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Abstract Diapausing populations of Calanus finmarchicus at depth in the Lofoten Basin (LB) return to

the continental shelf and slope off the Lofoten-Vesterdlen Islands during the phytoplankton spring bloom to
feed and spawn, forming surface swarms with a great abundance. To study how overwintering populations of
C. finmarchicus move with the deep currents and return to the shelf, Lagrangian transport characteristics of
particles in deep water between 2008 and 2019 were analyzed using Global Ocean Reanalysis and Simulation
re-analysis data and Lagrangian Coherent Structures (LCSs). Our analyses revealed that persistent eastward
transport of diapausing C. finmarchicus between LB and continental slope occurred mainly between 600 and
1,100 m in the Arctic Intermediate Water. The consistency of the vertical distributions of C. finmarchicus
abundance and salinity further suggests that physical factors control the horizontal distribution of the species.
Hovmoller diagrams of kinetic energy indicate that there is an eastward advection of mean current at depth. The
co-occurrence between the eastward transport of LCSs and the eastward advection of the mean current provides
direct evidence that the life history of C. finmarchicus is subjected to physical control in the Norwegian Sea.

Plain Language Summary Overwintering populations of the copepod Calanus finmarchicus in

the Lofoten Basin (LB) are critical for maintaining its life cycle and food web in the northern Norwegian Sea.
Horizontal advection and particle tracking simulation between 2008 and 2019 were performed using reanalysis
data. Our analyses revealed that eastward transport between 600 and 1,100 m in the Arctic Intermediate Water
below the Atlantic Water was responsible for moving C. finmarchicus from the LB to the continental slope. The
consistency of the vertical distributions of C. finmarchicus and salinity further suggests that physical factors
control the horizontal distribution of the species. The trend of decreasing abundance of C. finmarchicus from
west to east in January results from the eastward transport of the species and its accumulation on the continental
slope. Eastward transport from the basin to the slope is a key process in the life cycle of C. finmarchicus and
demonstrates the importance of large-scale physical-biological interactions in Nordic Seas.

1. Introduction

The basin-slope-shelf areas in the northern Norwegian Sea are highly productive and support large populations of
commercially exploited fish species such as Northeast Arctic cod (Gadus morhua), Norwegian spring-spawning
herring (Clupea harengus) and capelin (Mallotus villosu) (Basedow et al., 2019; Zhou et al., 2009). The copepod
Calanus finmarchicus is the main prey of these commercially harvested species, both as larvae (cod) and adults
(herring and capelin) (Krumhansl et al., 2018). Populations of C. finmarchicus thus play a key role in linking
primary producers to higher trophic levels (Melle et al., 2014; Planque, 2000). The population enters diapause
in late summer, and these individuals constitute a major part of the spawning population in the following spring
(Gaardsted et al., 2011; Halvorsen et al., 2003; Heath et al., 2004). This deep-water diapause strategy not only
allows C. finmarchicus to reduce the rate of loss due to predation mortality and advective dispersal during winter,
but also plays an important role in the persistence of spatial patterns of C. finmarchicus populations in the north-
ern Norwegian Sea (Gaardsted et al., 2010; Hirche, 1996; Weidberg & Basedow, 2019).
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T The basin-slope-shelf topography in the northern Norwegian Sea largely
Ziny “.’??g ‘\\ ’ [:‘De‘z;[fg determines the general circulation pattern, water mass exchange, residence
v % P time, and transport of nutrients and plankton (Espinasse et al., 2017; Slagstad
88 — o ﬁ, & Tande, 1996; Sundby, 1984). The main water masses are of coastal and
é _ Lb,f;eu}?sm % om0 a0 g Atlantic origins (Figure 1). The NF)r.wegian Coastal Current (NCC) flows
S \ ! <00 as a buoyancy-driven and low salinity-low temperature current along the
S
S coast, bordering the parallel northeastward Norwegian Atlantic Slope
Current (NWASC). The most unstable areas of the NwASC occur in the
z S > steepest part of the continental slope off the Lofoten-Vesterdlen Islands
f.:,’ L 7 S (Isachsen, 2015). Due to the instability, eddies are shed from the NwASC
8% Vmif; Pla;eau and propagate westward to the deepest part of the Lofoten Basin (LB) (Raj
o et al., 2016; Yu et al., 2017). High abundances of C. finmarchicus have been
- NwASE repeatedly observed in the LB in winter (Halvorsen et al., 2003; Slagstad
£ W, =
sl & Tande, 2007). It has been suggested that copepods descending from the
2 5 S‘{ { surface of the LB to depths below the Atlantic Water (AW) may be retained
.‘ f in the area due to a permanent anticyclonic vortex, the Lofoten Basin Eddy
Ew ; \'\\.*ir- s (LBE) (Slagstad & Tande, 1996). However, it is unclear how C. finmarchicus
0°00" 5°00'E 10°00°E 15°00°E 20°00'E populations are returned to the shelf in spring and the role of physical mech-
anisms in this movement. This process plays an important role in retaining C.
Figure 1. Bathymetry and main currents in the northern Norwegian Sea. finmarchicus populations in the northern Norwegian Sea.
Red arrows represent the Norwegian Atlantic Front Current and Norwegian
Atlantic Slope Current, and blue arrows represent the Norwegian Coastal In the last two decades Lagrangian techniques have been widely used to study

Current. The dashed red circle in the Lofoten Basin represents the location of
Lofoten Basin Eddy. The study area is indicated by the red box in the inset.

mesoscale processes due to the increasing availability of detailed knowl-
edge of velocity fields from Lagrangian drifters, satellite measurements and
computer models (Alver et al., 2016; Hu & Zhou, 2019; Ji et al., 2012). In
particular, Lagrangian Coherent Structures (LCSs) have become crucial tools
for analyses of ocean flows and horizontal transport (Beron-Vera, 2010; d'Ovidio et al., 2004; Haller, 2002;
Lehahn et al., 2007). Previous studies have demonstrated the ability of LCSs to analyze the spatial distribution
of contaminants, primary producers and higher predators (Olascoaga et al., 2008; Scales et al., 2018; Tew Kai
et al., 2009). In studies of physical-biological interactions in the Norwegian Sea, progresses have been made
in understanding biomass and distributions of overwintering C. finmarchicus using net sampling, laser optical
plankton counters (LOPC) mounted on towed undulating vehicles, video plankton recorders and drifting floats
(Basedow et al., 2010; Baumgartner, 2003; Zhu et al., 2009). Coupled physical-biological models focusing on the
life cycle and growth stages of C. finmarchicus, along with an enhanced knowledge of the complex interactions
between the physical environment and the ecosystem, have improved our understanding of its life histories (Feng
et al., 2018; Ji et al., 2012; Opdal & Vikebg, 2015).

Recently, the retention and cross-slope transport processes of Calanus spp. populations in the northern Norwegian
Sea during spring seasons have been analyzed, showing that the population of C. finmarchicus on the Lofoten
shelf is transported across the slope into the open ocean, thus contributing a large proportion of the overwintering
stocks that later descends to deeper waters of the LB (Dong et al., 2021). High abundances of C. finmarchicus are
found between 600 and 1,200 m during the overwintering period (Edvardsen et al., 2006; Gaardsted et al., 2010).
However, it remains unclear how overwintering populations in deep waters move with deep currents, and in
particular how the population in the LB are returned to the shelf in early spring each year. Copepods in diapause
are characterized by reduced metabolism, slow development and inert behavior (Hirche, 1996; Saumweber &
Durbin, 2006). The low-temperature environment of the overwintering layer reduces considerably their metabolic
demand that is fueled solely by their abundant lipid stores, while avoiding predators and parasites, increasing their
probability of survival in winter. This allowed us to study the horizontal transport of copepods without consider-
ing the growth, reproduction, mortality or vertical migration of the C. finmarchicus populations. In this study, we
focus on the role of horizontal advection of the deep currents in the transport of the diapausing C. finmarchicus
between the LB and continental slope. Employing Lagrangian advection, particle tracking simulations of LCSs
and dynamical diagnosis of the kinetic energy equations, we analyze the transport processes and physical controls
in this movement.
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Figure 2. (a) Locations of the transects from cruise in January 2009. The red dot represents the Lofoten-Vesteralen Islands. Vertical distributions of (b) temperature, (c)
salinity, and (d) Calanus finmarchicus abundances along Transect 1.

2. Data and Methods
2.1. Hydrographic and Zooplankton Data

Hydrographic and zooplankton data were collected off the coast of northern Norway from 24 to 30 January 2009.
Depths varied from less than 200 m on the Lofoten shelf to more than 2,000 m in the eastern LB (Figure 2a).
Simultaneous vertical profiles of hydrography and particle abundance were obtained at 14 stations using a CTD
(SBE 911+, Seabirds Electronics, Inc., USA) and a LOPC (Brooke Ocean Technology Ltd., Canada) mounted on
a rosette (Gaardsted et al., 2011). The instrument was lowered to 10 m off the bottom at stations shallower than
2,000 m and to 2,000 m at deeper stations.

Data from the LOPC provide counts and size estimates for each particle detected (Basedow et al., 2010; Gaardsted
et al., 2010). The laser beam is emitted from one side of the sampling channel and is detected by a diode array on
the other side (Basedow et al., 2014; Checkley et al., 2008; Herman, 1992). Details of the measurement principles
and data analysis of the LOPC are well-documented (Checkley et al., 2008; Herman et al., 2004). Two types of
particles are detected by the LOPC: single-element particles (SEPs) and multi-element particles (MEPs), depend-
ing on the number of diode elements that are occluded by the passing particles. Smaller particles occluding only
1-2 of the 35 diode elements are termed SEPs. These particles are automatically processed and recorded in 128
bins, with 15 pm in each size bin and ranging between 1 and 1,920 pm. Larger particles occluding three or more
diode elements are termed MEPs. The digital size (DS) is used to calculate the Equivalent Spherical Diameter
(ESD), which approximates the diameter of these particles (Checkley et al., 2008; Vage et al., 2014). Accord-
ingly, an ESD of each particle from MEPs can be calculated as:

ESDps = b; + b:(DS) + b3(DS)* + b4(DS)*, D

where b, = 0.1806059, b, = 0.00025459, b, = —1.0988 x 1079, and b, = 9.54 x 10! (Basedow et al., 2014;
Gaardsted et al., 2010). To avoid the influence of bubbles and suspended particles in the surface layer, only
the LOPC down-cast profiles 5 m below the surface were used for analysis. C. finmarchicus abundance were
calculated by generating vertical averages in 50 m bins. Following Gaardsted et al. (2010), the ESD in size
range of 900-1,500 pm contributed over 80% of the abundance and were used as a proxy for the overwinter-
ing C. finmarchicus. During the annual life cycle from egg to adult, C. finmarchicus pass through six nauplius

DONG ET AL.

3of 15

85U8017 SUOWILLIOD BAIER1D 8|qedl|dde aupy Ag pausenob ae ssjoiie VO ‘SN J0 S9INJ 10} ARid178UIIUO A8]IA O (SUORIPUOD-PUR-SWLIBY WD A8 1M AR.q 1[ou 1 UO//STIY) SUORIPUOD Pue swie 1 8y} 89S *[220z/TT/v2] Uo ArigiTauliuo A8|im O A1SieAIun 91101y 8y L 1IN Ad 6068T0Or2202/620T OT/I0p/W0d A8 |m A g1 jeul|uo'sgndnfey/scny wouy pespeojumod ‘6 ‘2202 ‘16266912



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Oceans 10.1029/2022JC018909

(NI-NVI) and five copepodite stages (CI-CV). We focus on the overwintering C. finmarchicus CIV-CV (Broms
et al., 2009).

2.2. Reanalysis Data

Reanalysis data were acquired from the Global Ocean Reanalysis and Simulation (GLORYS) 12v1 product from
the Copernicus Marine Environment Monitoring Service (http://marine.copernicus.eu). The reanalysis is gener-
ated using the NEMO3.1 ocean model driven at the surface by the ECMWF ERA-Interim reanalysis. It assimi-
lates along-track altimetry sea level anomaly, satellite sea surface temperature, sea ice concentration, and in situ
vertical profiles from Coriolis Ocean database for Re-Analysis v5.0 database, which includes Argo profiling
floats and mooring arrays (Fedorov & Belonenko, 2020; Ferry et al., 2012). The Level-4 GLORYS 12v1 product
provides global ocean circulation reanalysis at the eddy-resolving resolution of 1/12° in horizontal grids and 50
vertical levels. The use of the GLORYS 12v1 product for studying circulations in the Lofoten slope-basin areas is
effective as the product was validated by the “Hydrography of the Nordic Seas, 2000-2017: A merged product”
data set in previous studies (Belonenko et al., 2021; Bosse et al., 2018; Fer & Bosse, 2017). This data set consists
of data from 10 glider missions, 22,117 Argo floats and 45,239 shipboard CTD profiles in the region of 61-80°N,
17°W-23°E, covering the time and space of the current study (Bosse & Fer, 2018). The GLORYS 12v1 product
has also been used in previous studies for Lagrangian analysis, energy conversion in the northern Norwegian Sea,
and deep-water formation in the Nordic Seas (Fedorov et al., 2021; Sgubin et al., 2017). Details of the assimi-
lation procedures and validations of the GLORYS 12v1 are provided in Ferry et al. (2012) and Verezemskaya
et al. (2021). In this study, daily velocity data at 643, 763, 902, and 1,062 m between 2008 and 2019 were used
for LCSs and particle tracking simulations. These four layers were chosen because the vertical distribution of C.
finmarchicus during the overwintering period occurs mainly between 600 and 1,200 m (Edvardsen et al., 2006).
The daily temperature, salinity and velocity data at these depths in 2019 were used for dynamical diagnostics.

2.3. Lagrangian Coherent Structures (LCSs)

The LCSs were utilized to identify the spatial dynamical structures and to investigate the horizontal transport
characteristics in the basin-slope areas at depth. The LCSs can be quantified by the finite-size lyapunov exponent
(FSLE), which has been used to reveal the horizontal transport and track plankton populations moving with
currents (d'Ovidio et al., 2015; Lévy et al., 2018; Li et al., 2022). The FSLE is computed from the time interval z,
at which two fluid particles move from an initial separation of &, to a final separation distance &; following their
trajectories in the two-dimensional velocity field. At time ¢ and position X, the Lyapunov exponent 4 is defined as:

s
AR, 1,8,87) = %log(é), )

where 1 is the local measure of the largest exponential separation rate of two particles. Trajectories were calcu-
lated by applying a fourth-order Runge-Kutta scheme with a time step of 3 hr. The units of FSLE are d~'. §, deter-
mines the resolution of the Lyapunov map and &, affects the detection of the structures, respectively. Sensitivity
analyses of LCSs for different values of 6, and 6, (0.01-0.08 for 6, and 0.2-0.6 for 5,) have been performed to
find an optimal combination of these two parameters. &; and 5, were set at 0.02° and 0.4° to be able to capture the
mesoscale properties and to visualize the details of the LCSs in the study area. FSLE computed backward in
time provides the convergence (attracting) effect, which brings initially distant water parcels to a close distance.
Regions with higher values of FSLE results play an important role in controlling the horizontal exchange of water
from different dynamical regions (Della Penna et al., 2015; d'Ovidio et al., 2015; Scales et al., 2018).

Horizontal advection processes are quantified by studying the stretching and contraction properties of the ocean
currents and described by the LCSs (Rypina et al., 2012; Scales et al., 2018). In this study longitudinal advection
were computed backward in time in the LCSs model to depict the origins and transport paths of deep water.
Particles were released in different dynamical regions of the velocity fields defined by the LCSs. Trajectories
of the particles were tracked backward in time for 60 days. For one particle, the longitude and latitude positions
for each day were used to describe the path of this particle traveled before reaching its current position. The
longitudinal advection field can be obtained by finding the position information of all particles in the study area
60 days before and mapping this longitude information to their current position. Four cases of FSLE field and
longitudinal advection at 902 m for 1 December 2009, 1 January 2014, 11 December 2016, and 11 January 2019
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were analyzed to provide the horizontal transport routes of water masses at depth and the different origins of the
water masses reaching the continental slope. Three groups of particles were released in each of the four cases in
the LCSs model to determine the origin and paths of movement of water parcels in different dynamical regions.

2.4. Particle Tracking Simulations

To trace the origin of the particles that reached the continental slope in the deep layer, four groups of particles were
released at 643, 763, 902, and 1,062 m between 2008 and 2019 in the backward LCSs. Since the diapause of the
overwintering C. finmarchicus population ends by February and C. finmarchicus first appears in upper layers on
the Lofoten shelf from late February to early March (Dong et al., 2021; Edvardsen et al., 2006), 221 particles were
released every 10 days between December and February in the 60-day LCSs simulation. The location of the particle
release was chosen based on the highest EKE and the most baroclinically unstable part off the continental slope region
(Isachsen, 2015; Trodahl & Isachsen, 2018). Due to the eddy activities caused by the baroclinic instability, this region
has been shown to have the strongest shelf-ocean water and plankton exchange (Dong et al., 2021; Fer et al., 2020).
The average number of particles contained in each grid cell of size 0.1 X 0.2° over a 12-year period average number of
particles (ANP) was used as an indicator of particle origin. The average number of days of particles passing through
each grid cell average number of days passed (ANDP) was used to evaluate the passive transport rate of these particles.

2.5. Kinetic Energy Budget

Energetic analysis allows a quantitatively description of the conversion processes in the eddy-mean flow system
and mass transport processes (Chen et al., 2014; Magalhaes et al., 2017). To investigate the eddy-mean flow
interactions and its influence on the C. finmarchicus transport at the overwintering depth, the mean kinetic energy
(MKE) and eddy kinetic energy (EKE) were assessed. MKE and EKE per unit mass are defined as:

MKE = % (@ +52) , 3)
EKE = % (u’2 + U’2> , @)

where the overbar denotes the monthly mean, and the prime denotes the deviation from the monthly mean. The
u and v are the zonal and the meridional velocities. To further understand the dynamical mechanisms of the
deep flow on the eastward transport of overwintering C. finmarchicus, kinetic energy diagnoses were performed
to determine the processes of dynamical controls (Havik et al., 2017; Li et al., 2020; Menna & Poulain, 2014).
Hovmoller diagrams were calculated by latitudinal averaging between 68 and 71°N for the <dMKE/dr> and
<JEKE/ot> terms and illustrated the propagation of these two terms. Following Kang and Curchitser (2015) and
Yan et al. (2019), the MKE equation is obtained by multiplying the momentum equation by u and v and then
taking the time average of their sum, which is written as:

aM;E = [V : (u’u’ﬁ) +V- (u’v’E)] + (H Vi + 0w - va)

A )
—— ~ —

Unsteadiness NL_KE -BTC

5
~ga@AT ~V - (AMKE)=~ - (WP )+ - Fo -+ - Dr ©
——— —— Po — N
VMHE RADV Forcing  Dissipation
R-PRS
where V is the three-dimensional gradient operator. The time tendency of MKE is given by the sum of the follow-
ing terms:
<NL_KE>, denoting the energy gained from the nonlocal eddy kinetic energy;
<-BTC>, denoting the barotropic conversion from EKE to MKE;
<VMHF>, denoting the energy conversion from MPE due to the vertical mean heat flux, where g is the gravity
constant, « is the thermal expansion coefficient of sea water, T is the temperature, and  is the vertical velocity;
<R_ADV>, denoting the redistribution of MKE through the advection processes;
<R_PRS>, denoting the redistribution of MKE through the pressure, where P,, is the dynamical portion of
pressure;
and <uy, - F_h> and <uy, - D_;,> are the forcing and dissipation terms of the MKE.
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Figure 3. Paths and origins of the water parcels from Lagrangian particle tracking simulations over 60 days superposed on the Global Ocean Reanalysis and
Simulation-derived finite-size lyapunov exponent (FSLE) (d~") fields at 902 m on (a) 11 December 2016, and (b) 1 January 2014. Three groups (G1, G2, and G3) of
particles in (a) and (b) represent water parcels from different dynamical regions separated by the Lagrangian Coherent Structures ridges (black curves) in the FSLE
field. G2 in (a) has six particles, and the other groups in (a) and all groups in (b) have three particles as representatives. The darkest color in each group indicates the
location of water parcels on the day of release, (a) 11 December 2016, and (b) 1 January 2014. The lighter color indicates the earlier location in each group during the
backward 60 days. The black dots and lines in each group represent the daily positions and paths of these particles. The longitudinal advections at 902 m for 60 days
prior to (c) 11 December 2016, and (d) 1 January 2014. The colors in (c) and (d) represent the longitudinal positions of the 60-day origin of the water parcels. Within
the areas marked by dashed boxes, a pronounced eastward transport from the LB to the slope occurs.

3. Results
3.1. Hydrographic Characteristics and C. finmarchicus Vertical Distributions

Temperature and salinity profiles from 24 to 30 January 2009 cruise show the well-known hydrographic char-
acteristics of the shelf-slope-oceanic region, with the relatively warm and saline AW overlaying the colder and
fresher Arctic Intermediate Water (AIW) (Figures 2a—2c). Patches of C. finmarchicus were distributed between
600 and 1,200 m in the AIW (Figure 2d). There was a strong correspondence between C. finmarchicus abundance
and hydrographic structure below 600 m, especially between the copepod abundance greater than 20 ind m~ and
salinity less than 34.89 (Figures 2c and 2d). The distribution of C. finmarchicus abundance showed a pattern of
lower abundance in the west and increasing abundances in the east, suggesting that the movement of the water
mass might be responsible for the eastward intrusion of C. finmarchicus from the LB.

3.2. LCSs Advections Within the C. finmarchicus Overwintering Depth

Four cases of the backward FSLE and longitudinal advection fields at the depth of 902 m show the eastward
transport patterns of water parcels from LB to the continental slopes in winter (Figures 3 and 4). Regions with
higher values of backward FSLE indicate a strong horizontal convergence (attracting) effect which serves as a
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Figure 4. Paths and origins of the water parcels from Lagrangian particle tracking simulations over 60 days superposed on the Global Ocean Reanalysis and
Simulation-derived finite-size lyapunov exponent (FSLE) (d~!) fields at 902 m on (a) 11 January 2019, and (b) 1 December 2009. Three groups (G1, G2, and G3) of
particles in (a) and (b) represent water parcels from different dynamical regions separated by the Lagrangian Coherent Structures ridges (black curves) in the FSLE
field. G1 in (a) has six particles, and the other groups in (a) and all groups in (b) have three particles as representatives. The darkest color in each group indicates the
location of water parcels on the day of release, (a) 11 January 2019, and (b) 1 December 2009. The lighter color indicates the earlier location in each group during the
backward 60 days. The black dots and lines in each group represent the daily positions and paths of particles. The longitudinal advections at 902 m for 60 days prior to
(c) 11 January 2019, and (d) 1 December 2009. The colors in (c) and (d) represent the longitudinal positions of the 60-day origin of the water parcels. Within the areas
marked by dashed boxes, a pronounced eastward transport from the LB to the slope occurs.

manifold of the flows over time (Figures 3a, 3b,, and 4b). The basin-slope areas were separated into different
dynamic regions by the LCSs ridges, which play a key role in the exchange of water masses and horizontal advec-
tions in the study area. In the backward simulations, particles in G1 and G2 originate from the eastern part of LB
(5-9°E) and central part of LB (<5°E), respectively, and travel more than 4° to the east. Three particles in the G2
on 11 December 2016, originated in the LB and propagated eastward by more than 9° (>350 km) during the 60
days. The particles in G3 have an initial position close to G1 but belong to a distinct dynamical region than G1.
They are different from the particles in G1 and G2, but come from a region near the continental slope and are
transported westward.

Longitudinal advection results provide the past locations of the water parcels and the relative contributions of
the water masses in different regions to the continental slope (Figures 3c, 3d,, and 4d). The flow in the area of
10-11°E, 69.3-70.2°N (red color; Figure 3c) originated 60 days ago at 0°E in the LB which has a bottom depth
>3,000 m. The flow in the area of 12-13.5°E, 69-70°N (yellow color; Figure 3c) corresponds to a position
around 8°E 60 days prior and illustrates its eastward intrusion into the near-slope region from the eastern LB. The
longitudinal advection colored in red-yellow in the dashed boxes from 4—6°E to 10-13°E reflects the strong flow
intruding eastward from the LB into the slope (Figures 3c, 3d,, and 4d).
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Figure 5. Average number of particles (ANP) by each grid cell for 60-day backward simulations at (a) 643, (b) 763, (c) 902,
and (d) 1,062 m depth. The black dots represent the locations of particle release in the ANP.

3.3. Geographical Origin of Particles

Twelve years of backward tracking simulations showed that more than 80% of particles originating at all four
depths in the LB were transported eastward toward the release region on the slope (Figures 5 and 6). Most of the
particles originating from the LB entered the released region through the closest and steepest part of the slope,
located at approximately 69°N, 10°E. The distributions of the ANP showed that grid cells with more than 35
particles were mostly located between 8 and 12°E (Figure 5). They converged to the released area southeastward
at 643 and 763 m and eastward at 902 and 1,062 m. Grid cells with more than 25 particles (ANP) indicated that
there were two main paths to the released area: one propagating southeastward along the 3,000 m isobath, and
one eastward from the central LB around 69-70°N, 4-5°E. The ANDP showed that among the particles from the
LB, those moving southeastward along the 3,000 m isobath moved rapidly and reached the released area in about
35-40 days (Figure 6). These 12-year particle tracking simulations further verified the existence of eastward
transport processes from the LB to the near slope region at the overwintering depth of C. finmarchicus.

3.4. Kinetic Energy Diagnosis

A positive <dMKE/dt> anomaly with values larger than 20 x 10~ m? s =3 was observed from 4 to 12°E (~311 km)
(Figure 7a). This implies that the <dMKE/dt> propagated eastward with a large distance from 4°E in November
to 12°E in next January (~311 km). Conversely, no significant propagation of <dEKE/dt> was found (Figure 7b).
Hence, <d0MKE/dt> played the dominant role in the eastward transport of energy. The contributions of each term
to the time tendency of MKE were calculated according to Equation 5 (Figures 7c—7f). <NL_KE> and <-BTC>
both showed significant eastward propagation from 3 to 12°E (~350 km) over a 3-month period (Figures 7c
and 7d), similar to the propagation pattern of <OMKE/ot>. Although the <R_ADV> had a considerable intensity,
no significant propagation eastward was observed (Figure 7¢). All other terms, including <VMHF>, <R_PRS>,
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Figure 6. Average number of days passed (ANDP) by each grid cell for 60-day backward simulations at (a) 643, (b) 763, (c) 902, and (d) 1,062 m depth. The white
dots represent the locations of particle release in the ANDP.

<Forcing>, and <Dissipation>, are minor, so they were all placed in residual term <RTs>. It was seen that the
residual term is a sink for <OMKE/dt> (Figure 7f). Therefore, <NL_KE> and <-BTC> dominated the changes
of MKE. The pronounced positive <NL_KE> anomaly indicated that the nonlocal eddy kinetic fields provides
one part of energy for <OMKE/ot> during the propagation from 3 to 12°E (~350 km). The positive value of the
<-BTC> indicated that the absorption of EKE into the mean flow provides another part of the energy during the
eastward transport processes. In short, nonlocal kinetic energy feeding and energy conversion from EKE to MKE
combine to maintain the stable eastward propagation of energy from LB to the continental slope at overwintering
depths from November to January.

4. Discussion
4.1. The Source of the Surface Population in Spring

The early spring distribution of C. finmarchicus in the Lofoten area reflects the re-occurrence of the copepods
on the shelf immediately after seasonal migration from deep diapause habitats where developmental stages CIV
and CV reside for overwintering (Broms et al., 2009; Head et al., 2013). Several areas in the northern Norwe-
gian Sea are considered to be habitats of high winter abundance of C. finmarchicus, such as the Faroe-Shetland
Channel, the Norwegian Trench, nearby deep Norwegian fjords, and the LB (Espinasse et al., 2016; Halvorsen
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et al., 2003; Opdal & Vikebg, 2015). C. finmarchicus that originates from the Faroe-Shetland Channel or the
Norwegian Trench can easily be transported northward by both the NwASC and the NCC (Heath et al., 2004).
The fjord circulation can also bring them onto the shelf once their dormancy ends (Espinasse et al., 2016). Opdal
and Vikebg (2015) modeled the pathways of copepods in different areas of the northern Norwegian Sea, and
found that the population on the continental shelf area north of 66°N originated mainly from the LB. Our study
simulated the origin of the population at 600—1,100 m depth over 12 winters and found that more than 80% of the
particles were from the LB in the region of 11-12°E, 68.8—69.4°N. Further sampling analyses of overwintering
populations are needed to determine the importance of each source as a seed population of C. finmarchicus.

4.2. Controlling Factors for Eastward Transport of Overwintering C. finmarchicus

The results of the LCSs advection at depths indicate an eastward transport pattern from the LB to the continental
slope (Figures 3 and 4). Particle tracking simulations were run for 12 years to demonstrate the stability of the
source in the LB, and the route of these particles reached the continental slope within 60 days (Figures 5 and 6).
C. finmarchicus in diapause within the LB was advected and traveled eastward, then eventually arrived at the
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slope before February. Edvardsen et al. (2006) also found that the abundance of C. finmarchicus was lower in
the western region in January. Previous studies have reported that the attracting LCSs could be places for prey
accumulation, as the horizontal currents will transport the passively advected population near the LCSs ridges
(d'Ovidio et al., 2015; Tew Kai et al., 2009). Due to the transport barrier effect of the attracting LCSs, the popu-
lation will accumulate on the LCSs ridges without crossing the structures to other dynamical regions. This is the
reason for the accumulation of high copepod biomass on the continental slope after the eastward intrusion of C.
finmarchicus from the LB. The deep-water diapause strategy allows us to study the horizontal transport of over-
wintering C. finmarchicus, regardless of biological factors such as growth, reproduction and mortality. Physical
drivers are the most important factor in the eastward transport of C. finmarchicus during winter.

4.3. Dynamical Mechanisms of the Transport Between Basin and Slope

The LB is characterized by strong mesoscale eddy activities and the permanent LBE (Raj et al., 2016; Sgiland
etal., 2016). Eddies that are shed from the NwASC propagate westward, sustaining the LBE and carrying warm and
salty AW into the LB (Ghaffari et al., 2018; Sgiland & Rossby, 2013). This process plays an important role in driving
the cross-slope transport of C. finmarchicus and their large-scale surface distribution in spring (Dong et al., 2021).
When the copepods begin to descend from the surface to their overwintering habitat in late summer, the LB serves
as one of the major biological reservoirs. The strongly nonlinear LBE separates the interior water from its surround-
ings through a closed potential vorticity profile, which allows the overwintering species to be trapped there (Bosse
et al., 2019; Early et al., 2011; Zhang et al., 2014). Previous studies have also reported enhanced lateral exchange
and mixing between the LB and its surroundings during winter (Bosse et al., 2019); this suggests that C. finmar-
chicus may leave the LB before the end of the overwintering period. The longitudinal advection computations have
estimated the potential sources and periods for C. finmarchicus concentrated at the slope region (Figures 3 and 4).
The propagation of <dMKE/dr> at depth is the key dynamical control that enables these diapausing C. finmarchi-
cus that leave the LB to transport eastward and be able to reach the continental slope by early February.

4.4. Potential Mechanisms of Intrusion of C. finmarchicus Onto the Lofoten Shelf

The lipid reserves of wax esters of overwintering C. finmarchicus allow the copepods to migrate vertically due
to their higher thermal expansion and compressibility than seawater (Heath, 1999; Saumweber & Durbin, 2006;
Visser & Jonasdottir, 1999). Thus, copepods that are neutrally buoyant at low temperatures in the deep AIW can
become positively buoyant when they enter the warm AW. Previous studies have reported that copepods starting
from neutrally buoyant depths require only a small energy expenditure to initiate a buoyancy-assisted ascent to
the surface (Visser & Jonasdottir, 1999).

The eastbound movements of the AW at depth that can transport the copepods may occur as a counter current
when the low salinity NCW spreads westward offshore (Pedersen et al., 2001). Wind-induced seasonal lateral
displacement of the NCW plays a potential role in driving the intrusion of C. finmarchicus onto the shelf
(Helland-Hansen & Nansen, 1909; Setre, 1999). During winter, cyclones cause southwesterly winds that lead
to conditions favorable for downwelling in coastal areas. This causes the wedge-shaped NCW to become deeper
and narrower. After winter, cyclones and winds decrease and downwelling becomes less frequent, so the NCW
becomes shallower, which might lead to an eastward movement of AW at depth (Skagseth et al., 2011).

The eastward expansion of less dense surface waters of the NCW might also aggregate ascending copepods on
the shelf when they migrate into these NCW surface waters after overwintering (Weidberg et al., 2022). In this
process, the vertical migration of copepods is essential; therefore, the intrusion onto the shelf in spring is likely a
combination of physical processes (aggregation at shelf break, eastward expansion of NCW, eddies) and biolog-
ical drivers (surface migration of copepods).

4.5. The Spatial Distributions of C. finmarchicus Throughout Their Life Cycle at the Basin Scale

The existence of persistent overwintering habitats at LB and the transport routes between LB and Lofoten shelf
suggest that there may be a potential regular spatial and temporal closure of the life cycle of C. finmarchicus
(Edvardsen et al., 2006; Heath et al., 2004). Therefore, the life cycle of C. finmarchicus in the basin-slope-shelf
areas can be summarized as four main phases in four specific spatial regimes linked by horizontal transport or
vertical movement (Figure 8): (Phase A) Diapause in the LB as CIV and CV copepodites followed by transport
eastward from LB to the continental slope; (Phase B) Aggregation and accumulation at the slope and maturation
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Figure 8. Conceptual diagram of the seasonal life cycle of the copepod Calanus finmarchicus in the basin-slope-shelf areas in the northern Norwegian Sea. The surface
is an RGB composite image from ocean color remote sensing on 23 April 2014 (Phase C). The red areas on the Lofoten shelf represent areas with the high abundance of
C. finmarchicus and the blue-green area off the Lofoten shelf represent the open ocean with low abundances of the copepod (see Text S1 in Supporting Information S1).
The red dot in the ocean color image represents the Lofoten-Vesterélen Islands, and the dashed white line and dashed white cycle represent the Norwegian Atlantic
Slope Current and Lofoten Basin Eddy, respectively. During Phases C and D in spring and summer, the copepods feed on phytoplankton in the upper layer, which is

illustrated by the green shading.

into adults followed by ascent onto the shelf; (Phase C) Shelf retention due to transport barriers during which time
reproduction occurs followed by transport across the slope to the deep waters; (Phase D) open ocean near-surface
swarm period and accumulation of storage lipids in the LB followed by descent into the overwintering habitat
re-entry into Phase A (diapause).

5. Conclusions

This study demonstrates the importance of horizontal transport of overwintering populations from the LB for C.
finmarchicus shelf populations and further establishes the region as a key source for the C. finmarchicus popu-
lation on the Lofoten shelf in early spring. The stability of eastward transport at 600—1,100 m in AIW during
winter can play a significant role in transporting diapausing C. finmarchicus to the continental slope each year.
This process is a part of the potential regular spatial and temporal closure of C. finmarchicus population at the
basin-slope-shelf areas in the northern Norwegian Sea.

The eastward propagation of the MKE is the main dynamical control that results in C. finmarchicus overwintering
in the LB to reach the continental slope by early February. Further dynamical diagnostics indicate that nonlocal
kinetic energy feeding and energy conversion from eddy to mean currents produce a stable eastward transport
mechanism for C. finmarchicus from LB to the continental slope at overwintering depths.
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