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ABSTRACT

New production of organic matter from photosynthesis based on “new” nitrate transported into the illuminated
surface layer fuels temperate ecosystems during periods of stratification when surface waters are nutrient lim-
ited. Published observations from the northeastern North Sea show a large spatial heterogeneity in vertical
nitrate fluxes and suggest shelf edge mixing may be the major source for new production here during the
stratified summer season. In the current study, we further investigate these empirical findings with a numerical
model, where physical transports and mixing are evaluated against observations of temperature, salinity, nu-
trients and dissipation of turbulent kinetic energy. The relatively shallow central North Sea is separated from the
deep Norwegian trench by a strong shelf edge current. This shelf edge frontal zone is characterized by a vertical
separation of the surface and benthic boundary layers by an intermediate layer exhibiting low turbulence. A new
nitrate assimilation model, driven by light and nitrate availability, is developed and applied for quantifying the
potential for, and distribution of, new production in the area. New production in the frontal zone above the shelf
edge is located in a narrow high productive (~100 mg C m~? day ~*) band. This is in qualitative accordance with
observations. The model results also suggest, however, that new production of similar magnitude occurs above
the deep Norwegian trench, where a shallow nutricline in combination with mesoscale eddy activity leads to
increased transport of nitrate to the surface layer. Increased new production along the shelf edge could po-
tentially impact ecosystem structure and may explain the relatively high species richness and fishing activity

recorded in this part of the North Sea.

1. Introduction

Primary production in the ocean is understood as being comprised
of two forms. Dugdale and Goering (1967) designated these as new and
regenerated production, where the former is driven by an allochthonous
nutrient (nitrogen) source and the latter by a nitrogen source that has
been regenerated (through heterotrophic processes) locally, i.e., within
the system, itself. The differentiation between these two forms is im-
portant as it is only new production that can lead to a net increase in the
production of organic material. Thus, the percentage of new production
with respect to total primary production (designated f-ratio by Eppley
and Peterson, 1979) is a critical determinant of food availability for
marine food webs and for the amount of organic material that can sink
from surface to deep water ocean layers (biological pump; Volk and
Hoffert, 1985).

From direct in situ determination of f-ratios (using *°N isotopes, e.g.
Dugdale and Wilkerson, 1986), it is known that the f-ratio varies in time
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and space, both geographically and through the water column. Esti-
mates of total primary production (both in situ estimates based on '*C
incorporation and estimates based on optical characteristics of the
surface ocean) cannot differentiate between new and regenerated pro-
duction. Thus, estimates of total primary production are difficult to
directly relate to the net production of new organic material. In other
words, two regions where total primary production estimates are si-
milar can have vastly different potential for supporting productive food
webs and/or contributing to export of organic material from surface to
deep waters.

For seasonally stratified coastal shelf regions, the general assump-
tion has been that new production and, thereby, the f-ratio is high
during the spring bloom, when the nutrients found in surface waters
originate from winter mixing and can, therefore, be considered as al-
lochthonous. On the other hand, it has been assumed that the f-ratio will
be low during summer months when water column stratification hin-
ders the transfer of nutrients from deep to surface waters.
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Numerous studies, however, have given cause to reconsider the
assumption of low new production in seasonally stratified shelf seas
during summer months, i.e. the period of stratification. Direct de-
termination of f-ratios over larger geographic regions is not feasible but
f-ratios can also be estimated from vertical nutrient fluxes, i.e., esti-
mates of the delivery of allochthonous nutrients (nitrogen) input to the
illuminated surface waters where photosynthesis takes place. Through a
combination of direct measurement and nutrient flux estimates, a
number of studies have identified local “hot spots” with elevated f-ra-
tios during summer months in coastal shelf waters around the world.

Often, these “hotspots” are associated with a subsurface chlorophyll
maxima (SCM) and are, therefore, not observable from data collected in
surface waters. In a study of the Celtic Sea, for example, Hickman et al.
(2012) estimated that the magnitude of new production occurring in
association with the SCM could be about half of that occurring in the
spring bloom. In an observational study including measurements of
turbulence and nitrate, Sharples et al. (2001) suggested that transport
of nutrients from deep waters to the SCM could support a new pro-
duction in the Western English Channel on the order of 160 mg C
m~2 day ! and be a potentially important source of material exported
from surface to deep waters. For the North Sea, Richardson and
Pedersen (1998) estimated that ~20% of annual new production could
potentially be supported by the tidal mixing of nutrient rich deep wa-
ters to an intermediate depth layer supporting the SCM. In addition,
Weston et al. (2005) estimated that ~37% of the annual new produc-
tion occurring in the central North Sea might be associated with the
SCM.

Thus, there is considerable evidence that there is a potential for new
production to occur below the surface ocean layer in and around the
North Sea during the period of seasonal stratification. A weakness in
many of these studies, however, is that they are based on upscaling of
measurements made over very limited geographical areas. We
(Bendtsen and Richardson, 2018; hereafter BR2018) have earlier re-
ported on a field study where turbulence measurements were collected
throughout the water column over a large region of the northeastern
North Sea. We used these to estimate the vertical flux of nitrate from
deep to surface waters and estimated the potential for new production
from these fluxes. That study suggested considerable heterogeneity in
the distribution of new production in this region, where high values
were located at sites located along the shelf edge and at a locality near
the Norwegian coast.

In the current study, we further explore the potential for new pro-
duction in this region during the summer stratified period by devel-
oping a nitrate assimilation (representing new production) model
which is driven by light and nitrate availability in an attempt to
quantify the potential for, and distribution of, new production over this
entire region. The model results suggest that new production takes
place in sub-surface waters along the shelf edge and, in addition, that
new production is associated with eddy activity occurring in the deeper
area off the shelf edge.

2. Methods
2.1. Model description

The ocean model used to represent North Sea characteristics is
based on the COHERENS circulation model (Luyten, 2014). COHERENS
solves the primitive equations, i.e. momentum equations with the
Boussinesq approximation, mass and energy conservation and applies a
non-linear equation of state. The model domain covers the entire North
and Baltic Seas (Fig. 1a) and is formulated on an equidistant spherical
grid with a horizontal resolution of ~2 X 2 nautical miles and 20
stretched vertical sigma-layers (Song and Haidvogel, 1994) in the
deeper areas (> 50 m) with a smooth transition to equidistant layer
thickness in the shallow areas (Siddorn and Furner, 2013).

The baroclinic pressure gradient is discretized by the cubic-H
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Fig. 1. (a) Model domain and (b) study area showing VERMIX transect 1-5
(BR2018) and three locations along transect 5 (circles) analyzed in Fig. 7.
Colors show (a) salinity and (b) temperature (19 July 2016). In (a) bathymetry
outside the model domain is contoured in intervals of 500 m above 1000 m
depth and 200 m intervals below. Tide gauge stations in Whitby and Hanstholm
are shown (white bullets) and the rectangle in (a) shows the area in (b).

method (Shchepetkin and McWilliams, 2003) and advective transports
are determined by a TVD-scheme. Vertical mixing is described by a k-¢
turbulent model with a background viscosity and diffusion coefficient
of 0.1-10 ~®> m? s~ ! and, due to the relatively high horizontal resolution,
there is no explicit horizontal turbulent viscosity and diffusivity. The
model equations are solved by a multigrid method with a barotropic
and baroclinic time step of 50 and 5 s, respectively.

The model is confined within boundaries at 48°N and 3.85°W in the
North Sea, i.e. between the Shetland Islands and Norway and in the
English Channel (Fig. 1a), and the model bathymetry is interpolated
from the high-resolution (% x % degree) EMODnet bathymetry
(EMODnet Bathymetry Consortium, 2016). The bathymetry in the
North Sea/Baltic Sea transition zone is modified to take into account
the relatively deep and narrow straits in the Great Belt and The Sound
(Bendtsen et al., 2009). The minimum depth is 10 m in the North Sea
and 5 m in the Baltic Sea and a low-pass filter reduces bottom-slope to
less than 0.18 in the model domain.

Tidal forcing is described by sea level and volume transports across
the open boundaries from the eight most significant tidal constituents
extracted from the barotropic OTIS North Sea model of Egbert and
Erofeeva (2002). The model includes the 50 largest rivers in the North
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Sea and the Baltic Sea area and runoff is based on monthly climatolo-
gical values. Meteorological forcing is based on ERA5 (dataset obtained
from Copernicus Climate Change Service, 2017) where wind, air tem-
perature, cloudiness, relative humidity, precipitation, air pressure and
sea ice distribution are interpolated onto the model grid in 3-hour in-
tervals. Surface fluxes are reduced proportionally to sea ice cover.

2.2. Initial conditions and open boundary conditions

The model is initialized with temperature and salinity distributions
on 1 January 2016. The first two months are considered as model spin
up where temperature, salinity and water level equilibrate with the
model forcing. Tidal motion in the model was found to equilibrate
within a few weeks and we, therefore, assume that a two-month spin up
period is sufficient for resolving the general dynamics and water mass
distributions in the northeastern North Sea (note, however, that a much
longer spin up would be required for equilibrating the entire North Sea/
Baltic Sea system with respect to the salinity and temperature differ-
ences across the North Sea/Baltic Sea transition zone). The initial fields
applied in the model are provided from high resolution operational
models, and the dynamics in the study region are expected mainly to be
influenced by out- and inflow to the Skagerrak region. A characteristic
quasi-stationary current pattern was established along the shelf edge
after the two month spin up period.

2.2.1. Temperature and salinity

Initial conditions of temperature and salinity are based on re-ana-
lyzed temperature and salinity fields obtained from the Copernicus
Marine Data server (CMEMS). The Initial field for the North Sea is based
on the FOAM AMM?7 (Forecasting Ocean Assimilation Model, 7 km
resolution Atlantic Margin Model; O'Dea et al., 2012) re-analyzed fields
(CMEMS, northwestshelf reanalysis_phy_004_009) of the North West
European Shelf. Fields from the Baltic Sea are obtained from the NEMO-
Nordic re-analysis (CMEMS, balticsea_reanalysis_phy_003_011; Hordoir
et al., 2019). It should be noted that the use of output from two dif-
ferent models for creating initial conditions is consistent because the
open boundaries towards the Baltic of the FOAM AMM?7 model are
determined by output from the NEMO-Nordic model. The two datasets
are merged to obtain initial fields for the entire model domain on 1
January 2016.

Open boundary conditions in the North Sea towards the north
Atlantic and the English Channel were generated from monthly
averages of the FOAM AMM?7 daily averaged fields of currents, tem-
perature and salinity in 2016. Volume transports at the open bound-
aries were determined by a radiation condition (derived by the method
of characteristics) and fluxes of temperature and salinity were calcu-
lated from the climatological fields.

2.2.2. Nitrate

Nitrate was applied in the idealized nitrate-assimilation model ex-
periment for a two-month period and it was initialized from 1 June. The
first month was considered as a spin up period where nitrate equili-
brated with the dynamics and biological nitrate-assimilation in the
northeastern North Sea.

It was assumed that the initial field of nitrate could be represented
by monthly climatological values in June. The focus of this study is on
conditions in the northeastern North Sea and, therefore, it was also
assumed that only nitrate distributions in this part of the North Sea had
a significant influence on conditions in the shelf edge area. Thus, nitrate
sources associated with runoff (e.g., in the German Bight), inflow from
the English Channel or conditions in the Baltic Sea were not considered
to be critical for nitrate assimilation along the shelf edge during the
study period.

An initial field of nitrate in June was created from the monthly
North Sea Biogeochemical Climatology of Hinrichs et al. (2017). This
relatively high-resolution data-set (horizontal resolution of % x Y4
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degrees), covering the entire North Sea and the western Baltic Sea, was
merged with the World Ocean Atlas 2018 climatology (Garcia et al.,
2018; horizontal resolution of 1 x 1 degrees) for the remaining Baltic
Sea area. The initial nitrate field in the Baltic Sea was assumed to be
unimportant for the conditions in the northeastern North Sea during the
model experiment.

Open boundary conditions were obtained from the climatological
nitrate values in June along the northern boundary and were held
constant during the two-month period. A no-flux condition was applied
for transports through the western boundaries, i.e. the English Channel
and between the Scotland and Shetland Islands.

2.3. Model validation

The model was analyzed from March-October 2016 and the model
results were qualitatively compared with observations of sea level from
tide gauges, and fields of temperature, salinity and dissipation of tur-
bulent kinetic energy obtained in July on the VERMIX cruise. The
comparison provided information on the general model performance on
simulating tides, i.e. a major energy source for mixing in the area, and
the ability to simulate the general distribution of water masses and
turbulence in the shelf edge region in the northeastern North Sea.

2.3.1. Tide gauge data

Tide gauge data were obtained from the Copernicus Data Store and
were used for evaluating the model's simulation of tides. The model was
evaluated from 28 tide gauge stations covering the entire model do-
main. In general, there was a good agreement between simulated and
observed water level changes and two examples from each side of the
North Sea were considered in more detail (Fig. S1): Tidal forcing at the
western side of the North Sea (Whitby, UK) resulted in a relatively large
tidal amplitude (~2 m) and there was a good accordance between the
model and observations. The weaker tidal amplitude (< 0.5 m) on the
eastern coast of the North Sea (Hanstholm, DK) was also well simulated
by the model (i.e., phase and amplitude). However, the eastern side is
relatively more influenced by wind forcing than the western side (due
to the smaller amplitude) and small deviations between the model si-
mulations and observations due to short-term “surge-events” were seen
at Hanstholm (e.g., 4-7 July in Fig. S1b). These deviations may be
explained by the simplified open boundary conditions (using monthly
averaged conditions) or due to limitations associated with the me-
teorological forcing fields. Thus, we consider the tides to be well de-
scribed by the model, and the relatively small model deviations com-
pared to the tidal range during short periods along the eastern North
Sea coast do not impact the conclusions of this study.

2.3.2. VERMIX observations in July 2016

The observations obtained on the VERMIX cruise in July 2016
(described in BR2018) are used for evaluating the model simulation in
the stratified summer period. The VERMIX cruise, covering the north-
eastern North Sea from the shallow shelf and across the Norwegian
trench towards Norway, included measurements of temperature and
salinity (made with a Seabird 911+ system; salinity is reported as
practical salinity). In addition, dissipation rates of turbulent kinetic
energy (TKE) were calculated from observed microstructure of current
shear (made with a Rockland Scientific International VMP-250 micro-
structure vertical profiler) along five transects (shown in Fig. 1b). The
water mass distributions and microstructure observations across the
shelf edge were found to be qualitatively similar along the five trans-
ects, as is further described in BR2018. Therefore, distributions along
one transect (5) are applied for the model evaluation in this study
(Fig. 2). The observations showed the presence of Southern and Central
North Sea water (SNSW, S = 34.50-34.80; CNSW, S = 34.80-35.00,
both water masses in the temperature range between 8 and 10 °C)
above the more shallow part of the shelf-edge region at a depth of
~60 m (~56.88°N in Fig. 2). High-saline Atlantic water masses were
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Fig. 2. VERMIX observations of (a) potential temperature, (b) salinity and (c)
dissipation rate of TKE along transect 5 (6.25°E, 56.25-59.9°N) measured be-
tween 24 and 26 July 2016. Note that the bottom boundary layer is not resolved
from observations in (c).

located at the shelf edge (S > 35.00) with a core of high-saline deep
Atlantic water (S = 35.15-35.32, T = 7-10 °C) below ~80 m depth
and low-saline recirculated Skagerrak water dominated the upper water
masses towards the Norwegian coast.

Nutrients were, in general, depleted in the surface layer during the
VERMIX cruise and, in the southern part of the transects, i.e. above the
shallow shelf, the entire water column was found to be nitrate-depleted
whereas high nitrate concentrations were observed in the high-saline
Atlantic water masses along the shelf-edge and above the Norwegian
trench (Fig. 3). This characteristic nutrient field during the summer
season is also apparent in climatological fields from the area (Fig. S2)
and it motivated the simple model experiment where nitrate was in-
itialized in June.

2.4. Nitrate assimilation model

Primary production (PP) is calculated from chlorophyll a (chl),

Pressure [dbar]
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photosynthetic available radiation (PAR) and nutrients. Nitrate is as-
sumed to be the limiting nutrient during the stratified period in the
area, supported by the observed nitrate depletion in the surface layer
(Fig. 3). In general, PP can be calculated from the photosynthetic
parameters (Ppa’, a®, 5), chl and PAR (Platt et al., 1980) and here we
also included access to nutrients:

= P8, .chl o B
PP = P, chl|1 — exp _PARPT exp _PARPT N

max max

@

where PAR, photosynthetic parameters and chlorophyll a, in general,
vary through the water column. Phytoplankton also requires access to
nutrients and this is included by the nitrate limitation term (Ay).

Here, we assume that the photosynthetic parameters and chlor-
ophyll a can be represented by constant values in the euphotic zone,
calculated from the average of observed values from the VERMIX cruise
in the surface layer and in the SCM. The parameters vary by about a
factor of two between the surface and the SCM in the area (Table 1).
Thus, the vertical variation in PP due to adaptation of the phyto-
plankton community to changes in the light field is not resolved in
detail by the model. As photosynthetic parameters have been found to
vary significantly both temporally and spatially (Richardson et al.,
2016), we, nevertheless, consider the averaged values from the area to
be representative of the water column as a whole.

The assumption of a constant chlorophyll a concentration in the
euphotic zone represents a more critical assumption as this simplifica-
tion disregards the vertical gradient from low surface values towards
the SCM. The implications of this assumption were considered in a
sensitivity study (see below).

Nitrate (N) is assumed to be the limiting nutrient, thus nutrient
limitation of PP is parameterized according to the following Monod
equation:

N
T N+x )

An

where the half saturation constant (x) has the relatively low value of
0.01 mmol N m~2 (Richardson and Bendtsen, 2017).

Nitrate assimilation (NA) is assumed to be related to PP via a con-
stant Redfield N:C molar ratio (nn.c) of 16:106 (Redfield et al., 1963)
and is determined from:

NA(N, PAR) = —7),..PP 3

Thus, NA depends on the varying N and PAR distributions.

Nitrate is included in the circulation model and the spatial and
temporal distributions of N are determined from the transport equation
where NA is included as a local nitrate sink. The PAR distribution is
calculated from the incoming irradiance at the surface (depending on
time, location and cloudiness and updated every hour) and a constant

light attenuation coefficient of 0.14 m™', which was found to

4
3
2

56.5

Latitude ['N]

Fig. 3. (a) VERMIX observations of nitrate (colors) and contours of potential density anomalies (in intervals of 0.5 kg m~3) along transect 5.
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Table 1
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Model parameters. Average values from the VERMIX cruise (BR2018) applied in the nitrate assimilation model.

Parameter Observed surface (5 m) Observed SCM (~27 m) Average value Unit Description

chl 0.16 1.67 0.92 [mg chl m~3] Chlorophyll a

Phax 5.48 2.33 3.91 [ug C (ug chl h)™1] Photosynthetic parameters
a® 4.10 2.70 3.4 10~ 2[ug C(ug chlh yEm~2s~1)71]

g® 1.70 3.00 2.35 10~ *[ug C (ug chlh pgEm~2s~H~1]

NA [mmol N m3 day'1]
© © o o

— 1.0 uM
—= 0.1 uM
—=0.01 uM
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|
\
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Fig. 4. Nitrate assimilation as a function of PAR for different nitrate concentrations (Eq. 3).

characterize the conditions in the area (BR2018).

The NA was calculated for various nutrient and light conditions
(Fig. 4). It has the shape of a typical PP vs PAR curve (e.g. BR2018) with
a maximum at ~300 pE m~2 s~ ! and a decrease at higher light levels
due to photoinhibition (i.e. described by [)’B). The maximum nitrate
assimilation for a concentration of 1 mmol N m~™3 s
~0.8 mmol N m~3 day ™%, corresponding to 64 mg C m~3 day ™.

Nitrate is the only nutrient source for PP in the model experiment.
Furthermore, regenerated production from re-mineralized organic
matter is not included. Therefore, PP becomes equivalent to new pro-
duction (NP). Thus, NP is calculated from the vertically integrated ni-
trate assimilation in the euphotic zone (Z):

1 0
NP = — f NA(N, PAR) dz
On.c ¥ Zeup @
The euphotic zone was defined between the surface and the depth
where PAR reached 0.1% of its surface value, i.e. Z,, ~ —50 m.
To identify the spatial distribution of new production across the

shelf edge, the locally accumulated nitrate assimilation (AcNA) was
defined as:

AcNA = f NA(N, PAR) dt )

3. Results

Physical conditions and nitrate assimilation were analyzed along
the five transects in the northeastern North Sea occupied during the
VERMIX study. The five transects cover a region above the deep
Norwegian trench, where Atlantic water masses gradually mix with less
saline water from the Baltic Sea and the southern North Sea.

The averaged pattern of water mass distributions in July 2016
(Fig. 5) was characterized by inflowing (eastward) Atlantic water cen-
tered above the shelf edge and recirculating outflowing water located in
the region stretching from above the deep Norwegian trench and to-
wards the Norwegian coast. The region associated with the meeting of
the currents of opposing directions (i.e., the in- and out-flowing

currents) was associated with a large horizontal density gradient (see
Fig. 5, where the 27 kg m ™2 pycnostad is located at the separation of
the currents). Model fields of temperature and salinity were found to be
in general accordance with observations along transect 5 in the BR2018
study (Fig. 2).

3.1. Turbulence across the shelf edge

The simulated dissipation rates of TKE were analyzed along a sec-
tion corresponding to transect 5 in the BR2018 study. The monthly
averaged field showed a separation between the surface and benthic
bottom layer above the shallow shelf (Fig. 6a). The two layers were
separated by a 10-20 m thick intermediate layer with dissipation rates
below 10~7 W kg~ '. Above the deep Norwegian trench and below the
surface layer, dissipation rates were < 10~ W kg~ '. The transition
from this low-turbulent regime to the shallow shelf was seen at a
bottom depth of ~80 m at the shelf edge. The conditions near the
Norwegian coast have minor influence on the turbulence field in the
northern part of the transect because of the relatively steep bottom
topography there. Observations of dissipation rates of TKE along
transect 5 were obtained in calm weather between 24 and 26 July
(Fig. 2c) and model results were averaged for the same period (Fig. 6b).
The model simulation also revealed a low turbulent regime below the
surface layer above the Norwegian trench (< 10™° W kg™ !) and rela-
tively low dissipation rates above the shallow area (compared with the
monthly averaged values). These distributions were in accordance with
observations. Higher dissipation rates (~10~8 W kg ~!) were simulated
above the shelf edge which was also in accordance with the distribu-
tions obtained on the field study for the same bottom depth range
(~80 m). Observations resolved only conditions above the benthic
boundary layer along transect 5. However, the bottom boundary layer
was resolved on other transects (shown in BR2018) and found to be in
qualitative accordance with the model simulation.

The corresponding distribution of the vertical turbulent diffusion
coefficient above the shallow North Sea and towards the shelf edge
showed a similar intermediate layer with relatively low values, i.e.,
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Fig. 5. Simulated water mass distributions across the shelf edge. Average conditions for July 2016 of (a, d) potential temperature (°C), (b, e) salinity (psu) and (c, f)
eastward current (m s~ 1) along transect 5 (6.25°E). The lower figures show a zoom of the shelf edge conditions. A relatively warm water column characterized the

southern part of the transect (T > 16 °C, S ~ 33) and stratification increased towards the shelf edge. An eastward current with velocities > 0.2 m s~

1 was centered

above the shelf edge (bottom depth ~100 m) and westward flowing water masses located above the Norwegian trench showed current speeds > 0.3 m s~ ! in the

upper 100 m.
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Fig. 6. Simulated distribution of dissipation rate of TKE in July 2016 (Log0(e),
W kg’l) along transect 5. (a) The monthly averaged field in July, (b) the
average between 24 and 26 July and (c) the maximum value in July. Contours
of potential density anomalies are shown in intervals of 0.5 kg m 3.

107°-10"°m?s ™, in the depth range ~10-30 m surrounded by higher
values in the surface and bottom boundary layers (Fig. S3). This was in
qualitative accordance with estimated vertical diffusion coefficients
across the shelf edge (Fig. 6 in BR2018) where minimum values of
~10"°m? s~ ! were located at 20-40 m depth and associated with the
upper seasonal pycnocline.

The simulated turbulence field was also analyzed by evaluating the
maximum dissipation rate during July (Fig. 6¢). The maximum values
indicate where the water column may experience short periods of in-
tense mixing and, although these may be of short duration (related to
wind events or periods during a tidal cycle, for example), they may
have a significant impact on vertical transports. The maximum dis-
sipation rates were 1-2 orders of magnitude larger than the monthly
average above the shallow shelf, and an intermediate low-turbulent
layer was only consistently present in a region above the shelf edge.
Above the deeper areas and below the surface layer, the maximum
turbulence was, in general, similar to the average conditions. A notable
exception was located above the deepest part of the trench and close to
the almost vertical 27.0 kg m ™~ pycnostad (~57.8°N), where relatively
high dissipation rates of ~10~® W kg~ ! were seen in a thin vertical
band between 40 and 110 m depth. This narrow band with increased
dissipation rates was located in the region with a large current shear
between in- and out-flowing water to the Skagerrak region (Fig. 5f).

The seasonal change of vertical mixing during the growth season
(March-September) was analyzed in the model at three sites located
along transect 5 in the BR2018 study (shown in Fig. 1b). These sites
were situated above the shallow North Sea, at the shelf-edge and above
the deep channel, respectively (Fig. 7a—c). Relatively high dissipation
rates of TKE in the water column were found above the shallow area
with values above 1077 W kg~ ' in spring and late summer. More
stratified conditions in the summer period from June-August resulted
in low mid-depth turbulence (¢ ~ 10~ W kg™ ') in an intermediate
layer around the pycnocline. Mixing in the surface mixed layer and the
benthic bottom boundary layer was high during the entire period due to
meteorological forcing (e.g. wind, heat fluxes) and tidal motion above
the sea bed.

Conditions at the shelf edge (Fig. 7b) during spring showed a rela-
tively thick layer (~30-60 m) separating the surface and bottom
boundary layers. This intermediate layer was characterized by low
dissipation rates (¢ ~ 10°% W kg™ !). A general increase of ¢ in the
upper 50 m was seen during the summer season associated with the
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the shelf-edge and (c) above the Norwegian trench (note the different depth
scales). Triangles along the vertical axis show the depth of the sigma-layers at
the three locations in the model.

gradual deepening of the thermocline. Above the deeper parts of the
channel (Fig. 7c), the separation between the surface and benthic
boundary layers was also characterized by an intermediate layer ex-
hibiting relatively low dissipation rates of TKE (< 1078 W kg™1)
during the whole period.

3.2. Nitrate assimilation above the shelf edge

The modelled average nitrate distributions in July were closely re-
lated to the distribution of water masses across the shelf edge (Fig. 8).
Nitrate was depleted above the shallow shelf and in the surface layer
whereas Atlantic and recirculated Atlantic water masses had a rela-
tively high (> 1 mmol N m™3) nitrate concentration. The general dis-
tribution was similar along the five transects, e.g. the 1 mmol N m ™3
“nitrastad” became almost vertical above the shelf edge in the bottom
depth range between 40 and 70 m, and further off the shelf edge the
doming nitrastad was located within ~10 m from the surface.

Observations (BR2018) showed a similar distribution along transect
5 where the doming nitracline was resolved off the shelf edge and
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relatively high concentrations were observed in the upper 10-20 m
above the Norwegian trench (Fig. 3). Observations also showed that,
further off the shelf, the nitracline became deeper above the Norwegian
trench and reached a minimum before the nitracline depth increased
again towards the Norwegian coast (note that the observations did not
include the northern area close to Norway).

The simulated nitrate concentrations off the shelf increased gradu-
ally with depth. Thus, the nitrate reservoir in the area was in the deeper
water masses during this part of the year, in accordance with ob-
servations. For example, the 1 mmol N m ™~ nitrastad was seen to al-
most follow the 27 kg m 2 pycnostad above the shelf edge. This rela-
tion to the density field indicated a dynamical relationship to the along-
shelf current (Fig. 8b, d).

The AcNA in July was, correspondingly, closely related to the lo-
cation of the 1 mmol N m ~2 nitrastad, and the density front defined by
the 27 kg m ™ pycnostad described the extent of nitrate assimilation
above the shelf edge (Fig. 8a, c). Increased assimilation above the
Norwegian trench and off the Norwegian coast was seen where the
doming nitrastad approached the surface, i.e. located at ~10 m depth.
The AcNA above the shelf edge during July was seen as an approxi-
mately 10 m deep layer at mid-depth (20-30 m) with an AcNA of
~2 mmol N m 3, The nitrate assimilation above the Norwegian trench
was 2-3 times higher and located at about 10 m depth.

An average new production was calculated for the region corre-
sponding to the five transects visited in BR2018 from the AcNA in July.
In general, a relatively high NP of ~100 mg C m~2 day ' was seen
above the shelf edge where the bottom depths ranged between 60 and
120 m (Fig. 9). The area with high NP increased gradually towards the
Atlantic, e.g. a relatively high NP (> 100 mg C m ™2 day ') was seen
on transect 5 in a relatively broad belt off the shelf edge including areas
above the Norwegian trench. The area with high NP was only
~10-20 km wide on the easternmost transect (1) and increased to
~80 km on transect 5.

3.3. Mixing by meso-scale eddies

High eddy activity was simulated in the area between the in- and
outflowing water masses to the Skagerrak region and above the
Norwegian trench. Meso-scale eddies were also found to influence the
mixing of nitrate into the surface layer. An example is shown in
Fig. 10a, where out-flowing relatively low-saline (< 31) Skagerrak
water (blue color) is seen next to the shelf edge current and meanders
are seen along their interface. An eddy-structure reaches from the shelf
edge region and into the deeper area (along 7°E) and elevated surface
nitrate concentrations were centered in the eddy (blue contour lines).
The maximum concentration of nitrate in the center of the eddy was
1.6 mmol N m 2 and the spatial extent of the elevated nitrate con-
centration is ~20 km. Note that the surface concentration is close to
zero (i.e. below 0.2 mmol N m~2) elsewhere in the shown domain at
this particular time (5 July, 23,00 h).

Thus, mesoscale eddies appear to be efficient mixing agents above
the Norwegian trench. This mechanism was further analyzed by cal-
culating the average surface nitrate concentration in July (Fig. 10b). In
general, the nitrate concentration was zero or relatively small in the
surface layer, except for the area above the Norwegian trench where a
relatively thin belt with a significant average nitrate concentration in
July of ~0.1 mmol N m ™3 showed the influence from mixing by me-
soscale eddies. The area with increased nitrate was associated with the
interface between the in- and outflowing currents and was located be-
tween the 200-400 m bottom depth contours. In addition, a gradual
decrease in this mixing was seen from the Atlantic towards Skagerrak.
Negligible surface mixing was seen east of ~8°E.

3.4. Spatial distribution of new production

New production was analyzed along 5 transects corresponding to
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those visited in BR2018 (but with the extension of the transects to the
Norwegian coast). The monthly averaged NP in July (Fig. 9) was cal-
culated in four sectors: (1) the shallow shelf south of the shelf edge
(bottom depth < 60 m), (2) the shelf edge (between 60 and 150 m),
(3) the deep area off the shelf edge between 150 m depth and the
maximum depth along the transect (i.e. above the bottom of the Nor-
wegian trench) and (4) the area north of the trench towards Norway
(Table 2). The latitude bands for the sectors were determined along
each transect and the total NP was calculated in each sector (i.e. in-
tegrated NP along each line segment, in units of kg C m~* day~'). The
area averaged NP was also calculated for each sector for comparing the
spatial distribution of nitrate assimilation efficiency (i.e., in units of mg
Cm~2 day_l).

The highest values of NP were found above the shelf edge along
transect 5 (5.5 kg C m~ ' day ') and above the deep area (5.4 kg C
m~ ! day~'). NP above the shelf edge decreased gradually by a factor of
~5 towards transect 1. A similar decrease was seen above the deep area
where the eastern transect (1) had an NP of 1.6 kg C m~?! day_l. Some
of the variation between the transects can be explained by the varying
width of the shelf edge sector, e.g. the shelf edge is relatively wide at
transect 4 and 5. However, the area-averaged NP also tended to de-
crease from transect 5 to 1 in both the shelf edge and the deep sector,
with a notable exception at the shelf edge sector at transect 2 (i.e. lo-
cated near the maximum curvature of the shelf where dynamics may
induce increased vertical transports).

A similar trend was seen in the northern coastal sector where NP
decreased from 2.8 to 1.3 kg C m~! day~! from transect 5 to 1.
Although these values were relatively low compared with the total NP
in the shelf edge and deep sectors, the area-averaged NP along the
Norwegian coast was of similar magnitude (i.e., along transect 5 the
coastal sector had an area-averaged NP of 108 mg C m ™2 day ™' com-
pared to 107 and 98 mg C m ™2 day ' in the shelf edge and deep sec-
tors, respectively). Satellite images corroborate the model indication of
this coastal area being a relatively productive region, as elevated
chlorophyll a concentrations in the surface layer are frequently ob-
served here (e.g. Fig. 1 in BR2018).

The out-flowing Skagerrak water along the Norwegian coast was

found gradually to be enriched with nitrate through eddy mixing and
up/downwelling along the coast. This also increased the NP as the
water approached the Atlantic. Above the shallow area in the southern
part of the study area, the general nitrate depletion results in a negli-
gible NP, except along transect 5 where NP was 1.0 kg C m ™2 day .
This was primarily taking place near the frontal zone along the shelf
edge and was presumably fueled by nitrate-rich water masses at the
shelf edge front.

The shelf edge and deep sector accounted for ~80% of NP in the
northeastern North Sea during the model study period (~2 months)
with the two sectors contributing about equally. Thus, the model results
suggest that the major part of NP occurring during the period of sea-
sonal stratification takes place via mixing at the shelf edge and in the
deep sector via mixing from mesoscale eddies. The impact from me-
soscale eddies is difficult to directly observe due to their transient
nature (time scale ~ days) and limited spatial extent (~10-20 km).
However, from observations on the VERMIX cruise, it was noted that
some stations above the deep area were characterized by relatively high
concentrations of chlorophyll in the SCM above the deep area and, in
general, the chlorophyll concentrations at the SCM showed some hor-
izontal heterogeneity above the Norwegian trench (BR2018). This re-
gion was generally characterized by very low vertical mixing across the
nitracline. Thus, mixing from mesoscale eddies could explain the ob-
servations of relatively high chlorophyll a in the SCM and the primary
production recorded in BR2018.

The total NP along transect 5 of 14.7 kg C m~* day ! decreased
significantly towards the Skagerrak, i.e. a gradual decrease from
transect 4 to 1 of 10.1, 7.3, 6.0 and 3.9 kg C m ™! day !, respectively
(Table 2). This could be explained by gradual nitrate assimilation in
water masses transported along the shelf edge, thus reducing the
amount of nitrate being advected eastwards.

4. Discussion

The nitrate assimilation model developed here suggests consider-
able heterogeneity in the distribution of new production in the north-
eastern North Sea during the period of seasonal stratification. In some
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regions (a narrow belt along the shelf edge and in connection with eddy
activity above the Norwegian trench) model estimates suggested a new
production of up to > 100 mg C m~2? d~ %, i.e., on the same order as
those estimated under spring bloom conditions (Richardson and
Pedersen, 1998).

Interestingly, the region along the shelf edge where the model
predicts high new production is also associated with high biodiversity
(ICES, 2008) and intense fishing activity (Vespe et al., 2016). Increased
fishing activity has also been observed along other parts of the north-
west European shelf edge (Sharples et al., 2013). High concentrations of
fish larvae have also been observed during spring in the frontal zone in
the northeastern North Sea (Munk, 2014). Locations of satellite tracked
harbor porpoises show that porpoises are found in higher concentra-
tions at the shelf edge and in the deeper areas between the shelf edge
and Norway in the northeastern North Sea than in surrounding waters
(Sveegaard et al., 2011). High concentrations of top predators have,
correspondingly, been associated with increased localized productivity
in other areas of the northern North Sea (Scott et al., 2010). The pre-
sence of top-predators in the shelf-edge frontal zone and above the
Norwegian trench may, therefore, be an indication of increased food
availability and in accordance with the simulated distribution of new
production. Thus, the processes suggested here to be important for new
production in this region in the seasonally stratified North Sea may
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resonate through food webs in this region.

4.1. Parameterization of nitrate assimilation

The simplified nitrate assimilation model (NA-model) developed is
motivated by the characteristic nutrient distributions across the shelf
edge during the stratified period, i.e., nutrient depletion in the surface
layer and above the shallow shelf, and high nitrate concentrations in
the subsurface water masses north of the shelf edge. Similar nitrate
distributions were obtained in the model simulation by initializing the
model in the stratified period, and the importance of mixing from shelf
edge processes and meso-scale eddies above the Norwegian trench
could, thereby, be analyzed. The model is based on an assumption of a
constant chlorophyll a concentration. This means that the spatial
chlorophyll gradients established due to light, nutrients or biological
processes (e.g., grazing, mortality) are not explicitly resolved. The oc-
currence of an SCM characterizes regions around the shelf edge and,
therefore, these simplified assumptions regarding chlorophyll dis-
tribution in the model require consideration.

The NA-model assumes that chlorophyll a can be described by the
average of the surface and SCM concentrations in the area. Thus, pro-
duction at the SCM may be underestimated with the opposite being the
case for surface waters. The distribution of NA (Fig. 8), however, shows
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Table 2
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NP in four sectors. New Production along the five transects calculated in four sectors representing the shallow shelf (bottom depth < 60 m), the shelf edge
(60-150 m), the area off the shelf edge (deep) and the area towards the Norwegian coast (latitude bands define the four sectors). The total and area-averaged NP are

shown for the four sectors.

Tr. A ©6om  Pi15om  Pdecp NP (shallow) NP (shelf edge) NP (deep) NP (coastal)
@ = Qeom QPeom < P = P150m @Pisom < P = Qdeep @ > Qdeep
°E °N °N °N kg C mg C kg C mg C kg C mg C kg C mg C
m~! day~? m~2 day ! m~! day ! m~2 day~? m~ ! day ! m~2 day~? m~! day* m~ 2 day !
1 825 57.37 5753 57.77 0 0 1.0 53 1.6 47 1.3 40
2 7.75 57.30 57.47 57.83 0.03 0.09 1.9 105 2.6 64 1.5 59
3 725 57.20 57.47 57.83 0.02 0.06 2.6 89 3.0 74 1.7 75
4 675 57.10 57.50 57.93 0.06 0.2 41 93 4.2 88 1.8 99
5 6.25 57.13 57.60 58.10 1.0 2.9 5.5 107 5.4 98 2.8 108

a maximum at mid-depth in the frontal region at the shelf edge, cor-
responding to what would be expected from an SCM, and NA at shallow
depths is shown above the Norwegian trench. This implies that NA is
primarily located near the nitracline and suggests that biological con-
sumption, in general, is more efficient in consuming nitrate at the SCM
than mixing processes in transporting nitrate towards the surface layer.
This is also in accordance with the observed nitrate deficient surface
layer. It should also be noted that observations of chlorophyll north of
the shelf edge showed relatively higher surface concentrations than
observed above the shallow shelf (BR2018). This is likely due to the
relatively shallow nutricline which results in the difference between
surface and SCM chlorophyll concentrations being less in this area.

A sensitivity study of the NA-model to the chlorophyll concentration
was conducted by simulating the June-July period with a 50% reduc-
tion of chlorophyll, i.e. chl = 0.46 mg chl m~3 (in Eq. (1), cf. Table 1).
The sensitivity to the chlorophyll concentration was investigated by
adding the total nitrate assimilation in July along the five transects and
in the four sectors (Table 2). Nitrate assimilation in the reference case
corresponded to a NP of 42.1 mg C m~ ! day ! and, in the case where
the constant chlorophyll a concentration was reduced by 50% the ni-
trate assimilation was reduced to 38.3 mg C m ™' day ~ !, corresponding
to a 9% reduction in NP. Thus, the sensitivity of the total NP in the area
to the value of chl in the NA-model is relatively small. This can be ex-
plained by the relatively efficient nitrate assimilation implied by Eq.
(3). In other words, a reduction of chlorophyll in the model leads at first
to reduced nitrate assimilation but a subsequent increase in the nitrate
concentration will tend to compensate for this (Eq. (2)). Therefore, the
sensitivity becomes relatively small.

Another critical aspect of the NA-model is related to the initial field
and open boundary conditions of nitrate. The simulation starts from
climatology in the stratified period such that the simulated nitrate field
in the start of July has equilibrated with the dynamics in the model.
Similarly, the open boundary conditions were simplified and the
monthly climatology from June was applied during the two-month
period such that variability in the region was due to local processes.
This means that their impact could be identified. The resulting nitrate
distributions were in accordance with observations from July.

We conclude, therefore, that the NA-model developed here is sui-
table for analyzing nitrate fluxes to the euphotic zone during the stra-
tified period. Similar analyses could be carried out with more complex
biological models. However, this would imply more state variables and
model parameters. As these may be less well described or constrained
by observations, e.g. carbon biomass, grazing rates or sinking speeds of
organic matter, a more complex model might potentially introduce new
uncertainties on the simulated nitrate fluxes.

The input of nitrate to the euphotic zone sets an upper limit on new
production. However, if nitrate was simply removed from the euphotic
zone, for example by a much simpler NA-model where nitrate con-
centrations were set to zero in the euphotic zone, a too strong vertical
nitrate gradient would lead to an overestimate of the vertical nitrate
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flux and transport of nitrate in the surface layer would not be resolved.
The NA-model presented here removes nitrate with a timescale de-
pendent on photosynthesis and nitrate availability (i.e., a maximum e-
folding decay-time of nitrate of ~0.8 day ™' near the nitracline, cf.
Fig. 4) and is based on parameters representing the physiological
photosynthetic processes in phytoplankton. This makes the estimate
from the developed NA-model more realistic than in the simpler model.

4.2. Nitrate transport and the regional circulation

The northeastern North Sea is characterized by a relatively strong
cyclonic circulation, where inflow of Atlantic water along the shelf edge
recirculates in the Skagerrak with contributions from outflowing low-
saline surface water from the Baltic Sea (Winther and Johannessen,
2006). The transport is estimated to be of ~1 Sv in both directions
(Danielssen et al., 1990). The main influence on the area is from inflow
at the northern boundary towards the Atlantic whereas the dynamics in
the southern North Sea only have a minor impact (Hjollo et al., 2009).
The observed circulation pattern is in accordance with the simulated
quasi-stationary circulation showing a distinct eastward current along
the shelf edge current and a strong westward and low-saline out-
flowing current above the Norwegian trench. Other model studies also
support this general circulation pattern (e.g., Pitsch et al., 2017) with
an intensification of the shelf edge current towards the Skagerrak
(Hordoir et al., 2008). Mixing of nitrate by mesoscale eddies was found
to be an important process for sustaining NP above the Norwegian
trench. Other model studies have also shown that mesoscale variability
is relatively high in this region (Rged and Fossum, 2004) and eddy
generation has been related to the outflowing low-saline Skagerrak
water (Fossum, 2006).

Mixing processes along the shelf edge include up- or downwelling
associated with wind forcing and friction against the sea bed, mixing
from sub- and meso-scale eddies, tidal movements and mixing from
breaking internal waves (Huthnance et al., 2009; Brink, 2016). Most of
these processes are resolved explicitly in the model, e.g. the influence
from wind, tides and bed friction. The generation of mesoscale eddies
and their impact on the density field is known to depend on the hor-
izontal model resolution (Lévy et al., 2010; Graham et al., 2018). Thus,
the simulated nitrate assimilation above the Norwegian trench may
show a similar dependence on model resolution. Mixing from breaking
internal waves is an important mechanism for bringing nutrient-rich
water into the euphotic zone in shelf edge regions (Sharples et al.,
2007). Observations from the Celtic Sea show that breaking internal
waves at the shelf edge caused significant vertical mixing (the average
vertical diffusion coefficient of ~10™* m? s™! were two orders of
magnitude higher than further on the shelf) and accounted for a nitrate
flux of 2 mmol N m~2 d ! (Sharples et al., 2009). Such a nitrate flux
could maintain a NP of 159 mg C m~2d71 (assuming a C:N of 106:16)
and shows that breaking internal waves may be a significant process
here. Again, these sub-grid processes (i.e., less than 2 nautical miles)
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are not explicitly accounted for in the model.

Model parameterizations of vertical mixing and limitations due to
the spatial resolution in the model also imply some uncertainty on the
absolute values of NP. A sensitivity experiment of the significance of the
constant background vertical diffusion coefficient on NP was carried
out by doubling its value (i.e., to 0.2:10~°> m? s~ !) in July and NP only
increased by ~20% along the five transects compared with the re-
ference simulation. Thus, vertical nutrient transport was mainly due to
advection and vertical mixing from the k- e turbulent scheme. The
model simulation shows a general accordance with observations of
water masses along the shelf edge and the general distribution of the
dissipation of turbulent kinetic energy was also in good accordance
with estimates from observations (BR2018) along transect 5 during a
two-day period. Therefore, we argue that the simulated distribution of
NP in the shelf edge region is representative for nitrate assimilation by
phytoplankton in the stratified period due to the combined effect of the
various mixing processes.

The simulated vertical turbulent mixing above the shallow area
south of the shelf edge showed the influence from tidal mixing where
the surface and benthic boundary layers tend to overlap and result in a
well-mixed water column. However, at some locations, the water
column becomes stratified during the summer season (e.g. Fig. 7a) such
that the boundary layers are separated by a low turbulent intermediate
layer. It was noted that a pronounced SCM also was observed above the
shallow nitrate-depleted area during the VERMIX cruise and that the
SCM was located in a similar low turbulent zone below the surface layer
(BR2018). Low turbulent layers during the summer season above the
otherwise well mixed shallow North Sea could potentially provide un-
ique seasonal habitats for phytoplankton species with other traits for
nitrate assimilation, e.g. diel vertical migration (e.g., Raven and
Richardson, 1984), mixotrophy, or diazotrophy.

In addition to mixing of nitrate-rich subsurface water masses in the
frontal area above the shelf edge and sub-mesoscale mixing above the
Norwegian trench, there may be other sources of nitrate in this area. In
particular, the northward nutrient transport in the Jutland coastal
current from the German Bight area causes elevated nitrate con-
centration along the coast of Jutland and, thereby, the northeastern
North Sea. These contributions are not considered in detail here al-
though the initial nitrate distribution also contains the influence from
the Jutland coastal current. However, the distribution of NP along the
shelf edge is not expected to be influenced significantly by this trans-
port, except possibly along the easternmost transect (1), because of the
general cyclonic circulation in the area. In addition, nitrate sources
associated with the outflowing Skagerrak water are not considered in
detail and this may lead to an underestimate of NP in the coastal region
adjacent to Norway. The climatological nitrate distributions show a
general nitrate depletion in the surface layer during summer and,
therefore, nitrate sources from the outflowing water are mostly asso-
ciated with regenerated production, e.g. remineralization of dissolved
organic matter, which is not considered as new production in this study.
However, nitrate sources from outflow from fjords, e.g. Oslo fjord, and
point sources along the coast are not included in the nitrate simulation.
Therefore, the model may underestimate NP along the Norwegian
coast.

5. Conclusion

New production was simulated in the northeastern North Sea during
the stratified summer period by applying a new nitrate assimilation
model driven by chlorophyll, light and nutrients. New production
above the shelf edge was found by the model to be taking place at mid-
depth (20-30 m depth) in a narrow 10-20 km wide belt, whereas the
NP above the Norwegian trench was located in the upper part of the
water column (~10-20 m depth) owing to the shallow nitracline in this
area. New production was stimulated by mixing in the frontal zone at
the shelf-edge and mixing from mesoscale eddies above the Norwegian
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trench. Combined, these two areas contributed with ~80% of the total
NP in the area and their contributions were about equal. In general, NP
decreased from the western to the eastern transect suggesting that ni-
trate assimilation along the shelf edge may reduce NP towards the
eastern part of the North Sea. The region along the shelf edge, identified
as being important for new production in the seasonally stratified North
Sea, is also associated with high species richness and fishing activity as
well high numbers of siting of top-predators (harbor porpoises). Thus,
the new production occurring here may have important consequences
for food webs in this region.
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