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Abstract Large aggregations of the copepod Calanus finmarchicus occur each spring in the shelf-
slope-oceanic regions off the Lofoten-Vesteralen Islands where productive fisheries have traditionally
supported local economies. The retention and off-shelf transport of populations of C. finmarchicus
populations were studied by analyzing ocean color remote sensing, satellite altimetry data, and
Lagrangian Coherent Structures (LCS) between 2010 and 2019. Our analysis revealed the existence of a
transport barrier reoccurring at the shelf break that retains C. finmarchicus on the shelf for 30-70 days in
the spring when C. finmarchicus were seasonally ascending to the surface layer. The analysis of baroclinic
and barotropic energy conversions indicated that the topographically steered Norwegian Atlantic Current
is the primary mechanism in the formation of the transport barrier, which restricts exchanges of C.
finmarchicus populations between shelf and oceanic waters. In the mid- to late April, an increase in
baroclinicity leads to an increase in mesoscale eddies generated on the shelf break near Lofoten-Vesterdlen
Islands, breaking down transport barriers and causing off-shelf transport of C. finmarchicus. The transport
barrier predictably reoccurs in early spring which supports the entrapment of C. finmarchicus in the shelf
region.

Plain Language Summary Large aggregations of the copepod Calanus finmarchicus in

the continental shelf and slope areas of northern Norway support commercially exploited fish species.
Our analysis of LCS based on satellite sea level height data, revealed a recurring transport barrier along
the shelf break off the Lofoten-Vesterélen Islands in the early spring. It coincided with a boundary that
limits off-shelf transport of C. finmarchicus, as observed by ocean color remote sensing data. Particle
tracking analysis further verified that the transport barrier occurred every spring between 2010 and 2019,
which restricted cross-slope water exchange. Topographic steering of the Norwegian Atlantic Current
was the main cause of maintaining the transport barrier for more than 30 days. After mid- or late April,
an increase in instability broke down the barrier, enabling cross-slope transport by mesoscale eddies or
meanders. This reoccurring and long-lived transport barrier efficiently retains C. finmarchicus populations
on the shelf.

1. Introduction

Calanus finmarchicus is the dominant copepod species in the Norwegian Sea, and serves as a key link
between primary producers and higher trophic levels (Melle et al., 2014; Planque, 2000). Populations of
Calanus sp. contribute more than 50% of total mesozooplankton biomass in North Atlantic and Subarctic
Seas and are the main prey of several large commercial important fish such as the Northeast Arctic Cod
(Gadus morhua) and the Norwegian herrings (Clupea harengus) (Carstensen et al., 2012; Melle et al., 2014;
Planque, 2000). Copepods are also harvested commercially and today is a significant fisheries product
(Basedow et al., 2019; Toresen et al., 2019). The main water masses in the northern Norwegian Sea are
of coastal and Atlantic origin. The Atlantic Water (AW), carried by the Norwegian Atlantic Slope Current
(NWASC) can be distinguished from coastal water by its warm and saline properties (Helland-Hansen &
Nansen, 1909). In the shelf-slope area off the coast of northern Norway, large aggregations of C. finmarchi-
cus occur and are transported northward by both of the Norwegian Atlantic Slope Current (NwASC) and the
Norwegian Coastal Current (NCC) during spring and summer (Sztre & Ljoen, 1971; Setre & Mork, 1981;
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Figure 1. Bathymetry and main currents in the northern Norwegian Sea. Red arrows represent the NwWAFC and
Norwegian Atlantic Slope Current, and blue arrows represent the Norwegian Coastal Current. The dashed red circle in
the Lofoten Basin represents the location of Lofoten Basin Eddy. The black circles and crosses represent the sampling
stations during March 20-21, 2019 (Cruise-58UO) and May 22-24, 2019 (Cruise-58JH), respectively. Bathymetry
contours are given for every 200 m in areas shallower than 600 m and for every 600 m in areas deeper than 600 m.
Location of study area is indicated by the red box in the inset.

Zhu et al., 2009). The complex bottom topography in this area has significant effects on the general circula-
tion pattern, residence time and water mass exchange as well as nutrient transport and plankton aggrega-
tions and dispersions (Espinasse et al., 2016; Seetre, 1999; Slagstad & Tande, 1996; Sundby, 1984). The NCC
flows along the coast as a wedge-shaped, low-salinity current bordered by the NwASC (Figure 1). A front be-
tween NwASC and NCC is usually located near the shelf break (Trodahl & Isachsen, 2018). NwWASC is most
unstable in the steepest part of the continental slope off the Lofoten-Vesterdlen Islands (Isachsen, 2015;
Ghaffari et al., 2018). Eddies shed from the NwWASC and propagate westward feeding the Lofoten Basin
Eddy (LBE), which is stabilized in the Lofoten Basin (LB) by the bottom topography (Bosse et al., 2019;
Seiland & Rossby, 2013; Yu et al., 2017).

The biomass and spatiotemporal distributions of C. finmarchicus are controlled by reproduction, food avail-
ability and predators (Sundby, 2000; Toresen et al., 2019). In early spring, overwintering populations of C.
finmarchicus migrate from around 1,000 m to the surface, where they mature and spawn (Kaartvedt, 1996).
Egg production and hatching success depends on food levels and temperature (Runge et al., 2006). Like
other crustaceans, C. finmarchicus appears red on the sea surface by synthesizing the carotenoid astax-
anthin, which prevents oxidative damage to lipids. Large surface swarms of C. finmarchicus in the north
Norwegian Sea have been observed from space (Basedow et al., 2019). High abundances of C. finmarchicus
in surface layers likely influence distributions and migration patterns of their primary predators such as cod
and herring. The survival rate during the surface-dwelling period of C. finmarchicus is a key factor affecting
the overwintering population and the population during the following year (Ohman et al., 2002; Saumwe-
ber & Durbin, 2006). However, large-scale climate patterns transmitted throughout the North Atlantic can
override local surface processes and may be more important for long-term population size (Weidberg &
Basedow, 2019).

DONG ET AL.

20f 18



Ay
AUV
ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Oceans 10.1029/2021JC017408

Remote sensing technologies of ocean color have been used for phytoplankton biomass estimates, but more
recently surface aggregations of high abundances of C. finmarchicus, which occur at scales larger than
1,000 km?, have been observed from space (Basedow et al., 2006, 2019; Bellacicco et al., 2018; McClain, 2009;
Liu et al.,, 2019). This was possible due to the high concentrations of astaxanthin within C. finmarchicus
individuals, which in turn led to high absorption in the green-blue band. C. finmarchicus populations tend
to propagate seasonally along and across the shelf break in northern Norway and appear to colonize the
mid-Norwegian shelf by utilizing cross-slope currents (Falkenhaug et al., 1997; Halvorsen & Tande, 1999;
Slagstad & Tande, 1996). The importance of C. finmarchicus in the Norwegian Sea has led to investigations
of the physical-biological interactions in the upper ocean, including the role of mesoscale circulations in
the habitat, horizontal transport and vertical distributions of zooplankton in the Norwegian Sea (Basedow
et al., 2010; Fossheim et al., 2005; Gaardsted et al., 2010; Skardhamar et al., 2007; Zhou et al., 2009). Howev-
er, there still is an urgent need to quantitatively study the mechanisms contributing to the formation of C.
finmarchicus aggregations on continental shelves and exchanges of populations between shelf and oceanic
regions.

Transport barriers in the ocean have been investigated with Lagrangian Coherent Structures (LCS) (Alver
et al., 2016; Beron-Vera, 2010; Berta et al., 2014; d'Ovidio et al., 2004). Transport barriers have a large impact
on coastal environments, not only limiting the exchanges of waters between the two sides of a barrier, but
also affecting the distributions of key species in the marine food-web (Enrile et al., 2018; Haller, 2002; Liu
et al., 2018; Olascoaga et al., 2008). The use of Finite-size Lyapunov-exponent (FSLE) field maxima to deter-
mine LCS has become a valuable tool for visualizing the complex structure of ocean circulation at various
spatial and temporal scales (Baudena et al., 2019; De Monte et al., 2012; Prants et al., 2014). LCS analy-
ses have been used to predict the transport of contaminants (such as oil spills), as well as to help under-
stand the dynamical control on the trophic chain between primary producers (Drouin et al., 2019; Lehahn
et al., 2007; Olascoaga et al., 2008; Wei et al., 2018) and higher-level predators (Della Penna et al., 2015;
Tew-Kai et al., 2009; Scales et al., 2018). In this study geostrophic-based LCS analyses, combined with ocean
color remote sensing and numerical simulation results, are used to explore the dynamics controlling for-
mation, stability, and breakdown of the transport barrier for C. finmarchicus populations on the shelf and
off-shelf regions near the Lofoten-Vesterdlen Islands.

2. Data and Methods
2.1. Ocean Color Data

Daily Level-2 data of MODIS Aqua and VIIRS Suomi-NPP in the shelf-slope-oceanic study regions between
65° and 71°N near the Lofoten-Vesterdlen Islands (Figure 1) were acquired from the NASA Ocean Color
archive (https://oceancolor.gsfc.nasa.gov). High concentrations of the pigment astaxanthin, characteristic
of C. finmarchicus, were characterized by the strong absorptions in the blue and green bands, and weak ab-
sorptions in the red band (Basedow et al., 2019). To distinguish the large aggregations of C. finmarchicus in
the sea using ocean color remote sensing, a threshold of the reflectance (Rrs) in the unit of sr™" was defined
in the blue band (430-450 nm) for both MODIS and VIIRS sensors. Areas with Rrs in the blue band less than
0.003 s~ were identified as being within C. finmarchicus patches, whereas Rrs in the band greater than
0.003 sr™! were defined as the areas without C. finmarchicus patches. To understand the temporal-spatial
distribution characteristics and variations of C. finmarchicus in early spring, data from Level-2 MODIS and
VIIRS in three visible bands were processed and analyzed for the period between February and May from
2000 to 2019. After georeferencing, RGB composite results were generated from three reflectance channels:
555, 488, and 443 nm, and 551, 486, and 443 nm, from MODIS and VIIRS, respectively (Table 1). Due to
the strong absorption in the 488 and 443 nm bands in MODIS, and 486 and 443 nm in VIIRS, distributions
of C. finmarchicus aggregations can be determined from the red pixel areas in the RGB composite results.

2.2. Satellite Altimetry and Lagrangian Coherent Structures Analyses

Geostrophic currents used to examine surface currents and eddies are derived from the multi-satel-
lite altimeter missions. The daily surface geostrophic velocity field products with the global 1/4 x 1/ 4°
horizontal resolution were provided by the Copernicus Marine Service Information (CMEMS,
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Table 1
Satellite Ocean Color Data Included in the Study

Central band (nm)

Satellite Sensor Product level  Spatial resolution (m) R G B Coverage time (UTC)

Suomi-NPP VIIRS Level-2 750 551 486 443 Apr 17, 2019 11:24:00
Apr, 10 2019 10:18:00
May 02, 2016 10:36:00
Mar 21, 2013 11:12:00
Aqua MODIS Level-2 500 555 488 443 Apr 05, 2019 11:20:00
Apr 09, 2018 11:25:00
Apr 03, 2018 10:25:00
Apr 29, 2017 11:30:00
Mar 30, 2017 11:20:00
Apr 06, 2016 11:55:00
May 04, 2015 10:30:00
Mar 16, 2015 11:25:00
May 06, 2014 10:50:00
Apr 23,2014 11:20:00
Apr 19, 2012 11:10:00
Apr 22,2011 11:25:00
Apr 05, 2010 11:15:00

http://marine.copernicus.eu) for LCS calculations. The Near Real Time (NRT) merged global ocean gridded
Absolutions Dynamical Topography (ADT) Level-4 products for 2019, and the Delayed Time (DT) gridded
products for years 2010-2018, were used. Details of processing and quality information of all sea level prod-
ucts are available from CMEMS. Although the horizontal two-dimensional surface geostrophic currents do
not completely represent the full current field, the geostrophic flow is one of the dominant components at
the scales of interest here. Rypina et al. (2012) demonstrated that ageostrophic components such as Ekman
currents are the dominant large-scale motion in the open ocean, but its contribution to mesoscale disper-
sion is relatively less than that of geostrophic currents. Other ageostrophic components, such as the tides
and surface waves, are not considered here either as they are high-frequency signals and on the timescale of
copepod transport, their integrated effects turn out to be negligible. Moreover, results from satellite altim-
etry data and ocean color data can have better co-relationships between datasets produced by observations
avoiding uncertainties in three-dimensional models.

Transport properties of a flow field can be described in terms of hyperbolic points and manifolds of the
LCS theory (d'Ovidio et al., 2004; Haller & Yuan, 2000; Koh & Legras, 2002; Shadden et al., 2005). The LCS
provides the mechanisms explaining coherent convergence and divergence patterns of Lagrangian trans-
port in an unsteady two-dimensional incompressible flow. The computation of Finite-Size Lyapunov Expo-
nents (FSLE) gives a solution for identifying attracting LCS that approximate unstable manifolds (Boffetta
et al., 2001; Haller, 2001, 2002; Hu & Zhou, 2019; Shadden et al., 2005). Specifically, the FSLE is defined as:

A= llog[ﬁ} €9
TS
where A is the local measure of the largest exponential separation rate of particle pairs from an initial dis-
tance J; to a target final distance Jy after a time interval . Trajectories were constructed by integrating the
altimetry-based geostrophic velocity field, and employing the fourth-order Runge-Kutta integrator method
with linear interpolation both in space and in time. FSLE were computed following the methods described
in d'Ovidio et al. (2004). The values of 6; and &y affect the identification of LCS in the flow field and depend
on the properties of the flow field itself, the length scale of the structure of interest and the size of the field.
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Sensitivity analyses of LCS have been performed to find an optimal combination of the two parameters. J;
affects the visibility of the details and also determines the resolution of the FSLE field, and &;influences the
detection of the structures. §; and &, were adopted as 0.02° and 0.4° to appropriately capture the mesoscale
and sub-mesoscale structures. The time step was set to be 3 h. The unit of FSLE is in d . Lagrangian trajec-
tories were computed backward in time (4 < 0), which is often considered as an indicator of frontal activity
(Della Penna et al., 2015; Scales et al., 2018). Regions with higher absolute values of backward FSLE results
represent a strong horizontal convergence (attracting) effect, and the maxima of absolute FSLE values are
defined as the most attracting effect of material trajectory patterns in a region (Hu & Zhou, 2019; Olascoaga
et al., 2006). The water particles on both sides move closer and accelerate faster along the ridge, but they
cannot pass through the ridge to the other side. Such a structure acts as a barrier preventing cross-slope
transport over a certain period of time.

2.3. Reanalysis Data and Kinetic Energy

Velocity data from the CMEMS ocean model GLORYS 12v1 were used to analyze mean kinetic energy
(MKE), eddy kinetic energy (EKE), and energy conversion between mean flow and eddy fields. Regional
MKE and EKE were analyzed to investigate their monthly variations during spring. The GLORYS 12v1
product provides global ocean circulation reanalysis between 1993 and 2018 at the eddy-resolving resolu-
tion of 1/12° in horizontal grids with 50 vertical levels. The hydrodynamic model used to generate this data
set is based on NEMO3.1, in which in situ observations, along-track altimetry data and ocean color remote
sensing products are assimilated. The atmospheric forcing comes from the ERA-Interim product.

MKE and EKE are estimated as:

MKE = %(172 + VZ), 2)

_ 1 2 /2)
EKE = E(M +2), 3)

where u and v are the zonal and meridional velocities. The overbar denotes the monthly mean, and the
prime denotes the deviation from the monthly mean. MKE refers to the kinetic energy in monthly averaged
flow, associated with large-scale movements, whereas the EKE refers to the deviation from this mean state
and associated with mesoscale processes.

2.4. Analysis of Energy Conversion Rate

Based on the GLORYS 12v1 product, the energy conversion rates between mean flow and eddy fields were
analyzed. The baroclinic conversion rate (BC) and the barotropic conversion rate (BT) were used to estimate
the energy conversion between the mean potential energy (MPE) and the eddy potential energy (EPE), in-
ferring the trend of baroclinic instability of currents, and the energy conversion between the MKE and the
EKE inferring the trend of mean current barotropic instability (Fer et al., 2020; Li et al., 2020; von Appen
et al., 2016). The energy conversion rates in both fields gave a solution to understand the transport barrier
formation and disruption mechanisms. BC and BT are calculated as:

BC = gvp &, @
oy

BT = —p()ﬁa—u, (5)
Oy

where p' is the density deviation, p, = 1,027 kg m™ and is a reference density, and # is the horizontal
mean current in the along-slope direction. #' and 1’ are the velocity deviations in the along-slope (42° from
the East) and across-slope directions respectively, and 0z / dy is the mean isopycnal slope calculated as
(6,5 / 6y) / (65 / az). All temporal averaging was conducted using 15-day moving average; the conversion
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rates were calculated in the upper 250 m. When BC or BT are positive, the energy is converted from the
mean flow to the eddy field, and vice versa. If BC > 0, MPE converts to EPE; if BC < 0, EPE converts to MPE.
Similarly, if BT > 0, MKE converts to EKE; if BT < 0, EKE converts to MKE.

2.5. Hydrographic Data Set

Hydrographic data were obtained from the International Council for the Exploration of the Sea (https://
www.ices.dk/) database. Stations were sampled using a Seabird conductivity-temperature-depth (CTD) sys-
tem on a transect with 12 stations in Cruise-58UO between March 20 and 21, 2019 and with 16 stations in
Cruise-58JH between May 22 and 24, 2019 (Figure 1). Salinity and temperature data were collected con-
tinuously from the sea surface to depths greater than 400 m. Salinity and temperature data from the same
transects in March and May in previous years were also analyzed. This transect spans the continental shelf,
slope and open ocean off the Lofoten-Vesteralen Islands.

3. Results
3.1. A Transport Barrier Identified by FSLE

The FSLE fields computed from the satellite altimetry data and the RGB composite images from ocean color
remote sensing data on April 5, 10, and 17, 2019 suggest the occurrence of a transport barrier near the shelf
break (Figure 2). A transport barrier from 67.2°N, 8.9°E to 69.3°N, 13.9°E along the shelf break occurred
and separated the red patch containing C. finmarchicus on the shelf from the clear open ocean on April 5,
2019 (Figures 2a and 2d). On April 10, a small disturbance of the barrier appeared in the area near 69.0°N,
12.5°E, and offshore transport of C. finmarchicus across the slope was indicated by the red patch extending
off the shelf (Figure 2b). On April 17, the disturbance became larger and the transport barrier had been
disrupted (Figure 2f). Simultaneously, abundant C. finmarchicus appeared to be transported off the shelf to
the open ocean (Figure 2c).

The geostrophic current fields on April 5, 10, and 17, 2019 illustrate the patterns of forming and breaking
processes of the transport barrier (Figure 3). A strong northeastward flow along the shelf break is revealed
from the geostrophic current velocity field on April 5, 2019 (Figure 3a). With the gradually weakening of the
flow, an off-shelf flow was observed on April 17, 2019 in the area between 68.5° and 70.5°N, 12.0° and 14.5°E
(Figure 3c), corresponding to the cross-slope transport of the red patch observed by satellite (Figure 2c).

3.2. Particle Tracking Analysis During Transport Barrier Period

To confirm the role of the strong northeastward current at the slope as a barrier preventing C. finmarchicus
from being transported off-shelf in early spring, particles released in the zooplankton aggregation area were
advected backward to identify their origin locations and trajectories of water parcels from the origins to the
aggregation area on April 5, 2019. Particles were released at six selected locations on both sides of the shelf
break region (Figure 4a), where the strongest barrier existed. 69 particles were seeded in each box colored
in blue and black in the region near the transport barrier, and 77 particles were seeded in each box colored
in green and red in the region away from the transport barrier. Particles released on the shelf side near the
transport barrier (in black) remained on the shelf for 30 days, and particles released on the open ocean side
near the transport barrier (in blue) traveled along the slope without crossing the transport barrier during the
same period (Figure 4). Water parcels on both sides of the barrier moved northeastward, and closer to the
barrier due to the horizontal convergence associated with the FSLE ridge. In contrast, particles released far
away from the transport barrier (in green and red) often crossed the slope. As a result, in the Lofoten shelf
and slope region, C. finmarchicus originating from coastal areas remained on the continental shelf and ag-
gregated onshore of the transport barrier. The strong slope current acting as a transport barrier revealed by
the LCS results prevented across-slope water parcel exchange and thus drove mass horizontal convergence
on both sides of the transport barrier.
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Figure 2. Ocean color images on April 5 (a), April 10 (b), and April 17 (c), 2019. The FSLE (d™") fields of the same days are shown in (d)—(f), respectively.

Dashed red line in (a)—(c) represents the
transport of C. finmarchicus on April 17.

potential transport barrier shown in Figure 2d. The region inside the green circle represents the potential cross-slope

3.3. Particle Tracking Analysis and the Origin of Water Parcels

To track the origin of different water parcels that finally reached the barrier region, four groups of particles
were released on April 17, 2019 in the region off the continental shelf in the LCS. In the 30-days FSLE simu-
lation from March 18 to April 17, particles in Group 1 and Group 2 indicate the water parcels transported by
NCC traveling northeastward on the Lofoten shelf and NwASC traveling along the Lofoten slope parallel to
the NCC along the isobaths (Figure 5a). Particles in Group 3 and Group 4 indicate the paths of water parcels
that originated from the Vering Plateau and the Lofoten Basin. In addition, particles in Group 1 traveled
along the shelf break above the Lofoten shelf, and then were transported across the slope around 68.6°N,
12.0°E, which corresponded to the locations of off-shelf movement of C. finmarchicus on the same day
(Figure 5c). These results suggested that water parcels carrying high abundances of C. finmarchicus were
transported northward along the shelf break while the transport barrier remained in place (before April
10), but were transported from the shelf to the open ocean when the barrier was disrupted (after April 10).
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Figure 3. (a-c) are the geostrophic current velocity fields (vectors) on April 5, 10, and 17, 2019 respectively. The color indicates the current speed.

3.4. The Existence of the Spring Transport Barrier Over the Past Decade

Remote sensing data from February to May between 2010 and 2019 were analyzed to determine the ex-
istence of transport barriers in spring in different years and its relationship with elevated C. finmarchicus
abundances, as well as the relationship of barrier breaking with the spatial dispersion of C. finmarchicus
distributions. Only years with more than 10 satellite images reflecting the distribution of C. finmarchicus
were analyzed.

During this 10-year period, red patches containing C. finmarchicus reoccurred on the Lofoten shelf and
lasted between late February and April, suggesting that transport barriers are a common spring feature in
the region (Figure 6). From late April to May, the red patch spread from the shelf to the open ocean in all
years, suggesting that the breakdown of the transport barrier efficiently carried C. finmarchicus across the
shelf break to the slope (Figure 7).

To quantify the longevity of the barrier, analyses of both remote sensing and the FSLE data were conduct-
ed. The criteria that we used to determine the longevity of the transport barrier from FSLE results were:
(a) a transport barrier occurs along the shelf break with the backward FSLE value below —0.15 d™*; (b) the
transport barrier is parallel to the slope isobaths (around 42° from East) in the region of 67°-69.5°N off the
Lofoten-Vesterdlen Islands; and (c) the barrier remains stable for more than 30 days or is only temporarily
destroyed for less than 5 days. The criteria to determine the longevity of the transport barrier identified
in ocean color remote sensing images, was the presence of a transport barrier for more than 30 days in all
available data from February to May. This estimation of the longevity of the transport barrier indicated that
the transport barrier maintained and trapped C. finmarchicus on the Lofoten shelf for more than 30 days in
all of the examined years (Table 2). In 2011 and 2013, large populations of C. finmarchicus were trapped on
the Lofoten shelf for up to 60 days.

3.5. Vertical Hydrographic Structure in Presence of the Transport Barrier

The Norwegian Coastal Water (NCW) occupied the shelf and was identified by low salinities (<34.8) and
temperatures (<6°C; Figures 8a-8f). The Norwegian Atlantic Water (NWAW), with temperatures above 6°C
and salinity above 35, extended to a depth of 700 m. Its core flows northward parallel to the NCC along
the shelf break. A sharp front with the isohalines of around 6°C and isotherms of around 35 was noted at
Stations S7-S9 of Cruise-58UO at depths from 0 to 200 m in March 2019. This frontal structure corresponds
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Figure 4. (a) Locations of water parcels released in the backward Lagrangian Coherent Structures (LCS) analyses on April 5, 2019; the black and blue dots
and triangles represent the water parcels on the shelf and ocean sides of the potential transport barrier, respectively; the red and green dots represent the water
parcels on the shelf and ocean sides in the area away from the transport barrier. The parcel locations at the time of 5, 10, 20, and 30 days prior to April 5, 2019,
namely March 31, 26, 16, and 6, are presented in (b), (c), (e), and (f), respectively. The gray curves represent the attracting LCS ridges on April 5, 2019.

to the position of the transport barrier and the boundary of the C. finmarchicus on-shelf distributions,
suggesting that frontal dynamics may be responsible for regulating the existence and demise of the barrier.
During Cruise-58JH the salinity front extended seaward near 69.5°N (near Station S15; Figure 8a) with the
off-shelf transport of fresher water. Such a signal further illustrates the process of barrier breaking and mass
transport from the shelf to the open ocean.

The colored points in the T-S diagram show different water masses, including NCW, NwAW, and the mixed
waters, from stations occupied in March and May 2019 (Figure 8b). The results from shelf stations occupied
in March 2019 during the transport barrier period show a nearly linear relationship between temperature
and salinity. Mixed waters were found at stations sampled in May 2019 after the transport barrier had bro-
ken. For the mixed waters, in the salinity range less than 35.15, the temperature variations were minimal.
A mixed water can also be identified by its temperature greater than 6°C resulted from a mixture between
NwAW and NCW across the fronts along with the influence of solar radiation on the surface sea water.

3.6. Energy Conversion Between Mean flow and Eddy Fields

The transport barrier dynamics was examined by analyzing the kinetic energy and energy conversion be-
tween mean flow and eddy fields. As described in Section 2, MKE refers to the kinetic energy in monthly
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averaged flow associated with large-scale movements, whereas EKE refers to the deviation from this mean
state, and is associated with mesoscale processes (Figure 9). High MKE values were found in the region be-
tween 600 and 1,000 m isobaths. Along the slope, MKE in February and March was larger than that in April
and May, with the maximum reaching 900 cm® s™. In April, enhanced eddy activities weakened the mean
flow of the current and MKE was reduced, and in May MKE decreased to below 600 cm* s, The locations
of long-lived transport barriers were estimated by LCS and remote sensing (Figure 10a), corresponding to
the locations with higher MKE values in February and March along the slope. For the 10 years analyzed,
the disruption of transport barriers and across-slope transport occurred in April, corresponding to the ap-
pearance of high EKE in April on the shelf break marked by the dashed red circle (Figures 10a and 10b).
The increase in EKE in April led to the increase in cross-slope transport and mixing by mesoscale eddies or
meanders as the transport barrier is weakened and eventually broken.

To further understand the barrier formation and disruption mechanisms, the baroclinic conversion rate
(BC) and barotropic conversion rate (BT) were used to estimate the energy conversion rate between the
mean flow and eddy fields. The calculation was performed at a location within the high EKE area (red cir-
cle; Figure 10b). Both BC and BT in February and March are negative, suggesting energy conversion from
the eddy field to the mean flow (Figures 11a and 11b). In April, both BC and BT become positive, suggesting
the energy is converted from the mean flow to the eddy field due to enhancement in baroclinic and baro-
tropic instabilities. After May, BC dominates and transfers energy from baroclinic MPE to EPE, maintaining
the vigorous mesoscale eddies by baroclinic instability.
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4. Discussion

4.1. Impact of Transport Barriers on the Distribution of C. finmarchicus

The first C. finmarchicus aggregations were observed on the shelf on February 21 (data not shown). The
sequence of remote sensing images suggested that plankton populations were trapped on the Lofoten shelf
for more than 40 days during spring of 2019. C. finmarchicus migrates from their diapause depth (~1,000 m)
and aggregates in the surface layer of the continental shelf to feed in the more productive shelf water, thus
maximizing their growth and reproduction between February and April. The diapause for overwintering
Calanus sp. population ends by early February (Heath, 1999; Melle et al., 2014; Opdal & Vikebg, 2015), so
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Table 2
Estimate of the Duration of Transport Barrier Occurrence on the Lofoten Shelf From 2010 to 2019 (STD = Standard
Deviation)
Year 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 Mean + STD
Barrier duration (days) 32 70 45 63 57 40 45 46 39 48 49 +12
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Figure 8. (a) Two transect locations occupied during the study. Black circles represent the sampling stations between March 20, 2019 and March 21, 2019
(Cruise-58U0), red crosses represent the sampling stations during May 22-24, 2019 (Cruise-58JH), and yellow line represents the location of the two transects
in March and May 2019. (b) T-S diagram of CTD stations in the transect are colored with the sampling depth, and sampling stations of Cruise-58UO in March
marked by crosses and those of Cruise-58JH in May 2019 marked by circles. (c) and (e) Vertical transects of temperature and salinity (0-400 m depth) during
the survey in March 2019. (d) and (f) Vertical transects of temperature and salinity (0-400 m depth) during the survey in May 2019.
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that migration from more than 600 m at 20 m d™" to near surface depth is consistent with their late February
appearance. After entering the surface layer, they presumably start to feed and grow (Basedow et al., 2014;
Fossheim et al., 2005; Gaardsted et al., 2010; Zhou et al., 2009). Combined with the FSLE field on April 5, a
barrier structure along the shelf break occurred that acted as a transport barrier to prevent C. finmarchicus
from being transported off the shelf (Figure 2d). The spatiotemporal evolution of the barrier from April 5,
10 to April 17 on the shelf break demonstrates the barrier's structure changing from being maintained, to
being disturbed, and finally being destroyed (Figures 2d-2f). The distributions of C. finmarchicus suggest
the cross-slope transport was minimized as a result of the barrier evolution processes (Figures 2a-2c).

4.2. Impacts of the Longevity of Transport Barriers on C. finmarchicus Population

Barriers preventing cross-slope mass transport occurred every year between 2010 and 2019 for a period of
~30-70 days in the early spring (Figures 6 and 10a; Table 2). In late April and May, disruption of the barrier
results in the off-shelf transport of plankton. For the oceanic C. finmarchicus population, this can potential-
ly reduce the impact of predation by higher trophic levels such as developing cod larvae. On the other hand,
the spatio-temporal overlap of Calanus sp. with developing cod larvae on the shelf over a prolonged period
might provide favorable feeding conditions for cod larvae. It is well known that the large stock of Norwegian
spring-spawning herring and cod use C. finmarchicus as their main prey (Espinasse et al., 2016; Toresen
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et al., 2019). The long-lived transport barrier thus not only affects transport and retention of C. finmarchi-
cus populations, but also directly affects future fisheries yields, and influences management including C.
finmarchicus commercially harvesting and resource conservation.

4.3. Mechanisms of Transport Barriers Formation and Disruption

The MKE results of monthly averages show that the strong MKE was concentrated at the locations of trans-
port barriers in the NWASC path, as expected. The NWASC possesses the highest MKE, and the strength
of the NwASC decreases as the season progresses. This indicates that more mean energy is concentrated
on the slope during the period of transport barriers, balancing the disturbance of eddies. A strong eddy
signal shifting from slope to the northwest of the slope was noted (Figure 10b), suggesting that the eddy is
removing the energy of the mean current and leading to the disruption of the transport barrier. The energy
conversion results indicate that topographic steering plays a significant role in stabilizing the mean current
and incorporating eddy energy into the mean flow (Figure 11). The stable mean current at the slope acts as a
mechanism to restrict the shelf-ocean water exchange and forms the persistent transport barrier. During the
transport barrier period, the sharpness of the front in the shelf break region off Lofoten-Vesteralen Islands
reflect a balance between the along-front current by the strong time-mean currents and across-front stirring
or disturbance by mesoscale or sub-mesoscale eddies and meanders (Trodahl & Isachsen, 2018).
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Figure 11. (a) Baroclinic conversion rate (BC) and (b) barotropic conversion rate (BT) between February and August in 2017.
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However, the strength of NCC and the wind conditions are also important for stabilizing the transport bar-
rier in early spring. The seasonal lateral displacement of the shelf water due to wind causes the NCC to be
deep and narrow in winter and wide and thin in summer (Setre & Mork, 1981). The seasonal freshwater
supply including spring melt and fall precipitation may play a role in breaking the barrier and leading to
the C. finmarchicus cross-slope transport. The contribution of these terms was not diagnosed in our study.

4.4. The Source of Surface Bloom Populations

C. finmarchicus overwinters at depth in waters off the continental shelf (Kaartvedt, 1996), including the Lo-
foten Basin and continental slope regions. In addition to the deep-water distribution, fjords are also suitable
for C. finmarchicus overwintering (Espinasse et al., 2017). Our analysis did not determine the origin of the
continental shelf copepod population. For those individuals overwintering in fjord deep waters, once they
exit diapause and migrate into the surface layer, the fjord circulation will carry them onto the shelf where
they can grow. It is also possible that populations from deeper waters off the shelf may be brought onto
the shelf earlier and advected northward with the prevailing coastal current (Figure 1). Finally, tempera-
ture-salinity distributions suggest that off-shelf water does indeed penetrate the shelf at depth, which would
provide a source of copepods to the Lofoten shelf. Further analyses of winter populations are required to
determine the importance of each source as a C. finmarchicus seed population (Figure 8).

Other factors may contribute to enhanced copepod biomass during spring on the continental shelf. For ex-
ample, spring phytoplankton biomass is elevated over the continental shelf relative to oceanic waters, and
this in turn would allow C. finmarchicus ingestion rates to be greater and foster increased growth. Transport
barriers would restrict the physical dissipation of phytoplankton as well as zooplankton, thus providing a
near optimal environment for copepod growth. As in all environments, net growth of copepods is a balance
between ingestion of food and loss of individuals due to predation, and the relative rates of both in spring
are unknow. Regardless, the influence of transport barriers on phytoplankton would be the same as for C.
finmarchicus and allow the copepod population to maximize its food intake.

5. Conclusions

A transport barrier occurs at the shelf break off the Lofoten-Vesteralen Islands in early spring that signifi-
cantly affects the transport, retention and distribution of C. finmarchicus. Based on the altimetry and ocean
color data collected in the past decade, the transport barrier occurred along the shelf break off the Lo-
foten-Vesteralen Islands in every year, and could retain C. finmarchicus on the continental shelf for intervals
from 30 to 70 days. The long-term retention of C. finmarchicus aggregations on the shelf could directly affect
the distribution and production of important predators such as cod and herring as well as phytoplankton.

Disturbances of the barrier caused by meanders or mesoscale eddies lead to cross-slope transport in late
spring each year. Three stages occur in the evolution of a barrier: (a) generation of a strong transport bar-
rier preventing plankton from cross-slope transport when a stable barotropic slope current is predominant
absorbing EKE into the mean current; (b) a perturbance acting on the barrier when baroclinicity increases;
and (c) the formation of mesoscale eddies and meanders when MKE is transferred into eddy kinetic energy.
The mesoscale eddy and meander processes play the key role in driving cross-slope transport of C. finmar-
chicus and its large-scale distribution.

Data Availability Statement

The satellite altimetry data were derived from NRT (SEALEVEL_GLO_PHY_L4_NRT_OBSERVA-
TIONS_008_046) and DT data (SEALEVEL_GLO_PHY_L4_REP_OBSERVATIONS_008_047), both of
which are freely available from the Copernicus Marine Environmental Monitoring Service (ftp://my.c-
mems-du.eu/Core/). The reanalysis product GLORYS 12vl (GLOBAL_REANALYSIS_PHY_001_030) is
provided by Copernicus Marine Environmental Monitoring Service (ftp://my.cmems-du.eu/Core/GLOB-
AL_REANALYSIS_PHY_001_030/). The CTD hydrographic data is provided by ICES (ICES Oceanogra-
phy data portal, 2012. ICES, Copenhagen) (https://www.ices.dk/). The ocean color remote sensing data
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