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I have read the revised document, and found it significantly improved. It can be accepted

with minor changes.

I have two slightly more substantial points:

1. It is customary to present differences as 'scenario minus control'. The authors do the
reverse, which makes it more difficult for me (and presumably many other readers) to
interpret the plots/results. For instance, if tides are removed, and this results in a decrease in
particle density somewhere, the difference plots show a positive value and vice versa. It is
now clearly indicated how it was done, so not necessarily a show-stopper, but | would urge

the authors to change this to improve the readability. It will likely also improve the narrative.



Authors: We follow the suggestion of the reviewer and show in the revised manuscript
SVFHQDULR PLQXV FRQWURO™ LQ WKH GLITHUHQFH SORKMVFK7KLV F

have been updated. The text and captions have been changed accordingly.

2. The conclusions are very much formulated in terms of the fate of particles. However, the
particles (in this study) are a means to an end, rather than the purpose of the study, which is
to learn more about the ocean dynamics. Should the conclusions be not refrased? In the very
least, | think the authors should add a few lines to the conclusions on what they have learned
about their first objective (I. 55).

Authors: To answer this comment, we re-defined the third objective of the paper as the
overall objective, while the first and second one were re-defined as the first and second
specific objectives (lines 55, 65 and 70). Further, the outcome of the first specific objective is
added in the Conclusions (line 653-654).

| also have a few more minor remarks/suggestions/typos/grammar, which | list below.

. 18. persist in yearly

Authors: Done as suggested.

. 22. vertical velocities in

Authors: Done as suggested.

I. 31. contributions from

Authors: Done as suggested.

I. 34. has not yet been widely investigated.
Authors: Done as suggested.

I. 42. around the southwest of Ireland
Authors: Done as suggested.

l. 60. the fronts. Freshwater

Authors: Done as suggested.

l. 84. of the velocity field

Authors: Done as suggested.

[. 100. by tides, and eddies

Authors: Done as suggested.

Authors: In the revised manuscript we refer to the publication of Stanev and Ricker (2020) for
further details of model forcing and parameters. We also did the following changes and
adapted the Code/data availability section accordingly (line 662-665):

I. 111. atmospheric model: please give the name and reference(s).



Authors: Added (line 111).

[. 113. climatological river runoff: please give the source of these data and reference(s).
Authors: Added (line 113-114).

I. 113. tidal forcing: please give the source of these data and reference(s).

Authors: Added (line 114-119).

I. 113. Please also provide information on the open boundary conditions for temperature and
salinity.

Authors: Added (line 119-121).

[. 114, 1. 128. 1 January

Authors: Changed throughout the manuscript.

I. 135. to reduce the effect of direct wind drag

Authors: Done as suggested.

. 153. 2-D: horizontal?

Authors: Done as suggested.

I. 174. stripe: | understand that in German, both strip and stripe are translated as 'Streife'. In
English, however, the two are subtly different. A stripe typically has (is!) a different colour
from the surroundings. A strip can be a composed of a different material, or can be just a
designation. So at this location, 'strip' should be used. There are other locations in the
manuscript where 'stripe' can be used *please check carefully throughout.

Authors: 7KDQNV IRU WKH YHU\ KHOSIXO H[SODQDWLRQKRXWHSODFH
the manuscript where it not refers to a colour in a figure.

l. 184. particles were traced for

Authors: Done as suggested.

Figure 2b: change the text next to the colorbar into 'velocity amplitude’

Authors: Done as suggested.

Figure 2. It is still not clear from the document if the plotted quantities are for the surface, the
bottom or depth-averaged. Please state this explicitly in the caption.

Authors: 7TKH FDSWLRQ DOUHDG\ UHDGYV 36LPXODWHG VXUIDFH SURSFH
I. 258. Remove 'Dutch'. The Netherlands has no coasts in the German Bight.

Authors: Done as suggested.

I. 267. Atlantic water into the

Authors: Done as suggested.

I. 268. from satellite observations (Pietrzak et al., 2011) [they used the observations, but
don't own them]

Authors: Done as suggested.

[. 269. East Anglian Plume



Authors: There are several spellings of this feature, e.g. East Anglian Plume, East-Anglia
Plume, or East Anglian plume. We decided to keep our spelling, which is regularly used, e.g.
by Pietrzak et al. (2011).

[. 279. Overall, Fig. 2a-f support

Authors: Done as suggested.

I. 356. 12.42 h: The figure says 12 h. Please change and make consistent.

Authors: Done as suggested.

I. 383. the continental slope.

Authors: Done as suggested.

[. 391. which drive particles away from the western

Authors: Done as suggested.

I. 394. occurs mainly and south: there's a bit of sentence missing here?

Authors: Word added (line 403).

[. 396. 'narrow channel’: has a name: the Silver Pit

Authors: See next comment.

I. 397. 'basin to its southeast': has a name: the Oyster Grounds

Authors: "6LOYHU 3LW" DQG 2\VWHU *URXQG  Hie¥M4-HHHQ@IMGGHG LQ \
Fig. 1.

[. 407. remove: therein

Authors: Done as suggested.

I. 410. The instantaneous particle positions (??)

Authors: Done as suggested.

Figure 5. Please replace 'monthly average' by '‘Annual mean'.

Authors: Done as suggested.

Conclusions: as each of these could be cited/taken out of context by others, it should be
stated specifically that they hold for neutrally buoyant particles (particles with different

properties may well give different results). So:

I. 619: accumulate neutrally buoyant particles

I. 625. accumulation areas for neutrally buoyant particles

I. 630. remove neutrally buoyant particles

I. 632. patterns for neutrally buoyant particles on the

Authors: We changed to heutrally buoyant particles “at several places (e.g. line 16 and 624-
625), which, in our opinion, makes clear about what we are talking.

To be completely accurate, the caveat that vertical turbulent diffusion of particles was
neglected should be reiterated in the conclusions section.



Authors: This fact has been added (line 624-625).

I. 642. regimes at the 10 km scale. [The model does not resolve eddies slightly above and
smaller than the horizontal resolution. These, however, do exist, especially near fronts and
changes in topography. So this result may well be (or is very likely), at least to some extent,
a model artifact!].

Authors: Added in line 652. What the model can resolve is mentioned in the part describing
the model. We referred for more details to Stanev and Ricker (2020) where the issue about

what the (same) model resolves and does not resolve is addressed in detail.
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Abstract

The dynamics of the European Northwest Shelf (ENWS), the surrounding deep ocean, and the
continental slope between them are analysed in a framework of numerical simulatignsigsangian
methods. Several sensitivity experiments are carried out in which (1) the tides are switched off, (2) the
wind forcing is low-pass filtered, and (3) the wind forcing is switched ofin€asure accumulation of
neutrally buoyant particles D T X D Q W L W hofnaliBdd Gurinilktikie particle density (NCPDL V
introduced. Yearly averages of monthly results in the deep ocean show no permanelet parti
accumulation areas at the surface. On the shelf, elongated accumulation pattéshsn pgarly
averages, often occurring along the thermohaline fronts. In contrast, monthly aciampaterns are

highly variable in both regimes. Tides substantially affect the particle dynamit®e shelf and thus

the positions of fronts. The contribution of wind variability to particle accuimounlén specific regions

is comparable to that of tides. The role of vertiegbcitiesin the dynamics of Lagrangian particles is
guantified for both the eddy-dominated deep ocean and for the shallow shelf. In therdattavinds

normal to coasts result in upwelling and downwelling illustrating the impataheertical dynamics

in shelf seas. Clear patterns characterising the accumulation of Lagrantjidlagare associated with

the vertical circulations.
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1 Introduction
The European Northwest Shelf (ENWS) (Fig. 1) is among the most studied ocean @idasde.
Numerous reviews have presented details of its physical oceanography (e.g. Otto et al., 1990;
Huthnance, 1991 Understanding the dynamics of the ENWS has been achieved with substantial
contributionsfrom Eulerian numerical modelling (Maier-Reimer, 1977; Backhaus, 1979; Heaps, 1980;
Davies et al., 1985; Holt and James, 1999; Pohlmann, 2006; Zhang et al., 2016; Patsch et al., 2017). In
contrast, the usefulness of Lagrangian methods for a comprehensive understanding of the ENWS

dynamics has notet been widely investigated heretofore.

In the following, we briefly summarize some basic oceanographic knowledge abBMWi® (the
study area is shown in Fig. 1). The slope current dynamics and exchanges between the deep ocean and
shelf have been analysed by Huthnance (1995), Davies and Xing (2001), Huthnan(z068akand
Marsh et al. (2017); Lagrangian drifter experiments in this area have been debygrileegl Booth
(1988) and Porter et al. (2016). The prevailing westerlies induce on-sheltraatgrort from the Celtic
Sea up to the Outer Hebrides (Huthnance et al., 2009). Water entering the CeltimwSestfier into
the English ChannelL QW R WKH ,ULVK 6HD Y Ld afowhdhelddithdestiMreaidD Q QH O
(grey arrows in Fig. 1 schematically show the principal shelf circulatidmg.water exiting the Irish
Sea flows around the Outer Hebrides and joins the on-shelf transported waterititanvafer enters
the North Sea, mainly via the Fair Isle Current, where it begins an anti-clockwiseyjdbrough the
North Sea. The third path of waters entering the North Sea originates fromlticeS8a, subsequently
those waters are integrated into a complex system of currents in the Skeaaywirthe Norwegian
Trench. In this area, the Atlantic and Baltic Sea waters undergo strong mixing.tAésouthern slope
of the Norwegian Trench, a branch of the European Slope Current flows toward the &slinhite a
current flowing in the opposite direction follows the northern slope of the trenatdlition, large river
runoff influences the water masses in the North Sea and along the Scandioagtamexplaining @
low salinity along coastal areas. Further details of the North Sea ciooutzin be found in, e.g.

Howarth (2001) and in the above-mentioned reviews. The major hypothesis in the present study is that
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although the North Sea is very shallow, it contains an important verticalatiocul Revealing such

characteristics is the firspecificobjective of the present study.

Much is known about the thermohaline fronts on the ENWS and its estuaries (Simgs$duméer,
1974; Hill et al., 2008; Holt and Umlauf, 2008; Pietrzak et al., 2011). Although pends of this ocean
area are vertically well mixed, seasonal and shorter-term variabildytdearonounced differences in
the positions and strengths of the froriieshwater fluxes are also important, particularly in shallow

coastal areas. Krause et al. (1986), Le Fevre (1986), Belkin et al. (2009), Lohmareilkam2B14),

Mahadevan (2016) and McWilliams (2016) addressed the biological consequences of frontal systems,

and the frontal physics are summarized in Simpson and Sharples (2012). However, to théhbest of

DXWKRUVY NQRZOHGJH WKH IURQWDO G\QDPLFVa Rapralidiad (1:6 KD

perspective; therefore this will be the secepdcificobjective of our study.

Most previous studies that employed Lagrangian particle tracking in the region BNWNS

(Backhaus, 1985; Hainbucher et al., 1987; Schonfeld, 1995; Rolinski, 1999; [2aele?008; Callies

et al., 2011; Neumann et al., 2014 and Marsh et al., 2017) addressed only part of theudigion s
herein. Hence, ouoverall objective is to provide a comparison among the specific hydrodynamic
regimes in different areas of the ENWS and exchanges between these areas. One exdraele has
recently provided by Marsh et al. (2017) for part of the European Slope Curremingiang approaches
applied to other ocean regions can be found in, e.g. Bower et al. (2009) farthé\Nantic, Paparella

et al. (1997) for the Antarctic Circumpolar Current, Reisser et al. (20d8uftralia, van Sebille et al.
(2015) for the world ocean, Maximenko et al. (2018) for tsunamis, Froylahd(20&4) and van der

Molen et al. (2018) in terms of connectivity studies.

The present study was initiated in the framework of a project studying the fat&riok litter in
the North Sea (Gutow et al, 2018; Stanev et al, 2019). Here, we exten@ahef aur analyses to
include the entire ENWS, the European Slope Current, the Bay of Biscaymdsdpthe Northeast
Atlantic. Unlike our recent studies, herein, we address virtual Lagrangiangardc6 DUWLFOHV’
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following) and not real drifters. These patrticles are transported only by 3-D aasants (turbulence,
Stokes drift and wind drag are not considered). Thus, this study aims at givingrandiag

representation dhe velocity field of the ENWS and the surrounding deep ocean.

In Sect. 2, we will describe the model, its setup and the Lagrangian experimeégst.18.1 and
3.2, Eulerian model results and model validations are presented followed by Lagrand@émasults
and sensitivity experiments being discussed in Sect. 4.1 to 4.5. The paper ends withanbtiusion

in Sect. 5.

2 Materials and methods

2.1 The numerical model
The Nucleus for European Modelling of the Ocean (NEMO) hydrodynamic ocean model is iisgd in t
paper (Madec, 2008). For this study, the Atlantic Margin Model configuration witkna resolution
(AMMY7; Fig. 1) of NEMO is chosen because it appears to be one of the bestaedhtittzdel setups for
WKH (1:6 2T'HD HW DO The nuniec@l model solves the primitive equations using
hydrostatic and Boussinesq approximations. The horizontal resolutighiisthe zonal direction and
Y15° in the meridional direction; that is, the resolution is approximately 7.4Tkis lateral resolution
allows for resolving, e.g. tidal mixing fronts, modification of tidal elip®y stratification, strong shear
stresses induced by tidemnd eddies with diameter larger than 30-40 km. Not fully resolved are, e.g
frontal jets and shelf break downwelling (Stanev and Ricker, 2020). Ther@are 275 grid points
altogether and 51 verticatlayers. For tracer, i.e. temperature and salinity, advection, we employ the
total variation diminishing (TVD) scheme, diffusion takes place on geopotential letkeks baplacian
operator (the constant horizontal eddy diffusivity is specified as?=})mFor momentum diffusion, a
bi-Laplacian scheme is applied to act on the model levels (constant coefficient&f° nt* s%). The
generic length scale (GL&) Oscheme is used as the turbulence closure scheme; the bottom friction is
nonlinear with a log-layer structureD UR XJK Q HV V- @ldr@ &ty ®effickent range of -
3 WR 3AThe baroclinic time step is 300 s. The output, including the salinity (S), tempef&jur

velocities (u, v) and sea surface height (SSH), is written hourly.



110

111 The atmospheric forcing is provided by the UK Met Officgmospheri¢N\WP) model with a 3-

112  h temporal resolution for the fluxes and an hourly resolution for the 10 m wind gmetssure. The
113 model uses climatological river runoffased on the EuropeafnYdrological Predictions for the
114  Environment (E-HYPE) product of the Swedish Meteorological and Hydrologicaluties{iSMHI).

115 The open boundary forcing has two parts: a tidal harmonic signal (15 constiQen®l, P1, S1, K1,
116  2N2, MU2, N2, NU2, M2, L2, T2 ,S2, K2, M4) and the remaining barotropic part consisting of the sea
117 surface elevation and depth-mean currents (2-D surge component). The barotropic @sing
118 implemented following the Flather radiation scheme (Flather, 1994). In addition tdh&dabnic

119 forcing, tidal potential forcing using the same tidal constituents wdedmyver the entire model area.
120 The initial and boundary data for temperature and salinity were taken from the opéFairecasting

121  Ocean Assimilation Model (FOAM) AMMY7 setup. Further details about the nsmdep are given in
122  Stanev and Ricker (2020), where the same model configuration has been firsthesgeriod of
123 integration considered here spans frodanuary 2014 to 31 December 2015 of which the first year is
124  the spin-up period. The analyses of the results are performed for the areanELVBZE N63.50° N

125 and 17.59° WA.3.00° E, which is slightly smaller than the model domain to avoid effects due to the
126  open boundaries.

127

128 Although part of this study could be performed using the freely available opeafai@AM

129 AMMY7 data, we run the abovementioned model to (1) perform Lagrangian simulatiams o(2)

130 taking into account time scales shorter than days and (3) carry out some addiiosiglity

131 experiments. In contrast to the operational FOAM AMM7 model setup, the data are milatessi
132 here. In the following, the basic experiment is referred to as the control runl(GR)e sensitivity
133 experiment, the tides are turned off; this experiment is referredeafteras the nontidal experiment
134 (NTE). In two other sensitivity experiments, the wind forcing is low-pdissdd with a moving time
135 window of one week (referred to as the filtered-wind experiment, FWE) or compiatedd off (the

136 nonwind experiment, NWE). The changeshe model forcing are applied adanuary 2015.

137



138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

2.2. Validation data
For validation of SST, data from the Operational Sea Surface Temperatuoe #mhlysis (OSTIA)
system is used, which provides a gap-free synthesis of several satellite pfDdatas et al., 2012)
Velocities have also been validated using 9 passive GPS surface drifters; ftersepdavide the most
DSSURSULDWH W\SH RI LQ VLWX GDWD URNL FO D LDEDWHIFOWIL R/& H 7 KH
which have a bottom-mounted sail to reduce direct wind drag, were desigrestlice the effect of
direct wind drag(see Callies et al. (2017) for a technical description of the @)ift€he drifters were
released in the German Bight during Ridinckecruise HE445, and their position was sent every ~20
minutes from May to July 2015. The dataset is freely available (Carrascoestdneinn, 2015) andt
WKH EHVW RI WKH D\WWw&dhly BMS NriftdR databeGavallable for the ENWS during the
period of the simulations analysed herein. For validation, the model velocitiegeaapmiated to the
drifter positions in space and time. Drifter velocities are also compatkednadependent observations
using HF radar data. The HF radar system described by Stanev et al. (2015) ankl &aalcli2017)
consists of 3 measurement stations covering most of the German Bight and measuresartaEan

velocities.

2.3 Particle release experiments
Particles are released in the hydrodynamic model, and their propagation is used tdtam#igasport
SURSHUWLHV 7KH H[SHULPHQWY ZHUH FDUURHGHRXZ\H BRIQ PR RFX V
ZLWKLQ WKH K\GURG\QDPLF PRGHO DW HYHU\ WHEHRXWHRBII®E Q H\
using the model velocity output. High-frequency processes and vertical transpgmttareccounted
for in the former experiments, whereas backtracking is only possibleeo#flin intercomparison
between the online and offline integrations using the same particle setup datednstat neither

approach leads to drastic differences when comparDd@rizontalparticle transport properties.

The online advection of particles was achieved by the freely available open-sourdéEARBdel.
The version of ARIANE implemented in NEMO has frequently been used in other studies, e.g. Blank
and Raynaud (1997) and Blanke et al. (1999). Further details of the ARIANE model foamdben

7
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the appendix of Blanke and Raynaud (1997) and in the ARIANE user manual (stockage.univ-
brest.fr/~grima/Ariane/). Beaching is not possible; that is, the total nuvhparticles remains constant

over time. An extra wind drag is not used, nor is additional horizontal aridavetiffusion for the
particles (pure Lagrangian particles). Actually, velocity gradients togefitiea small advection time

step (van Sebille et al., 2018) provide a sufficiently high shear diffusienvditical velocity is taken

into account and the particle positions are written hourly. Particles are neutrally buoyant and provide a

Lagrangian representation of the velocity field.

Different seeding strategies were implemented. In one class of experimegtsn#Rble 1), the
particles were seeded laterally at 1 m (surface particles), as walltlhs grid cells just above the
seafloor (bottom particles) over the whole domain. In the second experimenT@iiarl) named CR-
B, the particle tracking process was carried out offline. For this purpeséetly available open-
source model OpenDrift (Dagestad et al., 2017) was used, in which the particlesivemtediby a
2"-order RungeKutta scheme. The offline calculation was performed backward in time at a ¢onstan
depth with a velocity input time step, a model time step and an output time step Bhd. rarticle
release depth in this experiment was 1 m. In a third experiment (#6 inI)atdened CR-V, particles
were released in a 100 km wide strip extending oceanward from the 150 m isobiidp istdine Bay
of Biscay and ending north of the Shetland Islands at 61.7° N (red and blue coloured ayefan F
d). In this experiment, particles were seeded vertically every 20 m; this iplexigyrshown for the

depth 904,000 in Fig. 9e.

The seeding strategy was consistently executed as follows. The initial disiribLiparticles was
uniform with 1 particle per model grid cell, that is, 64,831 particles per dmhfbr the whole domain
(experiments #35 in Table 1) and a total of 345,011 particles in experiment #6. In the CRRN
(experiments #1 and 6, respectively), particle release was repeated ostthayfiof every month in
2015, and particles were traced for 1 month. Thus, 12 data sets, each including bfrirafehtory

data, were generated. Additionally, for the seeding in January, the particlermosgitretracedfor 6



193 months. The FWE, NWE and CR-B (experiments&{3espectively) were conducted only for January
194 2015 whereas the NTE (experiment #2) was run until the end of July 2015.

195

196 Experiment #1 aims to understand and visualise the general circulation of the ENVIE thte
197 surface and bottom. The uniform initial distribution of particledbsga comprehensive Lagrangian
198 representation of surface and bottom dynamics over the whole domain. This expeiiliredat e
199 used to analyse accumulation and dispersal areas as well as vertical dynanifromtaheffects.
200 Further,it serves as the reference run for the sensitivity experiments. The sgnsitiperiments
201 (experiments #2) are performed to assess the influence on Lagrangian dynamics of some of the most
202 important drivers for particle advection, i.e. tides and wind. Experiment #5 ssipperanalyses of
203  vertical shelf dynamics and complements experiment #1. Experiment #6 provides a i8t®geatling
204  along the continental slope to study the dynamics there.

205

206 Table I Summary of the particle release experiments; further details areigi&att. 2.3. Surface
207 release is done at 1 m depth and bottom release one grid cell above the sea fiderrdtaase was

208 done once at the beginning of each month.

Particle advection Spatial seeding int i
# (abbr. niegration Details
(abbr) Online | Offine | Whole Shelf Vertical time
domain edge
1(CR) X X surface & bottom | 12 x 1 month 3-D particle motion
2 (NTE) X X surface & bottom | January + July no tides,3-D
3 (FWE) X X surface & bottom January filtered wind, 3-D
4 (NWE) X X surface & bottom January no wind, 3-D
5 (CR-B) X X surface January backtracking, 2-D
6 (CR-V) X X every 20 m 12 x 1 month only shelf edge, 3-D
209
210 2.4 Normalised cumulative particle density

211  The analyses of the results will focus on typical Lagrangian propertief)epsitions of the particles
212 and their trajectories. Such a presentation could be considered inferior comjtardaeviEulerian

213 presentation, which displays the concentrations of properties. However, from thesegiagr
214  characteristics, one can derive properties similar to the concentration thatepmasent the

215 S3FRPSDFWLRQ® SURFHVV RI SDUWLFOHV L®@ UH PWR D HQ WHTHCHQ R/D \L



216 by the particles. These properties related to particle density allow the iareshich particles

217 accumulate to be identified.

218

219 Different approaches to quantify particle accumulation have been proposed (Koszalka acd;LaCas
220 2010; Koszalka et al., 2011; van Sebille et al., 2012; Huntley et al., 2015). Below, tinratidithe

221 typicalLagUDQJLDQ SURSHUWLHYV nobn&ise® Ginwative gamdreHiensity KNCFD

222  isintroduced that measures the number of particles that have visited eacli dtidrigga certain time

223 interval. This quantity is normalised by the corresponding number ofl ipdtiticles in the respective
224  NCPD grid cell for the same time interval (in our case 1 particle jprceh), which corresponds to a

225 motionless situation:

226
o 2 AL c- NaGac
~08 a’ ~ <
227 0%2& & L'iaLP_’—Ags,Cas,:Né@éc (1)
228

229 whereNCPD s the normalised cumulative particle density, Y) are the coordinates of an arbitrary
230 grid cell in longitudinal and latitudinal direction, respectively, witlheinsionsdX, dY), nis the number
231  of time steps fronto to tn, U is the velocity field and\ is the number of particles at time sidp grid
232 (X, Y). In the present studydX, dY) represent the model grid dimensiods, dy), but could be larger
233 or smaller for other applications. A NCPD greater (smaller) than unitesmonds to more (fewer)
234  particles, which are identified in a grid cell on average, than there would be with@uttsuthus, the
235 NCPD can be interpreted as the percentage of the initial number of partietaged over time, or as
236  proportional to the inverse residence time.

237

238 The definition of the NCPD is not straightforward if the initial paeticoncentration is zero in some
239 areas. If the number of particles in some areas remains small (e.g. areas cidséldaovalominated
240 open boundary or divergence zones), the statistical confidence of this property lwarerstured.
241  Therefore, areas where the NCPD is less than 30 % are excluded from the anhlissiaréas in the

242  following figures).In the present study, the focus will be on monthly time scalesl(month). Choices

10



243  of (dX dY) and of the particle seedingugabeen made accordingly. For comparison, for integration
244  times longer than one month, large areas remain free of particles; itediaies shorter than one

245  month would cause rather noisy results.

246
247 3 Eulerian model results
248 3.1 Analysis of the simulated dynamics

249  The circulation of the CR is very diverse in different model areastheutifferences among the
250 dynamic regimes in the CR are most pronounced between the deep ocean and. theeshedfdual
251  velocities (U) and velocity amplitudes for January 2015 (Fig. 2a and 2b) slsinallyatwo regimes:
252  an eddy-dominated regime west of the continental slope and a tidally donmegiteé on the shelf.
253 The latter is characterized by relatively low residual velocittés. a) and large velocity oscillations
254 inthe English Channel, Southern Bight, Irish Sea and Celtic Sea (Fig. 2b). The transiteenibese
255  two regimes occurs along the 200 misobath (Fig. 2a), which can be considered asdjparatween
256  the dynamics of the shelf and deep ocean. A sequence of mesoscale eddies is deftslopedf the
257  western shelf edge with a dominant one in the Rockall Trough (Fig. 2a and 2b), wratdoaeadily
258 visible in the corresponding SSH pattern (not shown). The largest amplitudes ofatbevsl
259 oscillations are observed around the British Isles and along the southern coast§efmian Bight.
260 The dominant wind direction is from the west due to the prevailing westefig. S1 in the
261 supplementary materjal

262

263 The simulated thermohaline characteristics are consistent with the existinggdlgewthe coastal
264  waters, particularly those in the German Bight, are less saline (Fig. 2c) arskengpypical regions of
265 freshwater influence (ROFIs). In the German Bight, most of the low-salinity waggnates from the
266 Rhine, Ems, Weser and Elbe Rivers and spreads along the German and Danish coasts before it reaches
267 the Skagerrak, where it mixes with the low-salinity outflow from the 8&#a. The pattern of the
268 salinity gradient (Fig. 2d) reveals features along the coasts and at thdrorgpim the German Bight.

269  Additionally, the two current branches in the Norwegian Trench associatethwsitbpposing flows
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(one flowing to the east along the southern slope and another flowing in the oppestien along

the northern coast) are also easily observed as areas characterised by large salinity. gradient

In January, the overall temperature distribution is characterized by cqdraores on the shallow
shelf and a south-north temperature gradient in the deep water south of Ireland (Rigvae) water
plume exits the English Channel (Fig. 2e) and traces the pathway of wamticAtvaterinto the North
Sea, which is also known from satellite observati@tistrzak et al., 20117t the northern boundary
of this plume, the East Anglia Plume is known to transport suspended particulizie(8RM) to the
northeast. Along with a second plume extending into the Irish Sea, they are vistbémgtemperature
gradients (Fig. 2f). The temperature gradient also reveals a number of mefezoads occurring in
the deep ocean along the rims of currents (compare Fig. 2f with 2a). In July, the warmest temperatures
can be found in the Bay of Biscay and along the coasts of the shallow shelf, §spediad Armorican
Shelf (Fig. S2a). The July temperature distribution is also characterized by well-pronounced
temperature gradients, e.g. the Frisian Front located somewhat north of the Dutch coast. The simulated
gradients along the Celtic Sea Front, Ushant Front, #lalin Head Front and the Flamborough Head
Front (black circles in FigS2a) support the results of Pingree and Griffiths (1978). The disappearance
of these fronts in the results of the NTE demonstrates that they areitioh fronts (see FigS2a and
S2b). Overall, Fig. 24 support much of what is known from previous studies about the general

dynamics and thermohaline characteristics of the ENWS (e.g. Patsch et al., 2017).

Understanding the differential properties of currents is of utmost impertemunderstand the
propagation of Lagrangian particles. Therefore, we will present a brief mnafydeformation, as

proposed by Smagorinsky (1963):

N 5 6 a a;+ 6
& L8&°E& LEEFAE@E_A )

ay

with horizontal tension strain
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X . 6
& LSE@ F—A ®3)
and horizontal shearing strain
X . 6
& LSE E—A (4)

with (u, v) being the model velocities components afif () the model grid size in longitudinal and
latitudinal direction, respectively. Figure 2g shows the 24.84-h averaged @wygchs) deformation
obtained from the CR surface currents on 15.01.2015 (the influence of thedomoistant tidal
constituent is excluded). The order of this prop@t{10°®) is within the ranges measured by Molinari

and Kirwan (1975) with Lagrangian drifters in the Caribbean Sea. The most ow@&use$ are the

two large areas on the shelf exhibiting low deformation, namely, the NortarSethe Celtic Sea,
including the Armorican Shelf connected by the English Channel and Southern Bight, wieead sev
localised high-deformation areas appear (compare Fig. 2g with 2b). High-deforraesgas are also
present in the Irish Sea extending to the northern coast of Ireland. The défefedeformation
between theNTE and CR(i.e. NTE minusCR) can be relatetb tides and clearly shows their impact

on these three areas (Fig. 2h). In addition to shallow, enclosed areas, the dwicatoay the shelf

edge of the Celtic Sea is also affected by tides. High-deformation features in tloea@eprise at the

eddy boundaries (compare Fig. 2g with 2a) and most of them are also present in the NTE. Hence, flow
deformation is expected to be of significant importance for water mastfesdeep ocean. Exceptions

are the Bay of Biscay and the northwest of the domain where the deformatiorpietessced in the

NTE. The difference patterns there have scales of mesoscale eddiesisgtiggtthese eddy dynamics

could be coupled to the one of tides. In the Norwegian Trench, high deformation is observed along the
southern 200 m isobath. Here, the influence of tides arises as small-scates paseciated with the

interaction of the two currents.
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3.2 Model validation
The root mean square difference of January 2015 SST of the model and OSTtAvdata values
smaller than 1.5°C in vast areas of the model domain, whereas values between 0.5Caace ¥

typical range (Fig. S3).

Scatter plots of drifter and model velocities show a good model performance in thefra2ge
cm st, where the quantile-quantile plot (qg-plot) is almost along the diagonal (Figar8484b).
Deficiencies in the model occur at higher velocities, where the model is topibably due to the
neglected direct wind drag and Stokes drift (Réhrs et al., 2012; Stanev et al.,Ne®i&}heless, the
linear correlations of the u and v velocity components of 0.88 and 0.84, reslyedietween the
drifters and the model and the corresponding RMSEs of 14.3 and 12:%amn considered to reflect

a satisfactory model performance (Tab)e 2

The quality of the above numbers illustrating the model skill can be better understood if &ne drift
data are compared with independent observations using HF radar data. The corresponding scatter plots
(Fig. S4c and S4d) do not show as much underestimation of high velocities as in thécomogele
with Fig. S4a and S4b), but the spread of the data in two observations is comparable to the case of the
model-data comparison (the standard deviation between the two observations is even largdrghan in
case of the model-data comparison). The conclusion from Table 2 is that the diffezemeen the
estimations from the model and data are not larger than that between two afsenitinilar
validations provided by Stanev et al. (2019) for the North Sea also demonstrate thiitgreflithe

Lagrangian tracking approach.
Table 2 Summary of the model velocity validation performed by comparing GPS drifiecities
with the CR and HF radar velocities; the surface velocity components of the latter were interpolated to

the drifter velocities. Details are given in the text. A positive besotes that drifter velocities are

14



350 larger than the velocities of the CR or HF radar. The corresponding scatter plotearna ¢ig. S4n

351 is the number of observations.

352
Drifter #CR Drifter - HF radar
(n =10,339) (n = 353)
u v u Vv
RMSE [cm sY] 14.6 12.5 18.4 12.6
Linear correlation 0.88 0.84 0.91 0.87
Standard deviation [cm s} 14.3 12.4 16.9 12.4
Bias [cm s] 2.9 1.5 7.4 -2.0
353
354
355 4 Lagrangian model results
356 4.1 Overall analysis of trajectories and particle dynamics

357 The patrticle trajectories (Fig. 3) of the CR (experiment #1, see Tashew)the well-known, dynamic
358 features of the ENWS and the surrounding deep ocean. In relatively shallow areas, Englisie
359 Channel, Southern Bight and Irish Sea, the surface and bottom currents are almek{Figréda and
360 3b). This is typical for tidally influenced, wind-driven shallow waterculiation. Trajectories
361 symbolising currents appear relatively thick in the areas dominated by stteadécause the large-
362 scale presentation cannot effectively resolve small tidal excursionss®hipported by the magnified
363 representation of the dynamics in Fig. 3c and 3d. After 12.42 h, the trageatarthe shelf present as
364 nearly closed circles. The difference between the start and end positidvesarctlar loops give an
365 estimate of the net transport, which is much smaller than the tidal excursions. Theasprtrrapidly
366 increases, and the tidal excursions decrease further off-shelf beyond the 90@tmsjsehere the
367 mesoscale dynamics are dominant. As in the case of the Eulerian visualisation of the fiehdihe
368 200 m isobath can be considem@sithe boundary separating the dynamics of the shallow and deep
369 ocean. The meandering of the European Slope Current along the shelf edge @&t0880@) is
370 pronounced from the Bay of Biscay to the Goban Spur and around the Porcupin&iBa8k)( The
371  Skagerrak and Norwegian Trench also show pronounced mesoscale dynamics (Fig. 3d).

372
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4.2 Surface and bottom patterofthe particle distribution
Despite some similarities between the surface and bottom trajeckige3)( the particle accumulation
patterns in shallow areas are considerably different (Fig. 4). To investigeste dlifferences, the
positions of the particles released in January (CR, experiment #1, see JTatdalisplayed in Fig. 4.
After 1 month, the surface-released particles accumulate mainly along nartewgan the shelf and
in the Skagerrak (Fig. 4a). In contrast, the coastal regions around Great Britain and Ireland (but also i
the German Bight) can be considered divergence zones. The particle distribtiti@nléep ocean also
shows smalktrip-type patterns, especially in the southwestern part of the model domain abd will
discussed in detail later (see Sect. 4.3). In the following, examples of prodaswenulation and

dispersal features are given.

There is a tendency for the bottom-released particles to leave areas with a steeslope. The
most obvious examples the continental slope are along the 200 m isobath from the Spanish coast
around the Goban Spur and Porcupine Bank (Fig. 4b) until the Norwegian Trench. Van Aken (2001),
Huthnance et al. (2009) and Guihou et al. (2018) demonstrated that slope currents, downward flows of
shelf water and internal waves, respectively, dominate the dynamiae BENWS continental slope.
These processes can induce a net transport and in turn a tendency of bottom-reféessdgpbeave

the continentaslope

After 6 months, vast areas of the shelf and the western part of the domain become fitésasf. par
The particles flow from the English Channel along the Frisian Front isah#h and the Fair Isle
Current in the north into the inner North Sea (Fig. 4c). The patterreifrihh Sea is similar to the
Frisian Front: a narrowtrip of particles in the middle of this basin is the remnant of a sistilgwrfrom
an earlier time (Fig. 4a) connecting the source of particles (in the southi teirik€in the north). The
region around the Orkney and Shetland Islands accumulates particles owing to tasss@ift by the
westerlies, which alsdrives particles away frotthe western open boundary. This region additionally
receives particles from the south originating from the Irish Sea or floateddathe western coast of
Ireland; in both cases, these particles are sourced from the deep ocean. Likewise,ahBiSzay
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401 accumulates particles on time scales of several months. Bottom accumulatiostaiftbecurs mainly
402 westand south of the Dogger Bank (Fig. 4d). Also the bottom trajectories (Fig. 3b) show that particles
403 north of Dogger Bank are forced to flow around its western edge thtbadbilver Pitinto the Oyster
404  Ground(see the bathymetry in Fig. 1) suggesting topographically influencedganbtions. Once the
405 particles reach this basin, they can flow out only northward along its thalméghey reach the
406 northeastern edge of Dogger Bank (compare Fig. 4d with Fig. 1).

407

408 In the Skagerrak, the situation is as follows. At the bottom, the Noaweliench supplies the
409 Skagerrak with particles from the Atlantic along its southern slope. At the sutfeec Skagerrak
410 receives particles from the Fair Isle Current, the German Bight anélie $ea. Particles approaching
411 the Skagerrak can become trapped in its circular and eddy-dominated velocity (pagteBd and 2b),
412  which extends from the surface down to the bottom (see also Rodhe, 1987; Gutow et al., #04.8). In
413 Norwegian Trench, the particle distribution lragh spatial variability due to the irregular mesoscale
414  dynamics.

415

416 4.3 Tendencies of particle accumulation

417 The instantaneougparticle positions are not sufficiently representative of their accumulatidn an
418 dispersal over long periods and can lead to misinterpretations of their adtomtdands. This
419 becomes evident by comparing the particle positions after 1 month (Fig. 4a anth4hpviNCPD for
420 the same period (Fig. 5a and 5b). Although the general surface and bottom particle pagtetasa(id
421  4b) for January 2015 are comparable to the mean accumulation patterns (Fig. 5a and 5batamse f
422  do not coincide. The monthly NCPDs for all twelve months are shown in Fig. SHdndthe surface-
423 and bottom-released particles, respectively. At the surface, only a few accumulaticarerdamle
424  on the annual mean map (red areas in Fig. 5c); these areas are located in the IfighEBgésh
425 Channel 2), Southern Bight3), German Bight4), SkagerrakX), at the Fair Isle Curren®) and at the

426 northern coasts of Ireland and Great Britafih {/ast coastal areas have a NCPD smaller than 0.3,
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427  implying offshore propagation. Despite the numbered accumulation areas and coasts proiogeto part
428 removal, most of the domain shows neither particle accumulation nor removal (§CPD

429

430 At the bottom, particle accumulation is highly variable in the deep ocearthduemoval of

431  particles from areas with steep topography is evident (Fig. 5d). On tligtseeébndency of particles
432 to propagate away from coasts is smaller than for surface pargialtieles even accumulate, e.g. in
433 the German Bight and along the eastern British coast (discussed in detail .it.8gcFurther,

434  accumulation takes place to the south of Dogger Bank and in the Skagerrak. It is woghhadthe

435 major accumulation pattern at the surface along the Frisian afjti{as as its counterpart a pattern
436  of removal at the bottom (compare Fig. 5¢ and Fig. 5d). Additionally, coastward of accamatat

437 4, there is a removal area at the surface; in the same area, the bottom pattern temol@acy of

438 accumulation. These opposite tendencies in the surface and bottom layers suggestvirdicsh

439 circulation is also important in shallow environments. The inflow along the saust@pe of the

440 Norwegian Trench appears as increased particle accumulation.

441

442 There are some prominent small-scale featusgg{ike or filament-like characteristics) in the
443  deep ocean occurrirggNCPD maxima and minima (Fig. 5a and S5) as well as particle accumulation
444  and dispersal in the particle distribution (Fig. 4a). These features changeotigdng depending on
445 mesoscale dynamics. They are reminiscent of the attributes reported byaddiMuan (2000), who

446  demonstrated that particles initially located outside eddies accumulatesnaliong the boundaries
447  between them. When the averages are computed for a longer period, these filamieiatslisappear

448 (compare Fig. 5a with 5c¢), which is explained by the fact that the tinessohieddy motions are
449  substantially shorter than the annual scale. This follows from the changepasititen and occurrence
450 of thestrip-type areas with NCPDs greater than 1 from month to month (compare thefresukingle

451  months of FigS5). A more profound Lagrangian representation of eddies and their coherent character
452  can be found in, e.g. Beron-Vera et al. (2018).

453
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454 4.3.1 The role of tides

455  The difference in the January NCPDs between\thE and CR(experiments #1 and 2, respectively,
456 seeTable 1 and Fig. 6a and 6b) demonstrates that the tidal forcing considerably éfectsumulation
457  patterns on the shelf. At the surface, the largest differences betvaetmot experiments occur along
458 the East Anglia Plume/Frisian Front and along the firoftihe Irish Sea (Fig. 6a). Obviously, the tidal
459 signal affects frontal-like structures. Further differences betweemth@xperiments appear in the
460 English Channel, around the north of Great Britain/Fair Isle Cyadtat the continental slope of the
461 Celtic Sea. In most of the remaining parts of the domain, these differences are rather small.

462

463 Nevertheless, tides also affect the accumulation of particles in the deepwlcielris dominated
464 by sub-basin-scale eddies, as well as other areas in the Bay of Biscayp #mal Norwegian
465  Trench/Skagerrak, which are dominated by mesoscale motions. This could semwthasiadication
466 of the interaction between tides and mesoscale dynamics.

467

468 The most pronounced large-scale feature in the differences observed at the seassirfioee
469 vicinity of the shelf (Fig. 6a). At the bottom (Fig. 6b), the largest diffees between the two
470 experiments occur also beyond the 200 m isobaths in the direction of the open ocean. Thg changi
471  sign of the difference reflects large oscillations at small scal®goid size), possibly indicating that
472  a further increase in the model resolution is needed to adequately rdsmlaecumulation and
473 dispersion of particles in the area of the continental slope. Bottom patteresNiorin Sea are also
474  present and clearly demonstrate the importance of tides as a driver of padicteikation there. The
475  principal patterns are similar to the surface with differences aroueat @ritain but the difference
476  signal is more variable. In the Southern Bight and southern North Sea the diffeméirces are rather
477  distinct and follow the flanks of the Dogger Bank and the East Anglia Pltimsecomparison between
478 the surface and bottom patterns indicates that, unlike the currents, which do nctliyrastange in
479 the vertical direction in the shallow ocean, the accumulation of particleskadttben is different from

480 that at the sea surface. This suggests that the tides modifies the particlelatbonrpatterns by the
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induced shear diffusion. This finding is supported by the influence of tides fateswteformation

(compare Fig. 6a and 2h), the pattern of which partly coincides with the NCPD difference.

4.3.2 The role of wind
A large part of the variability of shelf dynamics is caused by atmosplatability (mostly on synoptic
time scales) (Jacob and Stanev, 2017); therefore, we will analyse the cimtsimft wind to the
accumulation and dispersion of particles in the FWE and NWE (experiments #3 apkdiively, se
Table 1). It is worth noting that the ranges of the responses to windiligriate comparable to the
responses to tides. The overall conclusion from the comparison among the differeneesuifiaite
properties between ti¢TE and CRFig. 6a) from one perspective and betweerHhe= and CRFig.
6¢) from another perspective is that the largest differences causet®ymd winds occur in almost
the same areas: the Frisian and Irish Sea Fronts, the continental slope, andvéngiadofrench
whereas the English Channel is less influenced in FWE. Filtering the wind (FWE) also thmakes
accumulationstrips 3VKDUSHU~™ ZKHUWBYVPWAKH) & KIRUWLQJ WHQGV WR
distribution. However, turning the wind off (NWE) changes the accumulattterps significantly
(compare Fig. 6e and 6¢). The most affected areas are (1) the coastal areas oft@ireahBtreland,
(2) the Skagerrak, which no longer accumulates particles, (3) the mouths of thafthiBkbe rives
which extend further to the west, and (4) the coasts of the Armorican Bhdlicing the variability of
the wind or turning it off completely also has very pronounced impacts on tbenhrticles (compare
Fig. 6d and 6f). The strongest impacts on bottom accumulation patterns are locatewithére part

of the shelf and the Norwegian Trench/Skagerrak.

The difference between the FWE anWH (not illustrated here) demonstrates that, on the shelf,

the westerlies are essential for particle accumangtompare Fig. 6e with 6g and Fig. 6f with 6h).

4.3.3 The role of fronts
The high-salinity and high-temperature gradients (fronts) in Fig. 2d and 2inalar $0 the NCPD
patterns shown in Fig. 5a. These fronts support the ones reported by Belkir2@0%y, particularly
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509 the fronts in the southern North Sea. Additionally, in terms of the yearly averaged NCPD (Riue 5¢)
510 NCPD maxima coincide with the known front positions; in contrast, not all detected $how particle
511 accumulation. There are also some differences from the analysis of PietrzdR@&t Hl. who analysed
512  the dynamics of the Frisian Front and East Anglia Plume using satellite date5&ThaadSPM The
513 differences between the present simulations and the results of Pietrzak @ Bl.q@urasa missing
514 East Anglia Plume and are mostly because the particles in the model have a neuanatybaoyg
515 because no particle sources are prescribed (the seeding is uniform).

516

517 To demonstrate the ability of a front to accumulate particles, a surfatensacross the Rhine
518 Plume (Frisian Front) is chosen as an example (solid black line in Fig. 5a; sit® iakset). The fron
519 separates the waters of the English Channel (higher salinity) and the RH#hél&®@r salinity). In
520 Fig. 7, the graphs start in the west (left) and end in the east (figbtinaximum NCPD in the CR (left
521 vertical dashed line) is located where the salinity and temperature start tcddei@h6 to 28.PSU
522 and ~7.6 to 5., respectively). The related density changes are ~4.62 a8d&kd@.n°. Hence, the
523 salinity causes the density gradient which in turn influences the accumulation ofeparin the
524  backward simulation (CR-Bexperiment #5, see Table 1), the NCPD maximum (right vertical dashed
525 line) is at the same location with respect to the salinity change when tioeepate coming from the
526  opposite direction. Due to the residual currents, in the CR the particlesfiaymthe southwest and in
527 theCR-B from the northeast. The peaks of the NCPD curves are bounded by a rathett &¢@BRN
528 which is higher on the side of particle supply than on the side of particlesispe theCR. In the
529 CR-B, the particle supply is reduced by the front, because only particlesifeoerman Bight and
530 the Danish coastal region can reach the front. These regions are refatisélgompared to the whole
531 North Sea being the particle supplier in the CR. This implies that pastiolulations in regions with
532 frontal systems are not fully reversible and backward simulations haveinteh@eted carefully. In
533 terms of the position of NCPD maxima, the results of Fig. 7 aresugiiiar to what has been found by
534 Flament and Armi (2000) and Lohmann and Belkin (2014). Despite the vertical dgnéa®e Sect.
535 4.4), particle accumulation along fronts can be explained considering that the residaidy ¥s not
536 parallel to the front but oriented further clockwise (in the CR thentation of the front is almost in the
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537 northssouth direction, whereas U is veered clockwise). This would lead to a cro$sheyfront by
538 particles, but the particles are hindered by the (haline) front and flowialomthe CR-B, the dynamics
539 are reversed, and thus, particles accumulate on the other side of the frarie 8actimulation along
540 other ROFIs can also be observed at, e.g. the western Danish coast along theeElhafRiw. Postma
541 FDOOHG WKH ERXQGDU\ RIQRKHHWEGHQ BKHOVE OTRADWRRQ L\
542  strong salinity gradient (Fig. 2c and 2d). From the results of the present study, thigiatem of the
543  boundary of the Wadden Sea can be confirmed: if a particle of the German Bigés ¢heskont, it is
544  unlikely that it will be able to return.

545

546 In the NWE (Fig. 6e), the Frisian and Irish Sea Fronts are less pronounced than in the CR,
547 demonstrating the intensification of frontal accumulation by wind. Due tmibsing westerly wind,
548 particles are no longer transported to the fronts, where they can accumulateaéasha thermohaline
549 gradients. This is especially true for regions where the wind is constamlinglin the same direction,
550 e.g. regions within the westerlies.

551

552 Another kind of shelf front is a tidal mixing front (Sect. 3.1 and B®, whose dynamics have
553 been described repeatedly (e.g. Hill et al., 1993). These fronts are known to ateumatural and
554  artificial flotsam (Simpson and Pingree, 1978). In July, tidal mixing froraésctgarly visible a
555 temperature gradients (Fig. S2a), and some of them can be observed in terms gfatt€rRId (Fig.
556 Sz). In contrast to January, these fronts disappear in July if the tidesriaed bff and demonstrate
557 their importance for particle accumulation in summer (Fig. S2d). Analyses of theylbifiE&aresults
558 (not shown) show almost no vanishing NCPD maxima implying that these maxima asised by
559 tides. Due to the seasonal occurrence, tidal mixing fronts are less pronauticed/eéarly averaged
560 NCPD then others fronts, e.g. the fronts of ROFIs. However, not all ofdbeor as NCPD maxima.
561 Although the well-known jet-like velocities along fronts can be seen mRibi. 7, the horizontal model
562 resolution is probably too coarse; that is, the model cannot resolve all importantdyorasaics.

563

564 4.4, Vertical circulation in the North Sea
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565 Although shelf dynamics are dominated by strong horizontal motions, they cannot be considered full
566 two-dimensional. Examples of the role of vertical processes are given byntidag) fronts (Garret

567 and Loder, 1981; van Aken et al, 1987), upwelling in the German Bight (Kraase £986), tidal

568 straining (de Boer et al.,, 2009) and secondary circulation in estuaries. Tdrerdiff's between the
569 surface and bottom accumulation patterns described in Sect. 4.3.3 (Fig. 5a and 5b) are indibative of
570 role of vertical processes. Such indications are clearly observed in the thepddferences between

571 the vertical positions of particles released at the bottom after onéh mbmttegration (Fig. 8a).

572  Pronounced depth changes appear along the eastern British coast, easterntirestounedshe Dogger

573 Bank and in several smaller coastal areas, e.g. at the western French coast. Som@att¢hnes are

574  topographically induced, like the one at the Dogger Bank, where particleshfeonorthwest ascend

575 and patrticles released on the Dogger Bank descend. However, a NCPD at the surfacéhsmdll

576 and a NCPD at the bottom greater than 1 (compare Fig. 5¢ with 5d) sagggstard movement of

577 water not being induced by topography. Single particle trajectories along tish Bdast reveal that

578 the bottom flow is directed coastward and offshore at the surface (small inset in Fig. 8a).

579

580 In the backtracking experiment (CR-B, experiment #5, see Table 1; Fig. 8mlegaaccumulate

581 in coastal upwelling areas, emphasising the dynamics described above. The oppoBiteisijurasent

582 on the northwestern Irish coast and in the western Irish Sea; here, a downward movement of water can
583 be observed. The NWE shows that the main driver of coastal water transportiimadyi oriented

584  coasts is the prevailing westerlies (Fig. 6e and 6f). Without wind, the e&rsdbrand British coasts

585 have NCPD values clearly exceeding 0.3; with the original wind forcing, thexeraree NCPD values

586 smaller than 0.3. In contrast, the NCPD of the western Irish coast and in the weste3garis reduced

587 in the NWE. These results also support the theory of Lentz and Fewings (2012) regarding wind-driven
588 inner-shelf circulation.

589

590 Wind forcing is not the only explanation for the offshore-directed p@msat some of the shelf

591 coasts, particularly along the eastern British coast, e.g. the Flamboroughidi#ganixing front

592 Downwelling at fronts is associated with upwelling on the coastward side emla of coastward
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transport at the bottom and offshore-directed transport at the surface. &ifadts have been modelled

(Garret and Loder, 1981) and observed (van Aken et al., 1987) in previous studies.

4.5 Dynamics at the shelf edge
The analysis below uses the results of the CR-V (experiment #6, see Tablth Thevseeding
prescribed in a 100 km wide segment extending oceanward from the 150 m isobaths. The exchange of
particles between the deep ocean and the shelf is estimated by the number of particles @@¥ng th
m isobaths and the changes in their depth with respect to the depth at whisletbagleased. The
100 km wide segment is divided vertically into four parts: from the sitta100 m (Fig. 9a), 1G200
m (Fig. 9b), 200800 m (Fig. 9c) and 908,000 m (Fig. 9d). The major result of this experiment is that
with increasing depth (1) the dispersion of the cloud of particles in ¢iratyiof the 200 m isobaths
decreases, and (2) particles in the deeper layers do not penetrate onto.tMaslygfarticles released
above 100 m move onto the shelf; their depth remains almost unchanged or even dedége&@sgs (F
In the three deeper intervals of release, deep oceanward transport is dominant (red stripe aldng the 20
m isobath in Fig. 9b, ¢ and.djhese dynamics, which are sketched in Fig. 9e, support the results of
Holt et al. (2009), Huthnance et al. (2009) and Graham et al (2018), whose isinsuéso showed
shelfward transport distinctive of the upper 150 m along the 200 m isobati; I&lom, they found
deep oceanward transport. The simulated exchanges between the shelf and open apdant (&Hnel
direction of particle propagation) are also in overall agreement with ¢katreesults of Marsh et al.
(2017), who analysed drifter observations and Lagrangian simulations at the ENWS calndinpst
Down to 300 m, particles propagating away from the continental slope fammefits and eddy-like
patterns as in the Bay of Biscay; another fraction of the pertice advected within the slope current.
Although the latter are covered by the coloured areas, some of them are vidielemirance of the
Norwegian Trench. The underlying dynamics at the ENWS continental slope are discussedii Sec

and 4.2.

5 Conclusions
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Numerical experiments were carried out with NEMO, in which a Lagrangian modulesgagadrated

in order to learn more about the ocean dynamics on the Northwest Europdabdgjnahgian analyses

in conjunction with Eulerian analyses revealed physically distinct esgimdifferent parts of the study
area. The underlying dynamics were investigated in terms of accumulation and remosatrally
buoyant particles solely advected by the model velocities. To quantify accumulatioenamaalr ¢
particles, a quantity named NCPD was introduddw current knowledge about shelf and shelf edge
processes is extended not only by analysing specific processes but also by providithgra r

comprehensive description of the dynamics.

X On the shelf: Fronts act as barriers and accumulate particles. Tides affect thegasition
appearance of particle accumulation in frontal areas. Vertical water transpuetidionally
oriented coasts on the shelf is influenced by westerlies. Offshoreedingirtd induces a NCPD
smaller than 1; the situation is reversed for onshore-directed wind.

X In the deep ocean: Eddies influence the particle dynamics on short time (fudilddual

months); however, an annual mean of NCBD UH Y H BliSance\oK lleng-term stable
accumulation areas. In the Bay of Biscay accumulation patterns form on longerdiesstisan
one month. Tides affect the NCPD, suggesting the interaction of tides and mesaszaliesly

x Shelf edge (200 m isobath): The shelf edge represents a transition zone fromdhanli
tidally driven shallow shelf regime to a baroclinic eddy-dominated deep oceamerebie
shelf edge shows on-shelf transport in the upper layers and downwelling-like oftlisaetéd
transport below 100 m. Bottom current branches tend to remove particles from the cdntinenta
slope.

x At the surface: Accumulation patterns on the shelf show high variability onhimdirhe
scales; some accumulation areas remain stable on yearly average of moteghhg p@hese
long-term stable zones occur mainly along the fronts of ROFIs and in the Skadertiad.
shelf edge, particles are transported onto the shelf by westerlies. The infhfended

variability on particle accumulation is of the order of the influence of tides.
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X At the bottom: On the shelf, bottom currents are mainly influenced by the amggand

follow its thalweg.

The differences in the properties of the velocity field (e.g. defoomateveal two different
regimes: a shelf regime with rather little deformation and a deep oceareghe 10-km scalwith
considerable deformation. On the shelf, tidally induced deformation plays an important role in particle
accumulation and dispersdlhe major hypothesis in the present study, that the vertical circulation in

the shallow North Sea plays a substantial role, was confirmed.

The present study demonstrates the illustrative potential of Lagrangian methodsuhctom|
with traditional Eulerian analysis, Lagrangian analysis can enhance the interpretailuseinfed or

simulated dynamics and provide a solid basis for estimating the propagation of floating marine debris.

Code/data availability The model codes of NEMO (https://www.nemo-ocean.eu), ARIANE
(stockage.univ-brest.fr/~grima/Ariane/) and OpenDrift (https://github.com/OfifélePendrift) as

well as the GPS drifter (Carrasco and Horstmann, 26003M AMM7 (marine.copernicus.eulF

radar (http://codm.hzg.de/codm/) and OSTIA (marine.coperniduata are freely available-HYPE

data can be accessed under https://hypeweb.smhi.se/ and the NWP model data under
https://www.metoffice.gov.uk/Scripts and model output can be obtained by a request to the
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930 Figure captions:

931 Fig. 1. Bathymetry of the model domain. The shelf is defined as depths shallower than 200 m (colour
932  bar within the map). In this and all following figures, the 200 m depth contour is highlighted with a
933 black solid line. Grey arrows schematically show the general shelf sea circulation bféndations

934 used in the text are as follows:

935 Armorican Shelf AS, Bay of Biscay BB), Celtic SeaCS, Dogger BankDB), East Anglia EA),

936 English Channel£C), German BightGB), Goban SpurGS), Irish SealS), Kattegat Ka), North Sea
937 (NS, Norwegian TrenchNT), Oyster Ground@G), Rockall Trough RT), Skagerrak$K, Southern

938 Bight (SB), St. GedJJH V & KOG KIOPIt SP), Orkney/Shetland Island©(/SI), Outer

939 Hebrides OH), Porcupine BankRB), Fair Isle Currentd), European Slope Currerid)( East Anglia

940 Plume ¢€), Frisian Frontd), Rhine River {), Ems River 2), Weser River3) and Elbe River4).

941

942  Fig. 2. Simulated surface properties in the control run (CR, #1, see Table 1) for January 2015: (a)
943 velocity magnitude derived from the averaged u and v velocity components, (b) mean velocity

944  magnitude, (¢) mean salinity and (e) mean temperature. Magnitudes of the (d) temperafiire and (
945 salinity gradients as well as (g) the deformation in the CR and (h) the differdribesnontidal

946  experiment (NTE, #2) minus Céf the deformation are presented as 24.84-h averaged fields on 15
947  January 2015.

948

949 Fig. 3. Lagrangian trajectories of every particle after 15 days of integration in the control run (CR,
950 #1, see Table 1) released bdanuary 2015. Particles are released at (a) the surface and (b) bottom.
951 (c) and (d) are magnified views of the domain showing all trajectories of (c) the first 12.42 h and (d
952  24.00h representative of different dynamics: (c) the area of the Armorican Shelf caaitglepe

953 including tidal ellipses and (d) the circulation in the Skagerrak. The trajectory coleuesdomly

954  chosen for better visibility. Grey lines are isobaths in (c) 700-m and (d) 400-m steps.

955

956 Fig. 4. Particle positions after (a, b) 1 month and (c, d) 6 months releadetbonary 2015 at (a, c)
957 the surface and (b, d) bottom in the control run (CR, #1, see Table 1).
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958

959 Fig. 5. Tendencies of accumulation shown as (a, b) the January mean normalised cumulative particle
960 density (NCPD) and (c, d) the average of monthly NCPD for 2015 (averages of Fig. S5 and S6,
961 respectively) in the control run (CR, #1, see Table 1). (a) and (c) correspond to seidasedr

962 particles, while (b) and (d) correspond to bottom-released particles . In (a), the soliiheldatated

963 in the Southern Bight is the transect shown in Fig. 7 (enlarged in the inset). The numbers in (c)

964 indicate the most pronounced accumulation areas.

965

966 Fig. 6. Analysis of the sensitivity experiments with respect to tides and wind. (a) ane (hgar

967 differencesof normalised cumulative particle density (NCPDjtia nontidal experiment (NTE, #2,

968 see Table lminus the control run (CR, #1n January 2015 at (a) the surface and (b) bottom. (c) and
969 (d) are the corresponding differences betwiertiltered wind experiment (FWE, #3) and the; (&

970 and (f) are the differences betwedén nonwind wind experiment {ME, #4) and the CR

971

972  Fig. 7. Normalised cumulative particle density (NCPD), salinity (S), temperature (T) addales

973 velocity vectors (U) at the surface as the means of January 2015 along the transect in the Southern
974  Bight (solid black line in Fig. 5a) in the control run (CR). The graph starts in the west and #mds at
975 coast. The vertical dotted lines mark the NCPD maxima of the forward (left one, solid N@PD li

976 and backward (right one, dashed NCPD line) simulations (CR an8, 8R-and 5, respectively, see

977 Table 1).

978

979 Fig. 8.(a) Difference of the final depth minus the initial depth of bottom-released pariter 1

980 month (January) in 2015 in the control run (CR, #1, see Table 1). Positive/negative values andicat
981 depth increase/decrease. The model grid in which a particle was released is coloured depending on its
982  depth change. The small figure shows a magnified view of the British coast with two exemplary

983 bottom (black) and surface (red) trajectories starting at the big dots. The tregeate detided with a
984  25-h flowing mean. (b) Tendencies of accumulation shown as the January mean normalised

985 cumulative particle density NCPD calculated from the backward simulation (CR:B, #5
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986

987

988

989

990

991

992

993

994

Fig. 9. Particle positions (purple dots) and particle depth differences with respect to the depth of
release in different depth layers (colours) after 1 month (January) in 2015 computed in tigwontr
with vertical particle seeding along the continental slope (CR-V, #6, see Table 1). &fdtatls

seeding strategy can be found in Sect. 2.3. The colour coding shows the difference of the final depth
minus the initial particle depth, computed as the mean difference of all particle depths seeded at the
same location in the horizontal plane. All particles released in the respective depth eaagerar

into account. Particles were released in four depth layers:H8D1m, (b) 10200 m, (c) 20@800 m

and (d) 90@.,000 m. (e) Sketched dynamics at the continental slope concluded from (a) to (d).
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Fig. S1 Wind rose of January 2015 obtained from the model
forcing at 53.00N, 14.94 W. The position of analysis is
marked with a black circle in Fig. S3.



(a) CR

O/ Orkney Isle front
Islay-Malin Head front
\O & Flamborough

Head front
Celtic Sea front %O

Ushant front /O

July 2015

(b) NTE

(c) CR (d) NTE

Fig. S2 Typical tidal mixing fronts (black circles) shown in (a) as July 2015 averaged St&bution in the
control run (CR, see Table 1). The respective January SST is shown in Fig. 2e. For comparisotk, ¢ireletac
are repeated in (b) to (d). The result of the nontidal experiment (NTE) for the same periochisnsfi)wNCPD
for July 2015 in (c) the CR and (d) the NTE.



Fig. S3 Root mean square difference of model SST of the control run
(CR, see Table 1) and OSTIA data for January 2015. The black circle
denotes the position of wind analysis shown in Fig. S1.



(a) (b)

() (d)

Fig. S4 Scatter plots of (a, b) GPS drifter (May to July 2015) and control run (CR, see Table 1)
surface velocities as well as (c, d) HF radar velocities of their (a, ¢) u and (beldgity
components. Model and HF radar velocities were trilinearly (space and time) interpolated to
drifter positions. The dashed line is the diagonal and denotes the optimal dot positions. The
black dotted line is the quantile-quantile plot (qg-plot). The amount of available HF radar is les
than the drifter data; thus these dots are enlarged. Statistics of each plot are shown in Table 2.
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Fig. S5 Tendency of accumulation of surface released patrticles in the control run (CR, see Table 1) showr
NCPD for every month in 2015; (a) January to (I) December. Note the variability betveegingle months
and compare with its mean in Fig.5
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Fig. S6. Tendency of accumulation of bottom released particles in the control run (CR, see Table lgsshown
NCPD for every month in 2015; (a) January to (I) December. Note the variability Ineffeeesingle months
and compare with its mean in Fig. 5d.



