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Vertical particle uxes are responsible for the transport bcarbon and biogenic material
from the surface to the deep ocean, hence understanding thes uxes is of climatic

relevance. Sediment traps deployed in Fram Strait within éhframework of the Arctic
long-term observatory FRAM provide a time-series of vertat particle uxes in a region
of high CO, uptake. Until now the source area (catchment area) of trappk particles

is unclear; however, lateral advection of particles is suggsed to play an important role.
This study presents a Lagrangian method to backtrack the ogin of particles for two Fram
Strait moorings equipped with sediment traps in 200 and 2,30 m depth by using the

time-dependent velocity eld of a high-resolution, eddy-esolving ocean-sea ice model.
Our study shows that the extent of the catchment area is largethe deeper the trap and
the slower the settling velocity. Chlorophyll-a concentitton as well as sea ice coverage
of the catchment area are highest in the summer months. The gh sea ice coverage in
summer compared to winter can possibly be related to a weakeacross-strait sea level
pressure difference, which allows more sea ice to enter thehen well-strati ed central

Fram Strait where the moorings are located. Furthermore, adrkward sea ice tracking
approach shows that the origin and age of sea ice drifting ttough Fram Strait, partly
responsible for vertical particle uxes, varies stronglyém year to year, pointing to a high
variability in the composition of patrticles trapped in the mworings.

Keywords: lagrangian modeling, particle trajectories, sed iment trap, catchment area, fram strait

1. INTRODUCTION

The oceans play a critical role in the global carbon cycle ubloregulating the exchange of
carbon dioxide between atmospheric and oceanic reservidiese are numerous interconnected
mechanisms involved in this exchange: the biological capeonp (Volk and Ho ert, 1989, the
solubility pump, the microbial carbon pumpliao et al., 20)Cand the lipid pump (dnasdottir
etal., 201x The biological carbon pump is perhaps the most widely studigbteaditionally refers
to the gravitational settling of particles produced in thefage to the ocean interiorS@rmiento
and Gruber, 2006 It is comprised of two components: the soft-tissue purvplk and Ho ert,
1989 and the carbonate counter pumpléinze and Maier-Reimer, 19R1The soft-tissue pump is
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the vertical transfer of photosynthetically xed carbon gide range of one to some meters per day for phytoplankton cells,
into the ocean interior as organic particleSgrmiento et al., hundreds of meters per day for aggregates and upwards of
1989, that may be associated with inorganic ballast mineralundred to several thousand meters per day for fecal material
(Klaas and Archer, 2002; Salter et al.,, 90Ithe carbonate (Waniek et al., 2000; Turner, 2002; Armstrong et al., 2009;
counter pump is related to the precipitation of calcium carbtana McDonnell and Buesseler, 2010; Turner et al., 30Qdantitative
minerals that act as a source of @ the atmosphere over partitioning across di erent sinking fractions shows thattho
climatically-relevant timescale¥debe, 2002 The balance of large, fast sinking particles and small, slow sinking patidan
these two processes thus governs the net sequestration i important contributors to total organic matter uxHeterson
atmospheric CQ into the ocean interior fntia et al., 2001; etal., 2005; Trulletal., 2008; Riley etal., 2012; Durkih g2@15
Salter et al., 20)4and thus has an important impact on global and is unsurprisingly related to planktonic ecosystem strretu
climate Sarmiento and Toggweiler, 1984; Sabine et al., 200¥ariability in sinking velocity classes and particle ux sizeectra
Kwon et al., 200Q In addition, through pelagic-benthic coupling has important implications for calculating particle trajeces.
(Graf, 1999, the biological carbon pump acts as the principal Estimating the catchment area (according Beuser et al.,
source of energy and nutrients to abyssal ecosystBifist{etal., 1988 de ned as the surface domain that contains all likely
1983; Rembauville et al., 201& good understanding of the positions where particles entering the trap might come from)
mechanisms transferring biogenic particles from the swfee  is not a trivial task, and a range of di erent methods and
the deep-ocean and sediments is critical. simpli cations have been applied previously. Due to lack of

Early studies attempting to link surface properties like prignar availability of a full time-dependent 3D velocity eld, seak
productivity to particle ux have provided evidence for fast studies used the time dependent velocity pro le measured by
one dimensional coupling{euser and Ross, 1980; Alldredgeinstruments attached to moorings to calculate particledcépries
and Chris, 1988; Asper et al.,, 199However, it has been (v. Gyldenfeldt et al., 2000; Waniek et al., 2000, 2005; Bzndrf
subsequently shown that horizontal advection of water mayt al., 200 This results in so called progressive vector diagrams,
displace particles signi cantly from their place of production which are based on the assumption of spatial homogeneity of
during sinking Siegel and Deuser, 1997; Waniek et al., 200@he horizontal velocity eld around the trap. In these studies
20095. Lateral advection and variable settling velocities thushe resulting catchment area is described in terms of diganc
have the potential to signi cantly modify the spatial patterf o to the trap (e.g.,Waniek et al., 2005their Figure 5), but
transmission of a surface signal to the ocean interior.iQignt  does not indicate the geographical location. Another approach
inputs of particles can be laterally advected from ocean margi was followed bySiegel et al. (2008using a combination of
and shelf systems and can be important for balancing regiongleostrophic velocities derived from satellite altimethipboard
biogeochemical budgetéiiderson and Ryabchenko, 2009; BurdADCP data and satellite-tracked surface driftethell et al.
et al., 201)) Mesoscale eddies have also been shown to shaf#13)used surface geostrophic currents derived from satellite
planktonic particle distribution and in uence exporttothedp-  altimetry and reconstructed a time dependent 3D velocity
ocean (Vaite et al., 2016 Interpretation of ux data measured eld by assuming that currents decrease linearly from the
by moored sediment traps therefore relies on resolving thessurface to 15% at 1,500 m depth to backtrack particles in time
physical processeg\aniek et al., 2005 starting at the trap.Qiu et al. (2014)performed backward

In addition to horizontal uid velocities, the consideratn  particle tracking for sediment traps located in the LiguriagaS
of particle settling velocities is critical to determine pelé by using the time dependent 3D velocity eld of an ocean
export trajectories from the surface ocean (eSjggel et al., model.
1990; Waniek et al., 20p®allasting of particles by biogenicand  The FRontiers in Arctic Monitoring observatory (FRAM;
lithogenic minerals can e ect the transfer of organic maaéri Soltwedel et al., 20)&ims to establish a long-term observing
to the deep-oceanAfmstrong et al., 2001; Klaas and Archer,infrastructure that is capable of detecting changes in thesjaay,
2002. Laboratory experiments and eld studies have indicatecchemical and biological properties of a rapidly changing Arctic
that mineral ballast can increase the density and settlgigoity  Ocean. It is comprised of numerous observing components that
of particles Fischer and Karakas, 2009; Iversen and Plougnclude xed point mooring arrays and sea oor observations,
2010; Lombard et al., 20)Lithogenic minerals in particular and also numerical ocean modeling. The instrumentation and
may modify the transfer of organic material to the bathypetagi autonomous sampling devices deployed on the observational
(Ittekkot, 1993; Salter et al., 2Q1and could be particularly components aim to provide continuous data- ow on the
important in the Arctic if aluminosilicate clays are entrathin  organic ux rates to the seaoor and the resulting impact
the ice through suspension freezing over shallow topography. 8n deep-sea communities. To link the variability in these
wide variety of techniques has been used to determine particbhenomena to changes occurring in the surface ocean, it is
settling velocities including laboratory settling columim-situ  necessary to take advantage of ocean models that redlstica
settling columns and imaging system&sper and Smith, 2003 represent the circulation and hydrography of the region,
temporal peak matching of particle ux pro les)fmstrongetal., as well as remote-sensing data products that can provide
2009 and particle gel trapshMcDonnell and Buesseler, 2010 information on chlorophyll-a and ice-cover dynamics. The
These methods have generated a large range of settlingtiedoc objectives of the present study are to (i) develop a particle
that vary between 5 and 2,700 m/i¢Donnell and Buesseler, tracking model to de ne catchment areas of sediment traps
2010. Typically marine particles are considered to settle in theand (ii) constrain the temporal variability of sea ice cog&a
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and chlorophyll-a distribution within the de ned catchment
areas.

2. STUDY AREA, METHODS, AND
MATERIAL

2.1. Study Area
The Fram Strait, located between Greenland and Svalba
(Figure 1A), is characterized by contrasting water masses. Wartf
and salty waters of Atlantic origin are carried northward by
the West Spitsbergen Current (WSC, expn Appen et al.,
2019. A fraction of the Atlantic Water (AW) carried by the
WSC recirculates in Fram Strait at around ®RBand continues
to ow southward, forming the Return Atlantic Water (RAW),
whereas the remaining part enters the Arctic Ocean via th
Svalbard and Yermak branches. Along the Greenland contiien
shelf break, the East Greenland Current (EGC, elg.Steur
et al., 200p carries cold and fresh Polar Water (PW) as well
as RAW southward. Sea ice is exported with the Transpolg
Drift out of the Arctic through the Fram Strait. The sea
ice export occurs at the western side of the strait, which i
thus ice-covered year-round. The eastern part of the Frarn
Strait is ice-free year-round due to the presence of warn
AW,

In this study, we focus on moorings HG-1V and HG-N which
are part of the FRAM Observator¥igure 1A). HG-IV and HG-
N are located in the central Fram Strait, southeast and reat,
respectively of the Molloy Deep, the deepest depression of Frg
Strait. They are located in a region where warm AW reciragat
westward.

2.2. Ocean-Sea Ice Model

Model output from the Finite-Element Sea-ice Ocean Mode
(FESOM) version 1.4 is used to calculate backward trajexgori
FESOM is an ocean-sea ice model which solves the hydrosta
primitive equations in the Boussinesq approximation and is
discretized with the nite element method/(ang et al., 2014;
Danilov et al., 2015 Details on the coupling of the ocean and
sea ice model can be found iimmermann et al. (2009)In
this study, we use a FESOM con guration that was optimizec
for Fram Strait, applying a mesh resolution of 1 km in this
area (Vekerle et al., 20)7By comparing with the local Rossby
radius of deformation (around 4-6 km in Fram Strait, e.g.,
von Appen et al., 20)6which is an indication of eddy size,
this con guration can be considered as “eddy-resolving.” A
snapshot of the simulated velocity in 100 m depth is shown in
Figure 1B revealing strong eddy activity. The simulation covers
the time period 2000 until 2009. It is forced with atmospheric
reanalysis data from COREv.Rgrge and Yeager, 2008vhich

includes sea surface wind and temperature, precipitation andGreenland Current (EGC), Yermak Branch (YB) and Svalbarde®ich (SB).(B)

snow, and longwave and shortwave radiation. River runo is
taken from the interannual monthly data set provided byi
etal. (2009)A comparison with observational data (hydrography
and velocity measured by a mooring array in Fram Strait
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FIGURE 1 | (A) Bathymetry in the Fram Strait region. Shown are the locatian
of the two moorings, HG-N (red star) and HG-1V (yellow star).dicated are
also major currents in the Fram Strait: West Spitsbergen Crent (WSC), East

Snapshot of simulated velocity in 100 m depth on 1 July 2009(C) 115-day
long backward trajectories of particles calculated with a sttling velocity of 20
m/d released at HG-N in 2,300 m depth in the time period 1-14 Juyl 2009.
Each color indicates a different release date. Gray contosrshow the
bathymetry at 1,000 m intervals.

showed that the model performs well in reproducing circulatio
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TABLE 1| Settings of 12 experiments performed in this study. shown byWekerle et al. (2017Using constant settling velocities
also increases the uncertainties in our calculations, vhiid be
further discussed in section 4.4.

To quantify the spatial structure of the simulated catchment
area, particle positions at the sea surface were binned into a
spatial grid and then divided by the total number of particles
For each experiment, particle trajectories were started once per day ding the time period O determine the fraction of collected particles originatifrom
2002-2009. each grid box.

Sediment trap locations HG-N (430.36% / 79 44.39N, water depth 2,620 m)
HG-IV (4 19.92% / 79 0.43N, water depth 2,540 m)

Depth of sediment traps 200 and 2,300 m

Settling velocities 120, 60, and 20 m/d

structure, eddy kinetic energy and hydrographydkerle et al., 2.4. Measurements of Settling Velocities

2017. During expedition PS99.2 with RV Polarstern to Fram Strait in
summer 2016, intact aggregates were sampled using a marine

2.3. Calculation of Backward Ocean snow catcher (MSC). On board, their settling velocities af we

Trajectories as size and composition were measured. The aggregates were

To determine the catchment area of sediment traps deployed fdividually transferred to a vertical ow chambeP(oug et al.,
Fram Strait, we used a Lagrangian particle tracking algarith 2010 that was lled with GF/F Itered seawater collected from

(see Appendix for details) and computed backward particle € same MSC and kept at situ temperature. The x-,y-, and z-
trajectories. This was done by reversing the ow eld, e axis of each aggregate was measured in the vertical owrsyste

particles were treated as if they were rising from the mooring'S'"9 @ horizontal dissection microscope and an pculgr. The
location to the surface with a negative settling velocitging volyme was thereafter calculated assuming an ellllpso[d form,
horizontally displaced with the reversed horizontal vetpci Which was used to calculate the equivalent spherical diamete
(vertical ocean velocities were neglected). Particles mavected |0 Measure the sinking velocity, aggregates were placecein th
with daily averaged horizontal model velocities from them'd,dle of the ow chamber "f‘nd upward ow was increased
FESOM simulation described above and a constant settlingtil the aggregate was oating one diameter above the net.
velocity of either 120, 60, or 20 m/d. They were release he sinking velocity was thereafter calculated by deteimgin

at either 200 or 2,300 m depth (which is relatively closdhe ow speed three times, and dividing the average of these

to the bottom), and tracked until they reached the surfaceneasurements by the area of the ow chamber.

Thus, the duration of trajectories released at e.g., 2,300 .
depth was 19, 38, and 115 days for settling velocities of 12 '5j CaIC_U|atlon of Backward Sea Ice

60, and 20 m/d, respectively. The computation of backward| rajectories . S
particle trajectories was performed for two locations of nings 10 determine sea ice source area and age of sea ice arriving in

equipped with sediment traps in central Fram Strait, HG-Fram Strait, a Lagrangian approach (ICETrack) was used that
N and HG-IV (indicated by stars inFigure 1A). Note that tracks sea ice backward in time using a combination of steelli

other Starting positions or sett"ng velocites can be |mp|emd derived low resolution drift prOdUCtS. ICETrack has been used i

easily. Particles were released once per day during the tindenumber of publications to examine sea ice sources, pathways,
period 2002-2009, resulting in 2,920 trajectories. Comsige thickness changes and atmospheric processes acting on the ice
the 12 experiments (two mooring positions, two depths ofcover (rumpen et al., 2016; Damm et al., 2018; Peeken et al,,
release, three settling velocities, Jale 1), altogether 35,040 2019. The tracking approach works as follows: An ice parcel is
trajectories were calculated. A time step of 1 h was uselacked backward in time on a daily basis starting at Frarmistr

for the trajectory calculation, and thus hourly positions andTracking is stopped if (a) ice hits the coastline or fast iceeedg
corresponding temperature and salinity values were stored. &) ice concentration at a speci ¢ location drops below 20% and
sensitivity test with smaller time steps revealed that a tatep W€ assume the ice to be formed.

of 1 his su cient. .

With this procedure, some assumptions and simpli cations2-6- S€a Ice Concentration Data .
are made. By using the daily averaged velocity eld, uctomsi A S€a ice concentration product provided by CERSAT is
on time scales less than a day are neglected. Note also th€d in this study. It is based on 85 GHz SSMII brightness
tides are not explicitly simulated in the FESOM con guration {emperatures, applying the ARTIST Sea Ice (ASI) algorithm.
used in this study. Some Lagrangian codes include sub-gaies The product is available on a 125 125 km grid
turbulence by either adding a random velocity or by adding d=2raty etal., 2097 _
random displacement of the particle position (eQios et al., ~ We use a weighted mean approach to estimate the sea
2011, 201y This was not done in our study, which adds to IC& coverage of the simulated catchment.area. First, partlcl
the uncertainty in our experiments. Nonetheless, mesoescaPositions at the sea surface of all trajectory calculations

variability is well reproduced in the ocean-sea ice model, ggonducted daily for the time period 2002-2009 are binned
into the 12,5 12.5 km grid. As described in section 2.3,

1Since we perform a backtracking particle method, the term “rising spsedid this amounts to altogether 2,920 trajectories per experiment

be more appropriate. However, in the literature, the term “sinking veyair resulting in a climatological two-dimensional probability
“settling velocity” is commonly used. distribution for particle origin. Second, the ice coverage
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HG-N 200 m HG-N 2300 m HG-IV 200 m HG-IV 2300 m
120 m/d

0 020406081 121416182 3 4 5
Relative number of particles at the surface (%)

FIGURE 2 | Relative number of particles (in %) reaching the surface iris of 24 24 km size, originating from moorings HG-N and HG-IV at 200 an@,300 m depth
and assuming different settling velocities (120 , 60, and 2@n/d). Particle positions at the sea surface are binned into #hspatial grid and then divided by the total
number of particles. The red cross indicates the mooring laation. Gray contours show the bathymetry at 1,000 m interval

of the catchment area for each month of the time periodproperty evenly over the areal extent of the catchment
1998-2016 is computed by weighting the ice concentratioarea.

of a grid box with the number of particles that reach the

surface in that box. Using these probability distributior f 2.7. Chlorophyll Concentration Data

calculating weighted means for sea ice coverage providesCeean color technique exploits the electromagnetic raoiiti
more realistic estimate than simply integrating the surfacemerging from the sea surface at dierent wavelengths of
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FIGURE 3 | Histograms of (A) travel path length in km,(B) distance in km between particle location at the surface and eadiment traps, (C) water depth at the particle
origin and (D) temperature at the particle surface position for sedimentraps (left) HG-N and (right) HG-1V, different depths of paté release (200 and 2,300 m) and
g (D) temp. p p ps (left) (right) p p ( )
settling velocities (120, 60, and 20 m/d). Abbreviations PWW, and AW stand for water masses Polar Water @0 C), Intermediate Water (OC< T <2 C) and Atlantic
Water (B2 C), respectively.

the visible wavelength region. The spectral variability it These are derived from standard level 2 products, calculaged b
signal de nes the so called ocean color which is a ected byhe best-in-class atmospheric correction algorithms.

the presence of phytoplankton. By comparing re ectances at For the Arctic Ocean, the ESA Ocean Color CCl Remote
di erent wavelengths and calibrating the result againet Sensing Re ectance (merged, bias-corrected) data are used to
situ measurements, an estimate of chlorophyll content can beompute surface chlorophyll-a concentration with a spatial
derived. The Climate Change Initiative (CCI) of the Europearresolution of 1 knf using the regional OC5ci chlorophyll
Space Agency (ESA) is a 2-part program aiming to producalgorithms. The Remote Sensing Re ectance data are generated
“climate quality” merged data records from multiple sensorsby merging the measurements from SeaWiFS, MODIS-Aqua
The Ocean Color project within this program has a primaryand MERIS sensors and realigning the spectra to that
focus on chlorophyll in open oceans, using the highest qualitpf the SeaWiFS sensor. The chlorophyll-a concentration is
of radiation measurements and merging process to date. Thisstimated from the OCb5ci algorithm, a combination of
uses a combination of band-shifting to a reference sensdahe Case 1 OCI Hu et al., 201p and the Case 2 OC5
and temporally-weighted bias correction to align indepentden(Gohin et al., 200Balgorithms, developed at PML (Plymouth
sensors into a coherent and minimally-biased set of re ecés.  Marine Laboratory) within the Copernicus Marine Environmten
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FIGURE 4 | Seasonal distribution of the catchment area for sediment &aps HG-N and HG-V, different depths of particle release (208nd 2,300 m) and settling
velocities (120, 60, and 20 m/d): For each grid box of size 24 24 km, the number of months is shown in which at least one partie reaches the surface. The green
cross indicates the mooring location. Gray contours show th bathymetry at 1,000 m intervals.

Monitoring Service (CMEMS). Units are expressed in mgrom all trajectories calculated daily for the time period026

m 3. 2009 is used. First, the chlorophyll-a data is interpolated to
As in the case of sea ice coverage described above, the sea ice grid (12.5 12.5 km resolution). Second, the

compute the chlorophyll-a content of the simulated catchmenthlorophyll-a concentration of a grid box is weighted witheth

area as a weighted mean. Again, the catchment area computedmber of particles that reach the surface in that box. As
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FIGURE 5 | Monthly mean (thick lines) and annual mean (thin lines) icexerage of the catchment area (in %) of sediment trapA) HG-N and (B) HG-IV for the time
period 1998-2016 (left) and its seasonal cycle (right). Birbars in the right panel show the standard deviation of the wnthly mean values.

monthly means of chlorophyll-a concentration is availalde f listed in Table 1is shown inFigure 2 For both moorings, HG-

the time period 1998-2016, we obtain a 19-year long timelV and HG-N, the simulated catchment area (here de ned as

series. the area where at least one particle reaches the surfacejés la
the deeper the trap and the slower the settling velocity. This
expected since particles stay in the water column for a lorigesr t

3. RESULTS period and are thus exposed to a greater extent to the currents.
. For all experiments, most particles originate from southexst

3.1. Catchment Area of Particles Advected the mooring locations, which shows that they were carriethey

by Ocean Currents northward owing WSC. Particularly in the experiment with¢h

Pathways of 14  particles released at HG-Ndeep trap and slow sinking rate (2,300 m depth and 20 m/d), the
(4 30.36E/79 44.38N) in 2300 m depth from 1 to 14 July 2009 pattern of particle distribution reveals the two branches hué t
sinking with a speed of 20 m/d are shownkigure 1C Particles WSC, the inshore WSC located mainly between the 1,000 and
travel distances between 540 and 950 km, and some of thetm rea2, 000 m isobaths, and the o shore branch that mainly folldines
the surface as far south as 74.4N. Most particles originate Knipovich Ridge. This is even more distinct for particles redehs
from south of the mooring position, indicating that they are at mooring HG-1V than at HG-N. Some of the particles originate
carried by the northward owing WSC. The patrticle trajectesi  from north of the mooring location, indicating the in uencef
exhibit strong eddying motions driven by the eddying vetpci the EGC and of the dynamic eddy eld that leads to random
eld, as seen in a snapshot of simulated velocity from 1 Jul@200movement of particles.
(Figure 1B). The trajectory path length is, as expected, highest in
All particle positions at the sea surface are binned into a@xperiments 2,300 m depth/20 m/d, and reaches up to 1,000 km
grid with a spacing of 24 24 km. The percentage of particles (Figure 3A). The mean/median path length in these experiments
originating from each grid box for each of the 12 experimentsamounts to 560/550 km and 540/530 km in the case of HG-IV and
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FIGURE 6 | Monthly mean (thick lines) and summer mean (thin lines) cinéiphyll-a distribution of the catchment area (mg m3) of sediment traps(A) HG-N and (B)
HG-IV for the time period 1998-2016 (left) and its seasonal cle (right). Error bars in the right panel show the standardeViation of the monthly mean values. Note
that data coverage is limited to the summer months.

HG-N, respectively. Particles reach the surface as far7adsN AW (de ned as waters with 2 C) at the surface (24—49%)
and 82 N, with distances to the mooring locations of more than (Figure 3D). This is opposite for mooring HG-IV with less
400 km Figure 3B). Mean / median distances to the mooring particles originating from areas with PW (34-41%), and more
locations HG-IV and HG-N are 160/140 and 190/150 km,particles originating from areas with AW (42—49%). Note that
respectively. With a faster settling velocity of 60 m/d,écapry  mooring HG-N is only located 80 km northwest of HG-IV, but
path lengths up to 400 km are reached, and mean/median valuésis di erence already leads to di erences in surface watessa
amount to 200/190 km (HG-1V) and 190/180 km (HG-N). In properties of particles.
the experiments with the shallow trap (200 m depth) and fast The seasonal variation in the particle distribution at the
sinking rate of 120 m/d, the trajectory path length does natged  surface is rather low for all 12 experimenEdure 4). Moreover,
100 km, and mean / median trajectory path lengths of 18/15 knthe spatial extent of the simulated catchment area does ngt va
(HG-1V) and 22/19 km (HG-N) are reached. strongly during the year and also on inter-annual timescales

For mooring HG-1V, most particles (the range is 69—90% in all(Figures S1S2. In fact, in terms of spatial extent, the amplitude
6 experiments) originate from areas with water depth deepar thaof the seasonal cycle is lower than the di erence between zhe 1
2,000 m, whereas for mooring HG-N, the percentage of particlesxperiments.
originating from shallower regions is higher. It is notitée
however, that for both moorings, almost no particles origma 3.2. Sea Ice Coverage and Chlorophyll-A
from shallow areas with depths between 0 and 50Figure 30).  Distribution in the Catchment Area

A large fraction of particles trapped in mooring HG-N The ice coverage of the simulated catchment area shows
originates from areas characterized by PW (de ned as watersigni cant inter-annual variability Figure 5. In most years, it
with T<0 C) at the surface (39-63% in all 6 experiments)reaches values of up t020% for mooring HG-N and slightly
and a smaller fraction of particles originates from areashwit lower values for mooring HG-IV. This rather low ice coverage
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that there is signi cant inter-annual variability. For thdG-1V

and HG-N catchment areas, chlorophyll-a concentration has

increased in the recent years. The trend in summer chlordgdayl

concentration ranges between 0.014 and 0.02 rityear

in the six HG-IV experiments, and between 0.017 and 0.022

mg/m?3/year in the six HG-N experiments. This is consistent with

the studies byNothig et al. (2015and Cherkasheva et al. (2014)

In particular, Cherkasheva et al. (201found a positive trend in

Fram Strait chlorophyll-a concentration of 0.015 mgiyear for

the years 1998-2009, and explained this with an increasein se

surface temperature and a decrease in Svalbard coastal ice.
The annual time series shows that years with high chlorophyll

a content in the simulated catchment area do not coincide

with years with high sea ice coverage. This is expected since

chlorophyll-a measurements are only available for icefraters.

However, concerning the seasonal cycle, the maximum incgea i

coverage and chlorophyll-a concentration both occurs in June

3.3. Catchment Area of Particles Carried by

Sea Ice

The ice coverage of the simulated catchment areas of ma®ring
HG-N and HG-IV is 20%, indicating that both moorings
are located in the marginal ice zone. Hence, sea ice plays an
important role for vertical particle uxes. Sea ice meltinges

in Fram Strait are high due to the interaction of sea ice with
warm Atlantic Water, and thus particles trapped by sea ice or
organisms growing underneath sea ice contribute to vertica
particle uxes. How much sea ice contributes to sedimentaiio
Fram Strait depends on age, source area and thickness ofesea ic
leaving the Arctic OceartHcken et al., 2000; Wegner et al., 2017
In particular, ice formed in the shallow waters of the Siberia
Shelf Sea can contain large fractions of biogeochemicadnmht
taken up by suspension freezingdthle and Kempema, 2007
FIGURE 7 | Result of a Lagrangian approach that tracks sea ice backwaréh Figure 7 shows the inter-annual and seasonal variability in age
time leaving Fram Strait between 81.5N, 10 W and 15 E (2006-2017, (a) and source area (b) of sea ice exiting Fram Strait betd8en
January—l?ecember)(A) transit time (age) of §§a ice from its- forma?ion site to W and 15 E from 2006 to 2017, calculated by tracking sea ice
Fram Strait and(B) source area of sea ice exiting Fram Strait (longitude). backward in time (section 2.5). During some years, sea 'peréx

is characterized by ice originating from the Laptev Sea #80
140 E) only. During other years, Fram Strait out ow is fed by the
(ﬁeaufort Gyre¥ 160 E) or Kara Sea (6@& —100E). Also the age

of sea ice di ers signi cantly between years. In addition, rénés

indicates that large parts of the simulated catchment area

both moorings are located in the marginal ice zone charazer ; dient F Strait: ice leaving EramiStea
by low ice concentration or in areas characterized by Attant astrong gradientacross rram Strait: fce leaving Fram '

Water. However, in some years a particularly high ice coweraqsvalbard originates more likely from the Kara or Barents $ela a
occurs (years 19,98, 2003, 2008, 2009, 2012, 2013, and HgdL4). s younger. In contrast, ice that exits through western F&tnait

seasonal cycle reveals a maximum in June, which will be furth§PMes more I'|kely from @he Laptev and Beaufort Sea and contain
discussed in section 4.3. a higher fraction of Multi-Year Ice.

In addition to sea ice coverage, we also investigate the
chlorophyll-a content of the simulated catchment areagq pDISCUSSION
(Figure 6). Since ocean color measurements depend
light, they only provide values for open water and for the4.1l. Origin of Particles
summer period (May to August). The catchment area obtained’he particle trajectory experiments showed that particles
in the experiment with 2300 m water depth and 20 m/d settlingoriginate mostly from areas south and southeast of the mywi
velocity extends further to the south than all other expernitse  They originate mostly from deep areas, with almost no pagticl
and thus values up to September are available. The maximuariginating from shallow areas with depths between 0 and 500
chlorophyll-a concentration in the catchment area occurs inm (Figure 3C). Regarding the simulated catchment areas, this
June in all experiments. The summer mean time series showghallow area corresponds to the Svalbard and Barents Séa shel
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FIGURE 8 | Sinking velocity, its standard deviation and the associatbequivalent spherical diameter of aggregates, measured ding RV Polarstern expedition PS99.2
in summer 2016 at stations HG-IX (close to the Molloy Deep) in8m depth and HG-N4 in 20 m depth. Gray lines indicate settlingelocities of 20, 60, and 120 m/d
used in this study.

region. Thus, the strong WSC appears to present a barrier thaate, which varies considerably during the year. First,dba ice
prevents particles from the shelf to reach central Fram Strait  coverage of the simulated catchment area is highest in summe
However, particles are not only advected by ocean currentéthe reason for this will be discussed in the next sectiony] an
but also carried by sea ice. The ice coverage of the simulatatso melting of sea ice is highest during this season. Agitlesic
catchment area is not negligiblEigure 5), hence both moorings above, sea ice can originate from the shallow Siberian sba,
are located in the marginal ice zortéebbeln and Wefer (199]1) carrying sedimentary material that contributes to vertigarticle
based on mooring measurements, observed maximum particlaxes. Second, the chlorophyll-a concentration of the siatatl
uxes in the marginal ice zone of Fram Strait. The ice tragkin catchment area reaches its maximum in summer as fvalVe
analysis revealed that sea ice transported particularlyugiino suppose that the timing of the maximum bloomis correlated with
eastern Fram Strait originates mostly from the Siberiarii&eas. the highest export e ciency. Although knowing that secongar
Since sea ice formation can occur close to the sea oor inghe ects (e.g., ingestion by zooplankton) play a dominant role on
regions, it can entrain sediments which strongly contriodb  particle uxes, we can expect high particle uxes measured by
particle uxes in Fram Strait. This is supported by high sea icehe sediment traps in summer and early autumn (depending
melting rates in the Fram Strait marginal ice zone, whictuliss  on the settling velocities, it takes days or even up to months
from the interaction with warm AW. Another, indirect way to until particles reach the trap). In fact, a sedimentation stud
reveal the origin of particles is the analysis of their comp@sj  conducted in the central Fram Strait during the years 200052
e.g., the seasonal and regional variability of clay misees done revealed increased vertical particle uxes in August/Septam
by Berner and Wefer (1994In the Fram Strait marginal ice zone and May/Junefauerfeind et al., 2009
/ WSC area, the authors found both a high / medium lithogenic

content, pointing to the release of ice-rafted material bytmg, 4.3. Summer Sea-lce Maxima of the
and koalinite/illite ratios related to high plankton produwity, Simulated Catchment Area

respectively. The ice coverage of the simulated catchment areas shows
. . strong seasonal variabilityFigure 5). Surprisingly, the highest

4.2. Seasonality of Particle Catchment ice coverage of the catchment area of both HG-N and HG-

Areas IV occurs in the summer months, particularly in June. What

The particle trajectory calculation revealed that the seako is the reason for this summer maximumisukernik et al.
variation in the particle distribution at the surface is rathow  (2010)showed that anomalies in ice export through Fram Strait
for all 12 experimentsHigure 4andFigures S]S2. As shown by can be explained by an east-west dipole pattern of sea level
observations and model studies, the WSC is stronger in wintgoressure anomaly with centres located over the Barents Sea and
than in summer, with higher eddy activity during winter seas Greenland, associated with anomalous meridional windesgr
(Beszczynska-Moller et al., 2012; von Appen et al., 2016; VéekeRram Strait. Moreovefmedsrud et al. (201dsed mean sea level

et al., 201). This might lead to a compensating e ect, with pressure anomalies across Fram Strait to compute geostrophic
more particles trapped in eddies despite stronger currentsuri winds, and a comparison with sea ice drift speed obtained from
winter time, overall resulting in a weak seasonal variatbthe  satellite measurements revealed a high correlation. An stimo
catchment area.

HOW_ever: by starting one tr?\jec"ory C_a|CU|ati0n per day_- WeNote that the satellite measurements cover only the surface lagedsep
cannot inherently account for di erences in particle produari  chlorophyll-a maximum would not be detected.
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linear relationship of sea ice export through Fram Strait andlo conclude, settling velocities vary with depth, regiopall
wind speed was also shown biarder et al. (1998jn model seasonally and inter-annually. Dedicated studies areireduo
experiments. This relationship between sea level pressdrizan analyse these processes.

export is signi cant in the winter months, but not in the summe
months (Tsukernik et al., 2000Thus, in the summer, seaice can
move more freely into central Fram Strait (where HG-N and HG-
IV are located) and is not as strongly restricted to the weste
part of Fram Strait as in the winter months. Potentially alse th
seasonal di erence in the strength of the AW recirculatiomca
play a role. The stronger westward ow of AW in winter may
inhibit sea ice eastward motion.

5. CONCLUSIONS

In this study we developed a Lagrangian model to determine
the catchment area of sediment traps attached to two moorings
operated in central Fram Strait. The time-dependent velocity
eld of a high resolution, eddy resolving sea ice-ocean model
was used to compute backward trajectories starting at the
trap locations once per day for the time period 2002—2009.

4.4. What Is a Realistic Estimate of Settling Remote sensing products (sea ice concentration and chlorbphyl
Velocities? adistribution) were used to characterize the simulatedivatent

. .. area
In our stu_dy, we apply a range qf constant settling velocities Our study shows that the extent of the catchment area is targe
for the trajectory calculation, ranging between 20 and 128.m

Settling velocities commonly used in particle trajectonydies the deeper the trap and the slower the settling velocity.i€lag

range from 50 to 200 m/diegel and Deuser, 1997; Waniek&dg%:;%?ixltzitggezz dcigs\r/]vtsa%Ii?izzz[er(ggsgsf—rgg /Sgﬁt?n(;:e
et al., 2000; Siegel et al., 2008; Abell et al., 2008 choice g sites, P o ong

%Lom distances larger than 50 km), indicating the in uencé o
conducted in Fram Strait in summer 2016, described in sactio e northward owing WSC, but also of the vigorous eddy

- . . . . ?Id leading to random motion of particles. Particles trapped in
2.4.Figure 8 shows settling velocities and associated equivalen : L ;

; - L . mooring HG-N originate from surface areas mostly charaetst
sphencgl diameter measured for situ collected marine snow by Polar Water. In contrast, the simulated catchment area of
at locations HG-IX (close to the Molloy Deep) at 80 m depthmooring HG-IV, which is Ioc:':lted around 80 km south of HG-
and HG-N at 20 m depth. At the MOHOY Deep, 22. sample.s_wer(f\l, is mostly characterized by Atlantic Water. For both mows,
analyzed, revealing minimum and maximum settling velesitof particles mostly originate from areas deeper than 500 m, and
5and 64 m/d, with a mean value of 30 m/d. At location HG-N, the ’

. thug the Svalbard shelf does not play a major role as a source
spread of measured values is larger. 7 samples were analyzed, and <o ice concentration over the catchment area ;
settling velocities ranged between 2 and 175 m/d, with a me glon.

n S .
0,
value of 77 m/d. Particle trajectory experiments conducteithis bb 20%, and 1S highest in the summer months when the sgrface
. . " air pressure di erence between Greenland and Svalbard is low,
study with settling velocities of 20 and 60 m/d are thus more . - . .
realistic than the case with 120 m/d allowing sea ice to move more freely into central Fram Strait.
A more realistic approach thz;m using constant settlin Thus, particles carried by sea ice could potentially contribute
e app! 9 %o vertical particle uxes measured by moorings HG-IV and
velocities is the application of the Stokes Law. It relates thﬁG-N. A sea ice backtracking method allowed us to determine

rticle sinking veloci h nsi i eren f particl .
particle s g velocity to the d.e sty. dierence o |C)a'[C(.athe source area and age of sea ice advected through Fram
and sea water as well as particle size, as e.g., done in

study by Qiu et al. (2014) However, particle density and Sftait Chlorophyll-a dls_trlbutlo_n over th? S|_mul_ated Cb‘“ef“
. . . . _area reaches its maximum in June, indicating that highest
size are parameters that are dicult to measure in practice

. . . . .~ “Vertical particle ux re ex in th mmer months. Th
and furthermore a wide range of particles with di erent size ertical particle uxes are expected in the summer months. The

: : catchment areas and integrated remote-sensing productsatk n
and density classes occurs in the water column. Processes

. . . . . - In"this study will provide a valuable time-series to intepret on
like fragmentation, aggregation, consumption, and micedbi _ . . . . . .

- o . - going changes in pelagic-benthic coupling processes in tha Fra
activity can also change the sinking velocity as particlesetg Strait
through the water column Siegel et al., 1990In particular, '
eld observations byBerelson (2001and Fischer and Karakas
(2009)showed that settling velocities increase with depth. ThiDATA AVAILABILITY
was explained by carbon loss during degradation in the epi-
and mesopelagic which increases particle densities, and by @ahe backward particle trajectories are available at Pangaea
increase in ballast minerals with depth. Furthermore, theival ~ (https://doi.pangaea.de/10.1594/PANGAEA.895078). All
ocean velocity can impact the pathway of the sinking particledatasets used for sea ice tracking are compiled here: http://
In general, vertical velocities are much smaller than thdigiar  epic.awi.de/45411/1/AWI_ICETrack_ver2017Sep.pdf. Sea ice
settling velocities used in this study, and are hence neglec concentration data is available at ftp://ftp.ifremer.iréifner/
However, vertical velocities associated with sub-me$escaies cersat/products/gridded/psi-concentration/data/arfdiily/
or laments can be signi cantly largerX50 m/d, von Appen netcdf/. Chlorophyll-a data is available at http://marine.
et al., 2018 Moreover, Fram Strait is characterized by a deegopernicus.eu/services-portfolio/access-to-products@opti
mixed layer in the winter months, associated with strongcom_cswé&view=details&product_id=OCEANCOLOUR_ARC _
convection events. This also leads to high vertical veéscit CHL_L3 REP_OBSERVATIONS_009 069.
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APPENDIX: PARTICLE TRACKING
ALGORITHM

The Lagrangian particle-tracking algorithm is based on the
following equation:

dx
o D u(x,t), (2)

wherex is the 3D particle position and is the 3D velocity eld
at the particle position. If we knew the particle position at time
the position at timen C 1 will be
z thca
X(tnc1) D X(tn) C u(x, t)dt. &)

th

We use the Euler method to compute the particle position at time
tnCl D tn C t:

X(tnc1) D X(tn) C u(X(tn), tn) t. (3
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