A. Belcher et al., submitted manuscript, 2016]) or that disaggregation occurred at a
similar rate as remineralization of suspended and small sinking particles.

While aggregation/disaggregation can explain the high POC fluxes by small sinking particles at depth and
the redistribution of Chl to �400 m, a similar pattern could be caused by deep mixing.

Mixed-Layer Pump. The ‘‘mixed-layer pump’’ [Gardner et al., 1995] could be important prior to the spring
bloom, the start of which begins when the increase in phytoplankton biomass appears to accelerate. Prior
to the establishment of a spring bloom, a period exists in which the upper ocean is in transition; short peri-
ods in which the ocean stratifies and phytoplankton production increases are interrupted by returns to the
deep mixing via convection or increased surface wind stress [Ho and Marra, 1994]. During this mixed-layer
deepening, ‘‘new’’ phytoplankton cells containing ‘‘newly fixed’’ carbon can be transported to deeper
regions with lower concentrations of organic carbon. When the water column next restratifies, some of
these cells are trapped below the mixed layer and, owing to the cessation of mixing, start to slowly sink to
depth (‘‘detrainment’’). This export mechanism does not rely on particle aggregation and may be an impor-
tant export term [Ho and Marra, 1994; K€ortzinger et al., 2008]. Moreover, for the mixed-layer pump the sink-
ing speed of particles is no longer a necessary determinant over the penetration depth, as the bursts of
deep mixing transport particles down several hundreds of meters at a much faster rate than would occur
via sinking alone. The two components of the transition period, stratification and mixing, support export of
organic matter as the stratified period promotes phytoplankton growth and the mixing period provides rap-
id export.
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We observed precisely such an event series in the IcB. We suggest that the storm in conjunction with the
negative NSHF (Figure 4) induced strong mixing in the IcB and subsequent mixing-layer deepening (Figure
5). If physical deep mixing was responsible for the redistribution of Chl, both should be closely linked.
Indeed, during the fourth visit Chl concentrations were nearly constant over the upper 300 m (Figure 6d).
Moreover, when comparing the depth distribution of Chl (the depth at which Chl concentrations were
>0.25 mg m23) and the depth of the mixing layer, there appears to be a strong correlation (Figure 5). Thus,
high fluxes of small sinking particles at depth could have been facilitated by deep mixing.

Regardless of the mechanism, if our cruise was followed by a period of positive NSHF, the mixing layer
would have shoaled again, and the particles at depth could have been detrained. We try to estimate the
amount of carbon this mechanism would supply to the mesopelagic. During the third and fourth visit, small
sinking particles, integrated over 50–600 m depth (Table 1), contained 2.0–2.7 g POC m22. Alternatively, we
can use Chl as an indicator for fresh biomass that had been redistributed to depth after the storm. Based on
Chl profiles and assuming a C:Chl ratio of 40 mg:mg [Poulton et al., 2010], integrated Chl-C (50–600 m
depth) could supply 6.4 g C m22 to the mesopelagic. Considering that daily export fluxes rarely exceed
300 mg C m22 d21 (Figure 7), these integrated stocks are very large and equivalent to 7–21 days of peak
export rates. Prebloom export could thus provide significant amounts of organic carbon to the mesopelagic
biota, alert the ecosystem to the forthcoming bloom, and help to close mesopelagic carbon budgets
[Giering et al., 2014].

4.3. Particle Export From a Shallow Mixed Layer (NwB)
Gardner et al. [1995] suggested that the mixed-layer pump could be important in regions with shallow mix-
ing layers (�50 m depth) and relatively modest changes in mixing layer depth (10 m). Yet this mechanism
is likely important only if the mixing layer deepens much slower than particles sink (e.g., in our case at rates
higher than 20 m d21). Otherwise, particles that had been detrained during mixing-layer shoaling would be
entrained during mixing-layer deepening, and would not necessarily lead to an increased export of organic
matter. In the NwB, the storm had no obvious effect on the water column or particle fluxes, likely because
of the strong stratification. Yet we observed changes of the mixing layer at rates of �44 m d21 (range:
3–84 m d21) throughout the study. Owing to the strong oscillations in mixing-layer depth, it is likely that
mixing would have negated any previous downward transport and detrainment of particles.

The concentrations of all particle fractions (suspended, small sinking, and large sinking) decreased with
depth (Tables 1 and 2). We therefore suggest that particle export at the NwB followed the ‘‘traditional’’
mechanisms and the observed fluxes by small sinking particles likely resulted from disaggregation: particles
aggregated in the mixed layer until they reached a critical density that allowed them to sink out of the
mixed layer [Jackson and Lochmann, 1992; Burd and Jackson, 2009], followed by disaggregation and remi-
neralization at depth [e.g., Burd and Jackson, 2009; Giering et al., 2014]. It is noteworthy, however, that Chl
concentrations in the mixing layer were much lower than in the IcB (0.6–0.9 mg Chl m23) and the phyto-
plankton community was dominated by nano and picoplankton [Daniels et al., 2015], reducing the likeli-
hood for aggregation [Jackson and Lochmann, 1992]. Overall, the penetration depth of small sinking
particles in the NwB was shallower than in the IcB by several hundreds of meters.

5. Conclusion

We present the first depth profiles of small (<0.1 mm ESD) sinking particles before the North Atlantic spring
bloom. The rate of export via small sinking particles was very high with POC fluxes being comparable to
rates observed during and after the spring bloom. The observed prebloom particle dynamics differed from
those during the North Atlantic spring bloom [e.g., Lampitt et al., 2001; Martin et al., 2011] as a significant
fraction was in form of small sinking particles, which likely sank at average speeds of �20 m d21. This result
contradicts the traditional view that prespring bloom export is negligible.

Our data suggest two export mechanisms for slow sinking particles in two contrasting environments. In the
NwB, small sinking particles likely reached the upper mesopelagic by disaggregation of larger, faster sinking
particles. In the IcB, our observations support the hypothesis of early-spring export via small, slow-sinking
particles due to intermittent destabilization of the water column [Ho and Marra, 1994; K€ortzinger et al.,
2008]. In early spring, changes in NSHF favor the temporary development of a surface Chl maximum. During
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a period of high winds and negative NSHF, this stratification is broken down and the ‘‘fresh’’ phytoplankton
cells are mixed to depth. Subsequent restratification could trap these small particles at depth (‘‘detrain-
ment’’) and lead to high particle fluxes at depth without the need for aggregation (‘‘mixed-layer pump’’
[Gardner et al., 1995]).

Yet the observed prebloom fluxes were unlikely to penetrate into the bathypelagic zone as they were large-
ly based on slow-sinking cells and aggregates, which were likely rich in labile organic compounds and
therefore readily consumed by the resident biota. Prebloom export may be an important source of carbon
for the mesopelagic biota, potentially alerting the ecosystem to the forthcoming spring bloom.
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