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Abstract Diatom-dominated spring blooms in the northeastern Atlantic, both in the
open ocean and on adjacent shelves, become silicate-limited every spring/summer.
We here review the fertilizing silicate fluxes from the large subpolar gyre source,
across the major oceanic Subarctic Front and further across shelf edge and tidal
mixing fronts and onto adjacent shelves. As a case study, we illustrate potential
linkages between the open ocean dynamics and the primary production, fish larvae
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abundances and seabird breeding success within the Faroe shelf ecosystem. The
“boosting effect” of vigorous winter convection occurring every 5–8 years is
illustrated, and we also discuss the pre-bloom silicate decline, which has taken
place throughout the entire subpolar North Atlantic since the early 1990s. Reduced
winter convection due to global warming is projected by most climate models, and
this is expected to have severe impact on the North Atlantic Ocean primary
production.

Keywords Lateral exchange, Mixed layer depth, Productivity, Silicate, Subpolar
gyre

1 Introduction

The open ocean boreal waters in the northeastern Atlantic host some of the largest
pelagic fish stocks in the world [1], and the adjacent continental shelves support rich
marine ecosystems – including commercially important fish stocks [2] and large
seabird colonies [3, 4]. There is a growing recognition of how climate variability and
large-scale oceanography can regulate both the biomass and regional distribution of
these important marine resources. However, establishing possible climate-ecosystem
linkages has been generally limited to the utilization of sea temperatures as an
environmental proxy [5, 6], without much consideration for nutrient dynamics.

Nutrient limitation of primary production at lower latitudes is “textbook knowl-
edge” [7], but the oceanographic community has often overlooked the likely impor-
tance of this fundamental ecosystem driver in boreal/subarctic parts of the North
Atlantic Ocean. Only very few studies have investigated possible linkages between
ocean dynamics and nutrient concentrations there. The subpolar North Atlantic is
characterized by strong spring blooms [8, 9]. These generally ensue after positive
air-sea heat fluxes stratify the near-surface layer around April–May, although several
other hypotheses for the bloom initiation have been proposed ([10] – and references
therein). These blooms consist primarily of diatoms, which are fast-growing algae
that, in addition to phosphate and nitrate, require silicate to sustain their growth
[11, 12]. Macronutrients are quickly drawn out of the shallow summer mixed layer,
and in the North Atlantic, silicate typically becomes the limiting nutrient for diatom
growth [11, 13] – occasionally confounded by seasonal iron limitation [14]. After
this, new production becomes restricted to upwelling regions, e.g., along the large-
scale nutrient fronts and along the continental slopes [11]. Diatoms are an important
food source for secondary producers, and in particular for calanoid copepods such as
Calanus finmarchicus, which itself is a key prey item linking phytoplankton to
higher trophic levels in subpolar ecosystems [15]. Predators like pelagic fish and
seabirds will therefore congregate at such upwelling feeding hotspots during summer
[16–18].
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However, the processes through which the larger basin scale could alter the
productivity along fronts are not well understood. If rectified supply of nutrients is
the dominant process and involves vertical transfer near fronts [11], then this raises
the question of how the underlying nutrients in the thermocline are maintained.
Without a continuous supply to the thermocline, any near-front rectified supply will
only provide an initial enhancement in productivity. This will gradually decrease in
time until an equilibrium state is reached at lower productivity. One task is therefore
to trace the supply of nutrients in the deeper waters.

The northeastern (NE) Atlantic receives a mix of nutrient-poor subtropical waters
from the Bay of Biscay and the Gulf Stream, and a contrasting nutrient-rich subarctic
water contribution from the subpolar gyre (SPG, a list of acronyms is provided in
Table 2) in the west [19] (Fig. 1). Strong nutrient gradients are co-located with the
Subarctic Front (SAF), which divides the subtropical and subarctic water masses –
and which thus outlines the main periphery of the SPG.

The NE Atlantic encompasses the confluence of these contrasting water masses.
Consequently the nutrient dynamics within this region are highly sensitive to the
strength and size of the subpolar gyre [22, 24, 26] and lateral shifts of the SAF
(Fig. 1b) – the large-scale nutrient front. However, in order to fertilize the poleward
flowing Atlantic waters, subarctic waters of the SPG must be transported across the
SAF. The SAF is a three-dimensional structure (Fig. 1e), therefore the cross-frontal
transport also has a vertical dimension. Strong nutrient gradients are located at the
base of the winter mixed layer, separating the nutrient-poor Atlantic waters from
nutrient-rich waters below. The nutrient concentrations off the south Iceland and
European continental slopes are therefore regulated by the SAF dynamics and the
winter convection – both associated with the dynamics of the SPG [26, 27] – as well
as the summer mixed layer dynamics [28].

Further north, in the southern Norwegian Sea, the northward flowing Atlantic
water meets southeastward flowing subarctic waters from the Greenland and Iceland
Seas. This establishes the Iceland-Faroe Front (IFF) (Fig. 1b) – another large-scale
nutrient front [11]. The Atlantic waters surrounding the Faroe shelf are influenced by
the IFF dynamics, in addition to the upstream SPG regulation and the strength of the
summer mixed layer.

The ecosystems of the adjacent European, south Iceland and Faroe shelves are
critically dependent on nutrient fluxes from the open ocean [29, 30], since riverine
nutrient input only enriches the very near-coast band along these seaboards. This
ocean-to-shelf onwelling of nutrients [31] requires cross-frontal exchanges (shelf
edge fronts along the margins and tidal mixing fronts in shallower waters, Fig. 1b) in
order to bring nutrients from the open ocean onto the shelves [28, 32].

In this chapter, we illustrate the nutrient pathway from the North Atlantic SPG,
across open-ocean nutrient fronts and slope fronts, to adjacent shelves. Emphasis is
put on silicates and the Faroe shelf ecosystem. This should not be regarded as a
complete review, but rather a story which builds on some selected and relevant
publications, complemented by more general reviews of important sub-topics. In
Sect. 2, we describe the large-scale open-ocean nutrient fronts and other basic
SPG-related oceanographic features, which could be important for the pre-bloom
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Fig. 1 Overview. (a) Bathymetry, toponymes, the approximate outline of the subpolar gyre (SPG,
gray) and the main Atlantic inflows current branches (reddish arrows). A vertical view of main
water masses along the A1E WOCE section from Greenland to Ireland (gray line in panels b, c and
d) is shown in (e). This is based on the occupation of this section in 1991, presented in [20]. The
rough horizontal distribution of the water masses is illustrated by vertically dividing them into an
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illustrated with black dashed lines (b and e) and differentiated between a strong subpolar gyre
state (SPG+) and a weak state (SPG-, respectively in panel (b). Near-shelf fronts are also sketched
(green in b). The black lines in (c) show the sections presented in Figs. 5, 7, and 8. The water mass
acronyms are summarized in Table 1, and acronyms for the current branches are: The North Atlantic
Current (NAC), the Rockall Trough Branch (RTB), the Sub-Arctic Front Branch (SAFB), and the
Central Iceland Basin Branch (CIBB) (following [25])
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nutrient concentrations. Key aspects of open ocean silicate limitation during summer
and its influence on zooplankton and pelagic fish are also outlined in Sect. 2.
Evidence for oceanic regulation of shelf ecosystems – across the shelf edge and
tidal mixing fronts – is provided in Sect. 3. A summary is given in Sect. 4.

2 Nutrient Fronts in the Open Ocean

2.1 The Main Thermocline: Currents and Water Masses

Large parts of the World oceans are characterized by a layer of oxygen-poor,
nutrient-rich intermediate water [33]. From a climatological spatial perspective,
there is a general poleward shallowing of the isopycnals, bringing this
biogeochemically distinct thermocline layer toward the surface in the north
[34]. In the North Atlantic, the isopycnals steepen markedly between the major
subtropical and subpolar gyres, establishing large-scale, persistent nutrient fronts
near the surface – aligned with the North Atlantic Current (NAC) [35]. As the NAC –

the boundary between the subtropical and subpolar gyre – passes east of the
Mid-Atlantic Ridge, it encounters the Rockall-Hatton Plateau and subsequently the
European Continental slope (Fig. 1). These topographical features split the NAC into
three branches: (1) a branch that is deflected south toward the Bay of Biscay, (2) a
branch that is channeled into the Rockall Trough, and (3) a branch that exists as a
partial retroflection into the Iceland Basin (IB) (Fig. 1a). The IB is surrounded by the
Rockall-Hatton Plateau, south Iceland slope and the Reykjanes Ridge. In this region,
the NAC further splits into the SAF branch that hugs the western slope of the
Rockall-Hatton Plateau (Figs. 1a, b) and the Central Iceland Basin branch that
veers west and marks the periphery of the SPG in the IB [25].

Numerous studies have presented zonal cross-sections between the European and
the Greenland slope [20, 36]. Main characteristics are the relatively homogenous and
saline Eastern North Atlantic Water mode water in the east (ENAW, Figs. 1b, e,
Table 1), bounded by the stratified “floor” of the westward surfacing intermediate
water (IW, Figs. 1c, e, Table 1) associated with the main thermocline. The IW is
strongly influenced by the low-saline and nutrient-rich Subarctic Intermediate Water
(SAIW, Figs. 1c, e, Table 1) that is formed near the surface in the central
SPG/Labrador Current region and flows along isopycnals to greater depths while
being transported eastward [35, 37] (Fig. 1c). The subtropical water carried eastward
by the NAC, as it is influenced by the admixture SAIW, is referred to as Western
North Atlantic Water (WNAW, [19, 38]), and this outlines the “south-eastern”
periphery of the SPG (Fig. 1b, Table 1). The thermocline/IW layer envelopes the
SPG and constitutes a major deep nutrient front in the NE Atlantic. The confluence
and mixing of ENAW and WNAW produces Subpolar Mode Water (SPMW) – the
dominant upper layer water mass in the study region [39] (Fig. 1b, e). The works by
Brambilla and colleagues [25, 40] furthermore divided the SPMW into several
density classes, separated horizontally by highly stratified water masses not
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belonging to any SPMW class. These are carried polewards by the abovementioned
intense current branches (Fig. 1a). Previous studies have treated the various SPMW
classes as individual water masses (e.g., Modified North Atlantic Water, Iceland
Slope Water, introduced later), and the popular term Atlantic water is a general
reference to this water mass complex. Underlying these waters, and under the IW
envelope, the low-salinity and relatively nutrient-rich Labrador Sea Water (LSW)
comprises the main body of the SPG [41] (Figs. 1d, e).

South of the Rockall-Hatton complex, the IW is composed of oxygen-poor and
silicate-rich Antarctic Intermediate Water (AAIW), transported northward under the
Gulf Stream, and salty Mediterranean Overflow Water (MOW) ([42], Fig. 1c,
Table 1). At larger depths east of the Mid-Atlantic Ridge, silicate-rich Antarctic
Bottom Water (AABW) is also transported northwards extending into the Rockall
Through and IB and onto the Rockall-Hatton Plateau (Fig. 1d, Table 1).

2.2 From the Thermocline to the Photic Zone

In order to contribute to the rich primary production in the NE Atlantic Ocean,
nutrients must somehow be transported from and/or through the IW layer toward the
photic zone. The gyre-scale circulation transfers fluid between the thermocline

Table 1 List of water masses and their acronyms

102 H. Hátún et al.



(IW layer) and the mixed layer/seasonal boundary layer [33]. This exchange is due to
the time-mean circulation and consists of vertical and horizontal contributions:

Exchange ¼ wb þ ub �∇MLD ð1Þ

where wb and ub are the vertical and horizontal velocity vectors at the base of the
seasonal boundary, the depth of this layer is represented by the mixed layer depth
(MLD), and ∇ is the lateral gradient operator (Fig. 2, from [33]). In the IB region, ub
is generally directed polewards, and the MLD also increases northwards (∂ MLDð Þ

∂y > 0

) (see Fig. 6). This results in net transport into the seasonal boundary layer – a

so-called induction flux [33], or obduction in the terminology of [40]. Over the
subpolar gyre in general, fluid is transferred from the thermocline into the seasonal
boundary layer by this induction flux. This process is essentially the reverse of the
classical subduction process that produces the mode water on the warm side of the
Gulf Stream [43]. The largely lateral induction flux in the SPG region totals
300 m yr�1, compared to a vertical Ekman flux of only about 50 m yr�1 (where
the volume fluxes are expressed per unit horizontal area, [33]). Hence, the surface
waters around the periphery of the subpolar gyre are likely sustained through the
horizontal and advective influx from the nutrient-rich thermocline/IW layer.

In contrast to the work of [33, 40] reported a net subduction in the northern NE
Atlantic – not in the classical sense, but due to entrainment of thermocline waters
into the overflows (Fig. 1d). The thermocline-to-boundary layer exchange estimates
by these previous works were, however, solely based on air–sea interaction data and
therefore lack details of the realistic flows and their interaction with the topography.
If the near-thermocline flows are rectified by bathymetry (e.g., by the Rockall-Hatton
Plateau), this could force the nutrient-rich IW into the seasonal boundary layer and
thus strongly increase the induction flux (obduction) locally.

The region south of the Iceland-Faroe Ridge has previously been identified as a
key water mass transformation area in the subpolar North Atlantic [44]. Through the

Fig. 2 A schematic figure of the Induction flux into the mixed layer. Fluid is being transferred from
the stratified thermocline and into the mixed layer (gray region). A fluid particle is advected by the
vertical velocity w and the lateral velocity u. (Redrawn from [33]; their Fig. 2.11a)
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variable entrainment of SPMW/LSW/IW, northeastward extension of the SPG-limb
is reported to regulate the properties of the Iceland-Scotland Overflow Water
(ISOW, Fig. 1d) and thus the North Atlantic DeepWater downstream [45]. However,
since the regional seasonal boundary layer can deepen to the depth range of the
overflow and SPG water complex during winter (see Fig. 6), the energetic overflow
has the potential to amplify an induction flux from the IW to the photic zone – an
important process which has not received much attention in the literature.

By reviewing how the SPG shifts the frontal systems laterally in relations to the
complex bathymetry in the NE (especially on and around the Rockall-Hatton
Plateau), we discuss the induction fluxes and suggest locations for possible nutrient
fertilizing “hotspots.”

2.3 The Subpolar Gyre

Linkages between the energetic atmospheric and oceanic dynamics and hydrography
in the northeastern Atlantic are thoroughly discussed in the literature [19, 24]. The
regional state of the atmosphere is typically represented by the North Atlantic
Oscillation (NAO) index [46], while the state of the subpolar Atlantic marine climate
has been proxied by the so-called gyre index [22, 24, 47] (Fig. 3) in addition to the
Atlantic Multidecadal Oscillation (AMO) [49]. It is now well established that
periods with a high NAO index (NAO+ states) are associated with a strong and
expanded SPG [44], (SPG+ state, Fig. 1b, represented by a high gyre index, Fig. 3).
This involves a northeastward expansion of the frontal complex and increased
contribution of WNAW to the SPMW, at the expense of the ENAW. On the other
hand, a weak NAO-/SPG- state is associated with generally southwestward frontal
shifts (Fig. 1b) and an increased relative contribution of saline and nutrient-poor
ENAW to the SPMW. The major salinification and warming of the NE Atlantic after
the early 1990s was linked to an abrupt drop in the NAO index and a subsequent
weakening and westward retraction of the SPG [24]. This is, admittedly, a simpli-
fication of this complex system. The relative importance of horizontal gyre changes
and vertical mixing processes for influencing regional hydrography is still widely
debated [40, 50].

Few studies have examined regional nutrient dynamics in the context of large-
scale oceanographic features. Rey [51] linked a persistent decline in the upper ocean,
pre-bloom (late winter) silicate concentrations along the Norwegian slope after the
early 1990s to the weakening SPG. This was based on correlations between the
silicate data and the gyre index. Similarly, in the Rockall Trough, Johnson et al. [38]
linked a decline in the upper ocean nitrate and phosphate, but not silicate, to a
weakening SPG and the associated dominance of nutrient-poor ENAW. More
recently, Hátún et al. [52] revealed a steady silicate decline throughout a broad
area of the subpolar Atlantic, including the Labrador Sea, Irminger Sea (Fig. 3), IB
and the northern Nordic Seas since the early 1990s. In agreement with [51], this
broad, pre-bloom silicate decline was primarily linked to the decline of the SPG,
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with a possible contribution from a reduction in trans-Arctic silicate. In agreement
with [38, 52] did not report any marked silicate decline in the Rockall Trough or
south of this. By extrapolating station-based silicate records with a realistic ocean
carbon cycle model HAMOCC [53], it is evident that the signal of silicate decline
originates at the frontal zone at the southern tip of the Rockall-Hatton Plateau
(Fig. 4).

The degree of silicate decline intensifies across the IB with especially strong
imprints in the Reykjanes Ridge frontal region and along the IFF (Fig. 4). This
spatial analysis indicates that oceanographic processes responsible for the observed
silicate decline are likely to occur adjacent to and downstream of the IB. However,
previous studies [38, 51, 52] did not attempt to quantify the relative importance of
the vertical and horizontal SPG-related processes for explaining the silicate decline.

Fig. 3 Temporal evolution of silicate and the gyre index. The observed (green) and simulated
(blue) pre-bloom upper ocean silicate concentrations (0–200 m, March) in the northern Irminger
Sea (Ir in Fig. 4) are compared to the gyre index (dashed gray). The dimensionless gyre index is
associated with the leading North Atlantic sea-surface height mode obtained from altimetry
observations [48]. The samples have been taken in the pre-bloom homogeneous winter mixed
layer several hundred meters thick. Periods with a strong/weak atmospheric forcing and subpolar
gyre (NAO+/SPG+ and NAO-/SPG-, respectively) are emphasized. The 1970s Great Salinity
Anomaly (GSA) period is also noted

Major Nutrient Fronts in the Northeastern Atlantic: From the Subpolar Gyre. . . 105



2.4 On and Around Rockall

2.4.1 South of Rockall

The SPG dynamics might impact the IW layer, even south of the Rockall Region. A
long-term decrease in the oxygen concentration of the IW, with the largest changes
occurring from 1993 to 2002 has been observed along a zonal repeat section at 48�N
[54]. These changes were associated with the SPG contraction and thus reduced
penetration of oxygen-rich IW of subpolar origin into the region. This allowed an
increased northward transport of IW of subtropical origin, which is lower in oxygen.
A decrease of preformed phosphate during the same period, especially in the density
range of IW and MOW (along the 48�N section), supports the conclusion of a
reduced influence from the SPG after the early 1990s ([54], see Fig. 3).

2.4.2 The Rockall Trough

TheWNAW and ENAWmeet in the Rockall Trough [19, 38] (Fig. 1b). In the deeper
intermediate layer below, the confluence of contrasting SAIW/IW and MOW forms
sharp lateral physical and biogeochemical gradients [55] (Fig. 1c, e). A strong,

Fig. 4 Analysis of the simulated (HAMOCC) near-surface (0–150 m) silicate during March. The
map shows the correlation between the simulated time series in the northern Irminger Sea (Ir, green
box) and the time series at each individual model grid cell (1958–2011). The black lines outline the
approximate boundary of the subpolar gyre during a weak state (SPG-, dashed) and a strong state
(SPG+)
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eastward extended SPG increases the influx of SAIW into the Rockall Trough
(Fig. 1b). It is thoroughly documented that such events lead to a marked freshening
of the region and of the poleward flowing Atlantic water [24, 38, 56]. Strong SPG+
states and freshening periods – also referred to as Great Salinity Anomalies (GSAs,
Fig. 3) [57, 58] – took place during the early 1970s and the early 1990s. Frequent
sampling at the strategically located Ocean Weather Ship J at the southern tip of the
Rockall-Hatton Plateau (52�30’N, 20�00’W, Fig. 1c) showed that SAIW comprised
more than 35% of the 400–700 m water column during 1972–1975 [37]. This
fractional contribution was suddenly reduced to below 5% during 1976 and
remained very low during the rest of this record (was terminated in 1980). The
influx of SPG-related subarctic water into the Rockall Trough increased by more
than 2 Sv (1 Sv ¼ 106 m3 s�1) during the 1972–1975 and decreased again by the
same amount from 1976 to 1980 ([24], their Fig. 4).

There has been a recent salinity decline in the NE Atlantic [59], which consisted
of two marked drops – one between 2010 and 2012, and a very abrupt drop after
2015 (Fig. 5). Hydrographic data from the standard, repeat Extended Ellet Line
section across the northern part of the Rockall Trough (Fig. 1c) revealed major
salinity drops through the water column over the IW layer (0–1,000 m) along the
eastern side of the Rockall-Hatton Plateau during both events (Figs. 5c, d). After
remaining within the ENAW salinity range (>35.30) for about two decades
(~1996–2016), the salinity in this region dropped below 35.2 during 2016. This is
a clear indication of increased presence of SAIW. Both the salinity values and the
temporal trend in the Rockall Trough Branch are very similar to the properties in the
Atlantic water inflow to the Nordic Seas observed in the Faroe Bank Channel
(Fig. 5b). There has also been a marked salinity decrease in the SAF Branch in the
IB since the early 2000s (Figs. 1a and 5b). However the salinity of this flow is much
lower than the salinity observed in the Faroe Bank Channel, and the 2010–2012 and
2015–2016 drops are less evident.

This all indicates that the Rockall Trough Branch is a more direct source to the
waters west of the Faroe Plateau than is the SAF Branch. In the same way that the
increased influx of low-salinity SAIW leads to freshening events, this nutrient-rich
water mass also leads to increased nutrient concentrations – especially along the
western side of the Rockall Trough entrance [56]. The major salinity drop around
2015–2016 was accompanied by a marked silicate increase of about 1 μM off the
Faroe shelf, in the northern IB and in the northern Irminger Sea (see Fig. 15 herein,
adapted from [60]). This disrupted the persistent silicate decline that has character-
ized the entire subpolar Atlantic since the early 1990s [52] (Fig. 3).

In summary, (1) a strong SPG shifts the SAF from the IB to east of the Rockall-
Hatton Plateau (Fig. 1b), which leads to strong near-pycnocline flows into the deep
seasonal boundary layer of the Rockall Trough, and (2) this intensified and topo-
graphically rectified Rockall Trough Branch will markedly increase the induction
flux of nutrient-rich subarctic water to the Atlantic inflow waters. We propose this
area (referred to as Region 1 in Fig. 6b) as a key fertilization hotspot.
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2.4.3 On the Rockall-Hatton Plateau

Anear-bottom flowbelow the oxygenminima brings silicate-richwater (Si> 15 μM),
enriched by Antarctic Bottom Water (AABW), northwards through the Rockall-
Hatton Trough, which is located between the Rockall and Hatton Banks (Fig. 1d,
Table 1) [42]. A modeling study [23] identified especially large inter-annual vari-
ability in winter MLDs in the very same region (Region 2 in Fig. 6b), which likely is
enhanced by topographic effects of the Rockall-Hatton Plateau. Intensified surface
heat losses and wind stress curls prior to 1995 (NAO+ state, Fig. 3) resulted in deep
MLDs, with a potential to induce large upwelling of silicate. The resulting vertically
homogenous mode water advects northward between the Faroese banks and joins the
SPMW complex south of the Iceland-Faroe Ridge. The SPMW complex is a
reservoir for the Atlantic water flowing westward toward Greenland and northeast-
ward between Iceland and the Faroe Islands, also referred to as Modified North
Atlantic Water (MNAW, Fig. 1b, Table 1) [61]. After 1995, the atmospheric forcing
weakened considerably and the MLDs on the Rockall-Hatton Plateau became
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Fig. 6 Simulated mixed layer depths (colors) and velocities (small arrows) in March during (a) an
intense NAO+/SPG+ period (1990–1995) and (b) a more relaxed NAO-/SPG- period (1996–2001).
The figure is adapted from the study by [23], which was based on the Miami Isopycnal Ocean
Model (MICOM) – the same model system as used by [24] to calculate the first gyre index. The
black contour line corresponds to 1,000 m depth. Potential fertilization hotspots locations are shown
with the numbers in (b), where the gray band outlines hotspot (3). Large white arrows emphasize
flow anomalies in the Rockall Trough Branch (a), and in the Central Iceland Basin Branch (a, b)
(see Fig. 1a), respectively
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gradually shallower (NAO- state, Figs. 3 and 6b). The re-intensified atmospheric
forcing (NAO+/SPG+) state after 2014 resulted in a marked densification of the
seasonal boundary layer and deeper MLDs again in this region (see Fig. 8, below).
Although the linkage to frontal dynamics is less direct here, we propose the Rockall-
Hatton Trough (Region 2, Fig. 6b) as the second nutrient fertilization hot spot.

2.5 The Iceland Basin

When integrated across the Ellett Line in the northern Rockall Trough (Fig. 1a), the
SPG-related fertilization is evident in nitrate and phosphate but not in silicate
[38]. However, an analysis of individual oceanographic stations has revealed a
negative trend (1990 to present), which becomes increasingly evident as one
moves west from the European Continental Slope across the Rockall-Hatton Plateau
into the central IB and toward the south Iceland slope ([52], their Fig. S1). These data
support our previous conclusion that the mechanism behind the silicate decline is
likely to be found in the vicinity of the IB, as demonstrated with the model result in
Fig. 4.

The boundary between the relatively well-stratified SPG water masses and the
deep seasonal boundary layers manifests itself as a band of steep isopycnals all the
way from the northern Rockall Trough to the eastern flank of the Reykjanes Ridge
(Fig. 6). According to Eq. (1), the strong flows in this region (large ub) and the steep
isopycnals (large ∇MLD) establish a potential for large induction fluxes through this
broad, deep front.

The real flows are more complex than those outlined by [25] (Fig. 1a). Inter-
annual variability in the currents’ strength and position is pronounced (Fig. 6)
[24]. The SAF-associated current branches east and west of the Rockall-Hatton
Plateau are locked to the topography (Figs. 1a, b and 6), and the relative strength
of these branches varies in relation to the strength and size of the SPG. So horizontal
frontal shifts in this region are “discretized” in a similar manner as the NAC is
channeled through the fracture zones farther west along the Mid-Atlantic Ridge
[55]. The SAF Branch in the IB is always present, but it remains uncertain whether it
continues directly through the Iceland-Faroe gap [25, 62], or if the Rockall Trough
Branch folds west on it, and a confluenced flow veers westward in the northern IB
(Fig. 6). The results in Fig. 5 (Sect. 2.4.2) indicate that the SAF Branch cannot be the
sole source for the water west of the Faroe Islands, while the Rockall Trough Branch
is a more viable, direct candidate.

The location and strength of the Central Iceland Basin Branch is shifting contin-
uously along a northeast-southwest axis, intimately related to the SPG dynamics (see
below). The schematic representation from [21] of a cross-section downstream of the
Faroe Bank Channel overflow plume (here extend southwestward to the central IB,
Fig. 7) gives a vertical perspective of the frontal shifts in the IB, and associated
impacts on the induction fluxes and water mass composition. The SPG-limb in the
IB consists of an oxygen-poor (Figs. 7 and 8), nutrient-rich IW layer over a thicker
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body of LSW. The IW layer continues north through the IB, where it has a doming
structure over the central basin, in addition to its general westward shoaling toward
the Reykjanes Ridge [63] (Figs. 1e and 8a). It terminates at about 2000 m depth
along the south Iceland slope (at 20�W, [64]), but might reach as far northeast as the
Faroe Bank Channel overflow plume [21, 65] (Fig. 1c).

Fig. 7 A schematic representation of a cross-section downstream of the Faroe Bank Channel
overflow plume. It extends from the central Iceland Basin (left) to the South Iceland slope (right)
(see Fig. 1c) during a (a) NAO+/SPG+ state and (b) NAO-/SPG- state. Abbreviations: Silicate (Si),
nitrate (N), the Central Iceland Basin Branch (CIBB), and the mixed layer depth (MLD). The black
dashed line illustrates the depth of this mixed layer. Water masses are color coded in correspon-
dence to Fig. 1, and Table 1, and the water mass acronyms are provided in this table. Inspired by
[21] (their Fig. 13). Note that the details around whether or not vertical winter mixing interacts with
the LSW are tentative
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Over the SPG-limb, we have a slab of SPMW. The slope-hugging, oxygen-rich
ISOW (Figs. 1d, 7 and 8a, Table 1) plume underlies the Iceland Slope Water
(introduced below) near Iceland.

SPG dynamics strongly regulate the water mass contribution into the IW layer in
the IB [63]. A strong gyre leads to more nutrient-rich SAIW and less MOW [56, 66]
(Figs. 1c and 7) and thus higher nutrient concentrations in the IW. Whether or not the
gyre influences the AAIW contribution to the IW is an open question. The silicate
concentration in the LSW also increases with an intensified SPG through the
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associated deeper convection in the Labrador-Irminger Seas [52]. This signal should
reach the IB (Fig. 7) after a 1–2 years advective lag [67].

2.5.1 The Central Iceland Basin Branch

Northward expansions of the SPG-limb and an associated northward shift of the
Central Iceland Basin Branch in the IB during NAO+/SPG+ states (Figs. 1b, 6a and
7a) are caused by the combined impact of increased volumes of LSW and intensified
Ekman pumping [33]. According to model simulations ([23], Fig. 6), the main
IW-layer rises in the central IB during NAO+ states, resulting in reduced winter
MLDs there (Figs. 6a and 7a). In contrast, winter MLDs deepen in the Rockall-
Hatton Trough and along the south Iceland slope and the eastern side of the
Reykjanes Ridge (Fig. 6). This results in markedly increased pycnocline gradients
(∇ MLD) around the central IB (Figs. 6a and 7a). At the same time, both the
meridional SAF Branch west of the Rockall-Hatton Plateau and the Central Iceland
Basin Branch strengthen (stronger ub). The increased ∇ MLD, ub, in addition to the
increased volume of – and nutrient concentrations in – the SPG-limb water, all likely
contribute to stronger induction fluxes of nutrients to the northern IB. We propose
that the front associated with the steep isopycnals along the northern rim of the SPG
in the IB is a broad nutrient fertilization region (Region 3, Figs. 6b and 8a).

2.5.2 Interaction with the Overflows

The SPG-limb in the IB can bring IW/LSW all the way north to the slopes of the
Iceland Plateau and the Iceland-Faroe Ridge [21, 65]. Here IW/LSW can interact
directly with SPMW above and ISOW below (Figs. 1 and 7a). While the importance
of entrainment, or subduction, of lighter water masses into the overflows has been
thoroughly discussed in the literature [21, 44], the possibility that overflows could
also induce induction fluxes, or obduction, has not received much attention.

The secondary transverse circulation around the overflow plume from the Faroe
Bank Channel transports ISOW “downhill” in a thin Ekman layer and draws the
nutrient-rich/oxygen-poor IW northwards over the plume [68] (Figs. 1c and 7). The
energetic overflow plume induces mixing, most strongly near the seafloor, but also in
the ambient overlying waters due to e.g. breaking internal waves [68]. Increased
activity of topographic Rossby waves are also observed along the southern slope of
the Iceland-Faroe Ridge, all the way from the Faroe Bank Channel plume to the
Icelandic continental rise [69, 70]. Seaglider data furthermore reveal that vertical
dissipation is elevated along the Iceland-Faroe Ridge, although much intensified
near the overflow plume and in the fast deep flows along steep topography near
Iceland [71]. Bottom-up mixing effects of topography and the overflow plume likely
invigorate regional winter convection. This could thus partly account for the very
deep seasonal boundary layer along the Faroe-Bank Channel-to-Reykjanes Ridge
swath, slope-ward of the fertilization band marked (3) in Figs. 6b and 8a.
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Mixing along the Iceland-Faroe Ridge produces the Iceland Slope Water (ISW),
residing within the 2000 m isobaths south of Iceland and along the eastern side of the
Reykjanes Ridge (Figs. 1c and 7). It has previously been suggested that the ISW is a
mixture primarily of SPMW and ISOW, with some additional LSW in varying
mixing ratios [64]. Recent studies near the overflow plume, however, suggest that
the IW will contribute to the ISW as well [21]. We therefore find it likely that the
overflow plume amplifies the induction flux of nutrient-rich LSW and IW to the
SPMW and ISW (Region 3, Figs. 6 and 8).

This effect is probably stronger during SPG+ states, when the northeastward
extended SPG-limb in the IB brings the subarctic waters closer to the topography/
overflow “blender” [21]. On the other hand, the transport of ISOW becomes weaker
during years with strong wind stress curl (NAO+/SPG+ state) over the Nordic Seas,
which concurs with an SPG+ state [72–74]. At present, we can only speculate
whether this potentially weaker “blender” will have any appreciable effect on the
mixing efficiency along the south Iceland-Faroe Ridge slope.

2.5.3 Potential Convection into the IW Layer

An important remaining question is to what degree winter convection reaches into
the thermocline in the central IB. According to simulations, the rise of the thermo-
cline during NAO+/SPG+ states reduces the winter MLDs in the central IB (Fig. 6),
which gives an impression of reduced vertical mixing of deep water. However, this
also brings the nutrient-rich IW-layer closer to the convection zone, which together
with the intense surface heat losses could increase the upwelling of nutrients from
the IW-layer.

Johnson et al. [75] reported much higher oxygen concentrations in the IW during
the strong NAO+/SPG+ state in 1993 compared to the weak NAO-/SPG- state in
2003 (see Fig. 3). They interpreted this as evidence for a stronger ventilation of the
IW during 1993. The strong atmospheric forcing during the winter 2014–2015
resulted in revived deep convection in the Labrador-Irminger Sea [76, 77] and
generally denser seawater in the Irminger Sea, Reykjanes Ridge and IB region –

that is an intensified SPG (Fig. 8b, from [22]). New data from the Extended Ellet
Line reveal a marked densification throughout the upper layer waters during 2015
(Fig. 8d), and a major positive oxygen anomaly is evident along the top of the
IW-layer (500–800 m depths, Fig. 8c) – an indication of deeper convection and
ventilation of the IW-layer. This is in agreement with [75]. The subsequent winter
(2015–2016), with again weaker atmospheric forcing, resulted in a negative upper
layer density anomaly (Fig. 8f) and a negative oxygen anomaly in the upper part of
the IW-layer (Fig. 8e).

The strong oxygen-nutrient correlation in the IB [42] implies that vigorous
ventilation events like in 1993 and 2015 would also increase the flux of nutrient-
rich IW toward the surface. So vertical contribution to the induction flux (wb) can
potentially be substantial in the central IB during years with strong air-sea forcing.
That is, the gray region in the seasonal boundary layer in Fig. 2 would be broad,
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higher in the water column, and the nutrient fertilization would be more efficient
throughout the IB.

Despite the identifiable impact of convection in the Rockall Trough, recent
studies conclude that frontal shifts and its impact on lateral advection are much
more important for the water mass properties in the Rockall Trough than vertical
convection [78].

2.6 An Integrated Perspective: In the Context of Sea-Surface
Height, MLD, and the Gyre Index

Sea-surface height (SSH) variability over the open ocean subpolar Atlantic is
primarily determined by steric effects – that is changes in the integrated density
over the entire water column [79, 80]. We discuss here the proposed induction flux
hotspots against the backdrop of the simulated winter MLD and SSH fields in the
North Atlantic combined with satellite altimetry.

In regions with strong winter convection, surface heat losses intensely cool the
entire seasonal boundary layer, and this densification determines the depth of the
boundary layer (Fig. 8). In such convective domains, a winter with strong heat losses
(NAO+ state) results in both large MLDs and depressed SSHs induced by the steric
contraction of the anomalously deep and dense boundary layer. That is, correlations
between the MLD (positive with increasing depth) and SSH are negative in a
convective domain.

There are also regions where the depth of the permanent thermo/pycnocline is
determined by other processes than convection, e.g. Ekman pumping or lateral
pressure gradients in the deep sub-thermocline layer. In such advective domains, a
rise of the thermocline fills a larger part of the water column with cold and dense
deep water, and the SSH drops – again due to steric contraction. That is, correlations
between MLD and SSH are positive in an advective domain.

Utilizing the model system presented in [81] – the Max Planck Institute Ocean
Model (MPIOM) – we identify the following areas as convective domains (negative
SSH-MLD correlations, blue in Fig. 9): most of the Labrador Sea, the entire Irminger
Sea, the Reykjanes Ridge, and the near-slope zone all around the NE Atlantic. In
contrast, the central IB and waters south of the Rockall-Hatton Plateau and into the
Rockall Trough entrance clearly outline an advective domain (positive SSH-MLD
correlations, reddish in Fig. 9). As a digression, the biologically productive frontal
zone in the NE Labrador Sea [82], associated with the strong west Greenland Current
and the shedding of large Irminger Rings (eddies) [83], is also an advection-
dominated region (Fig. 9).

During an intense winter (NAO+ state), the SSH is depressed throughout the
subpolar North Atlantic, and the MLD in the convective domains deepens (blue in
Fig. 9). The western mode waters (mostly LSW, [81]), produced in the Labrador and
Irminger Seas, slide eastwards in and under the main thermocline in the advective
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domain. This, in turn, lifts the IW-layer in the central IB and Rockall Trough region
and the winter MLDs there become shallower. That is, the eastern SPG-limb
becomes inflated, and the gyre expands eastwards – partly driven by the curl of
the wind stress field (e.g., [36]). During such NAO+/SPG+ states, the boundary
between the convective and advective domains in the NE Atlantic (Fig. 9) must be
characterized by steep isopycnals (large ∇ MLD) and thus high induction fluxes
(Eq. 1). The high induction flux frontal zone from the Rockall Trough, crossing the

Fig. 9 Convective and advective domains. Correlation coefficients (r) between simulated March
MLD and annually averaged (a) simulated SSH and (b) satellite altimetry. The simulations are
obtained from the MPIOMmodel system presented in [81]. Negative values (blue) show convective
domains, where deep winter mixing regulates the SSH, and positive values show advective domains
(reddish), where the SSH variability is mainly determined by remotely forced undulations of the
permanent thermo/pycnocline. The boundary between these regions in the NE, where large lateral
induction fluxes are expected, is emphasized with the thick white curve. The 2000 m isobath is
shown for reference, and the white dashed rectangle shows the region represented by the MLD time
series in Fig. 10
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Rockall-Hatton Plateau and roughly following the 2000 m isobaths around the IB
(Fig. 9) roughly coincides with the previously proposed nutrient fertilization
hotspots.

The gyre index, which is calculated from the SSH field over the North Atlantic
[24], is intrinsically linked to the above-discussed morphology of the seasonal
boundary layer (Fig. 9). The temporal development of these processes since 1950
is summarized in Fig. 10, using the model-based gyre index [24], the altimetry-based
gyre index [48], and the simulated SSH and MLD in the northern Irminger Sea,
previously presented by [81].

2.7 After Established Summer Stratification

As soon as air-sea heat exchanges during spring/early summer become positive into
the ocean, a relatively shallow mixed layer forms (~50 m). Around this period –

potentially advance or delayed by other eddies and other turbulence inducing
processes [10] – the spring bloom is initiated [8]. The silicate content in the summer
mixed layer within the central IB is exhausted by the fast-growing diatoms within a
week or two after the onset of a major bloom [12]. In the absence of an upwelling
agent after bloom initiation, the growth of diatoms terminates and these relatively
large and heavy algae quickly subside in a major export event out of the photic zone
[84]. In the southeastern part of the IB, silicate depletion (<2 μM) takes place
already in early May, earlier than in the Irminger Sea where it typically occurs in
July–August [12]. In general, the Irminger Sea is a biologically much more produc-
tive region compared to the IB [85]. At first, this appears as a conundrum, consid-
ering that the IB region appears to determine pre-bloom upper ocean Si
concentrations in the Atlantic inflow toward the Arctic and the Labrador Sea
[52]. Although the altimetry-derived eddy kinetic energy – which expectedly should
enhance vertical mixing – is very high in the IB [86], eddy slumping and/or wind-
driven Ekman transports might only initiate stratification and blooms in the IB a bit
earlier than expected from explicit consideration of air-sea heat exchanges [9]. The
turbulent mixing of nutrients up through the seasonal thermocline is still lower in the
central IB (advective domain, Fig. 9) compared to the adjacent Irminger Sea
(convective domain) [85]. Consequently, the IB becomes biologically poor during
summer, with low nutrient, phytoplankton/chlorophyll, zooplankton, and fish abun-
dances/concentrations [85, 87]. According to logbooks, little fishery activity has
historically taken place in the central IB (G. J. Óskarsson, pers. comm.) and pelagic
fish surveys (redfish, mackerel, blue whiting, and herring) all end at the border of the
IB [88].

2.7.1 A Bottom-Up Mackerel Case Study

In order to illustrate potential impacts of nutrient limitation on higher pelagic trophic
levels, we summarize a recent study involving phytoplankton, zooplankton, and
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Fig. 10 Temporal development of key metrics for the thickness of the seasonal boundary layer
(Fig. 9). (a) Simulated SSH (black) and MLD anomalies (red, inverted) within the Northern
Irminger Sea box (white dashed rectangle in Fig. 9), normalized by the standard deviation. (b)
The same simulated SSH time series (black) compared to two previously published gyre indices
(inverted), based on satellite altimetry (green) [48] and simulations (red) [24]. The vertical dashed
lines emphasize NAO+/SPG+ states, with strong air-sea forcing, deeper winter convection and an
intensified SPG circulation
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Atlantic mackerel (Scomber scombrus) [17]. After having spawned along the
European continental slope near Ireland during spring, starved mackerel are in
critical need of food. Very low abundance of their preferred food item – the copepod
C. finmarchicus [90] – in the spawning region forces mackerel to migrate north to
more productive waters.

Accumulation of phytoplankton, and therefore likely of calanoid copepods
(mackerel food), is confined to the near-topography or near-front regions upwelling
hotspots through the summer (Fig. 11). Through July, the IB becomes virtually
devoid of surface chlorophyll, while elevated concentrations persist in the following
regions: (a) on and immediately off the south Iceland shelf, (b) shallow parts of the
Iceland-Faroe Ridge and along the IFF, (c) the continuously mixing Faroe Bank
Channel plume, (d) along the European Continental slope frontal zone, and (e) in a

Fig. 11 Average near-surface chlorophyll distribution (mg Chla m�3). Climatological averages
(1998–2015) over four eight-day time segments from late June to late July (specific dates are shown
in the part labels) are shown (from [17]). The dashed black line outlines the Iceland-Faroe Front
(IFF). The letters in panel c) refer to the regions mentioned in the text (Sect. 2.7.1). These gridded
satellite data were downloaded from the GlobColour Project, ACRI-ST (http://www.globcolour.
ifo). Eight-day temporal averages of Level 3, merged (SeaWIFS, MODIS, MERIS, VIIRS),
GSM-gridded [89] chlorophyll (CHL1) data were used on a 4-km horizontal grid for the period
1998–2015
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small indentation on the western side of the Faroe shelf (Western Region, see Sect.
3.2.1).

Nutrient limitation has particularly strong impact on mackerel migration along the
northern rim of the IB, where the mackerel is not near any thermal threshold. Data
from a meridional repeat section along 20�W (Extended Ellet Line and WOCE A20,
Fig. 1c) shows that the upper 50 m in the central IB becomes Si-exhausted in June,
while there is a “corridor” near the south Iceland shelf with persistently non-limiting
Si concentrations (Fig. 12, north of 63�N). Furthermore, data from international
mackerel surveys during July show that both the zooplankton and the mackerel
abundance are very low in the central IB. The biomasses are much higher in the
“corridor” in Fig. 12 during both SPG+ and SPG- states. This “corridor” overlaps
with the frontal zone along the ISW band (Fig. 1b) and the shelf [17], and the
increased biological production is likely associated with topographic/overflow
plume mixing processes and lateral induction fluxes from the rim of the SPG.

2.7.2 Gyre Impact on the Summer Conditions

NAO+/SPG+ states will set higher pre-bloom nutrient concentrations in the seasonal
mixed layer and thus increase the new production. However, if not replenished by
eddy stirring or summer storms, the initial mixed layer nutrient content is quickly
exhausted [84]. Elevated winter concentrations may therefore only have a moderate
impact on higher trophic levels, which are in continuous demand of food throughout
the summer. However, in locations that experience recurrent mixing events through-
out the summer, such as frontal zones, biological production can be sustained. The
dynamics associated with the SPG can contribute to this process by increasing
nutrient inventories in the sub-surface waters near frontal and topographic upwelling
regions, and thus the replenishment of surface nutrient stocks in these production
hotspots. In the case of mackerel, the Norwegian Sea and especially the IFF region
have historically been the preferred feeding areas. A marked shift occurred around
2006, when mackerel started to expand west toward Greenlandic waters. Pacariz
et al. [17] discussed this major mackerel expansion in the context of the SPG-related
nutrient decline (Fig. 3), and the strong zonal Si gradient with climatologically low
concentrations west of the British Isles, and high concentrations in the Irminger Sea.

Although the NAO primarily documents variability in winter weather conditions,
there are also indications that NAO positive periods are associated with a higher
frequency of summer storms [91]. This could drive enhanced vertical mixing events
and, through associated nutrient replenishment, increase new production in summer
months in the central IB. In contrast, [92] find that the establishment of a summer
mixed layer is probably independent of the preceding winter conditions. Under-
standing the possible impacts of NAO variability on summer nutrient replenishment
therefore warrants future research.
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Fig. 12 Climatological silicate concentrations (μM) along the meridional WOCE/EEL section at
20�W (Fig. 1c) in (a) May, (b) June, (c) July, and (d) August. The red contour line emphasizes the
limiting silicate concentration of 1.5 μM (from [17])
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3 Onwelling to Adjacent Shelves

Broad-scale nutrient dynamics in the NE Atlantic likely exert a major impact on
adjacent shelf ecosystems (i.e., the Northwestern European slope (NWES), North
Sea, Faroe shelf, and the south Iceland shelf). In this section, we review recent
literature on NE Atlantic-to-North Sea linkages. These considerations are based
primarily on model simulations, but also aim to take into account emerging obser-
vations of shelf ecosystems. The Faroe Shelf area is described in detail since
observations from this system, which is spatially confined and thus “surveyable,”
could provide a useful framework for enhancing our general understanding of
ocean–shelf interactions.

3.1 From the Northeast Atlantic to the North Sea

There is now a broad consensus that nutrient budgets in the open shelf areas of the
NWES, and in the deeper parts of the North Sea, are dominated by nutrient fluxes
from the NE Atlantic [27–29, 31, 93–97] – also referred to as “nutrient onwelling”
[31]. Nutrient fluxes depend both on water mass exchange rates and nutrient
gradients between the open ocean and the shelf seas. Some previous studies have
reported increased nutrient fluxes during NAO+ phases, when intensified winds
likely increase the transport of oceanic water onto the shelf [29, 96]. Recent studies,
on the other hand, conclude that it is the open ocean nutrient concentration, more so
than the influx volume, that primarily controls nutrient onwelling to the North Sea
[27, 31, 94, 95]. Many of the initial NE Atlantic-North Sea studies, however,
considered climate change scenarios, based on model simulations.

3.1.1 Future Projections

A general shallowing of the winter MLD during the twenty-first century, caused by
increasing air temperature and accompanying weakened air-sea heat fluxes, is a
robust feature in most climate models used in the Intergovernmental Panel on
Climate Change (IPCC) reports [98]. These climate models project a particularly
strong decline in the NE Atlantic MLD and pre-bloom nutrient inventories, which in
turn could lead to a marked reduction in primary production within the present
century [95]. The simulated MLD projections rely primarily on one-dimensional
(vertical) mixing schemes and are thus heavily influenced by reduced heat losses
from the oceans to the atmosphere [27]. It has been acknowledged that large-scale
circulation changes may also play a role, but up until recently only vague statements
about shifting currents have been made [95].

Recent studies have identified the importance of variable horizontal gyre circu-
lation and its potential to regulate water mass balance in the NE Atlantic (Sect. 2) –
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and subsequently to the North Sea [27]. Global models have large deficiencies in the
SPG domain, and elaborate bias corrections are required to introduce realistic
hydrographic gradients, such as encountered in frontal zones [27]. The predicted
nutrient decline in the SPG and in the NE Atlantic [98] is especially evident in
regionalized models that are characterized by a higher spatial resolution. The first
study to explicitly discuss the potential connections between the SPG and the North
Sea was based on a global version of HAMOCC [27]. The same model system was
used by [52] to contextualize the observed silicate decline in the subpolar North
Atlantic both in time and space (Figs. 3 and 4). The projection run by [27] shows a
reduction in primary production throughout the twenty-first century, although at
slower rates than during the 1980–2000 period (Fig. 13).

The projected properties in the North Sea are inherited from the open ocean, but
climate models have deficiencies in water mass exchanges between the NE Atlantic
and the NWES [27, 99] that is along the slope/shelf frontal zone (Fig. 1b). The open
ocean and the deeper parts of the NWES become strongly stratified during summer.
More focused climate change model runs, with increased resolution in the North Sea
region, find that increased summer stratification will augment the reduction in
onwelling. These processes have a potential to reduce biological production on the
NWES by ~30% at the end of the twenty-first century [97]. On the other hand, a
recent study [100] suggests that vertical mixing processes at the shelf break will
maintain a connection to nutrient-enriched sub-pycnocline water masses in a future
climate change scenario. This decoupling from the upper ocean conditions in the
North Atlantic moderates the decline in new production projected by [97].

Fig. 13 Time series of annual accumulated depth-integrated primary production in the North Sea
(10-year running mean, simplified from [27]). Shown are outputs from the regional climate model
REMO and from the general circulation model, ECHAM, developed by the Max Planck Institute for
Meteorology
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On the shallow part of the NWES, strong tidal currents persistently erode
stratification and keep inner shelf waters permanently well-mixed. A tidal mixing
front separates these well-mixed inner shelf waters from the seasonally stratified
outer shelf waters [101]. Regional modeling of the NWES suggests that the cross-
front exchanges are characterized by net on-shelf transports in the upper water layer
and a net off-shelf transport to the lower layer of the outer shelf. This results in a net
downwelling along the shelf [28]. Consequently, the projected increase and/or
prolonged duration of summer stratification will reduce the degree of nutrient
onwelling through nutrient depletion of upper layer outer shelf waters and thus
amplify nutrient limitation on the near-shore well mixed water [28, 97].

3.1.2 Observations

Increasing recognition of the importance of the NE Atlantic for the North Sea
ecosystem has motivated dedicated observational campaigns focused on the
ocean–shelf interface, e.g., Fastnet and the UK Shelf Sea Biogeochemistry (SSB)
Programme. Previous observations have shown that nutrient concentrations in the
North Sea declined during the 1990s [96] primarily due to reduced oceanic
onwelling, but also due to a reduction in the riverine nutrient loads to the southern
domain. Also, the observed increase in northern North Sea nutrient concentrations
during NAO+ phases has been explained by a combination of increased ocean-shelf
water mass exchanges [29], decreased near-shelf stratification [94], and increased
off-shelf winter MLD [95] (e.g., Sect. 2). Most previous nutrient observations have
focused on nitrate and phosphate [93], although results from more recent surveys
demonstrate that only silicate reaches limiting concentrations on the Hebridean shelf
[102]. A mass balance approach suggests that 73% of the shelf water silicate must be
resupplied from the open ocean in order to maintain shelf-wide estimates of produc-
tivity. This is considerably larger than similar estimates for nitrate (34%) and
phosphate (28%) [102]. Although general aspects of the onwelling process apply
to all major nutrients, we suggest that future research should pay more attention to
silicate dynamics.

The stratification in the northern/deeper part of the North Sea intensified mark-
edly between 2001 and 2002 and remained very strong during the following warm
2003–2005 period [103]. Apparent impacts of the intensified stratification on the
phytoplankton concentration are here illustrated by seasonally-averaged near-sur-
face chlorophyll (Chla) from ocean color satellites for the contrasting years, 2001
and 2002, respectively (Fig. 14). During 2001, Chla was highest on the shallower
part of the NWES (<100 m depths, Fig. 14a) and much lower in deeper water. In
contrast, during 2002, the near-shore Chla concentrations declined, while the Chla
concentrations on the outer shelf/slope band from west of Ireland to north of
Shetland increased significantly (Fig. 14b). This increase is particularly evident in
the 100–200 m depth range, although also evident in the broader oceanic domain,
e.g. the Faroe-Shetland Channel and the Norwegian Trench. It is plausible that the
high Chla content in 2002 reflects a stratified and nutrient-depleted upper layer
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Fig. 14 Shift in phytoplankton concentrations from a year with weak stratification (2001, upper
panel) to a year with strong stratification (2002, lower). The images are based on gridded near-
surface satellite chlorophyll data, downloaded from the GlobColour Project, ACRI-ST (http://www.
globcolour.info). Annual mean for the years 2001 and 2002 were computed from monthly averages
of Level 3, merged (SeaWIFS, MODIS, MERIS), GSM-gridded [89] chlorophyll (CHL1) data on a
4-km horizontal grid from the months April–September. Abbreviations: Faroe-Shetland Channel
(FSC), the Norwegian Trench (NT), and the NorthWestern European Slope (NWES)
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containing a rich community of both large and small phytoplankton species, fueled
by both new and regenerated production. Although the seasonally-averaged Chla
concentration is not a robust proxy for primary production, the low shallow-shelf
(<100 m) concentrations during 2002 do probably reflect reduced production. This
could be caused by the low nutrient concentration in the onwelled outer shelf water,
as discussed below (Sect. 3.2.3, Fig. 18c).

A significant reduction in landings of the key prey fish species – sand eel
(Ammodytes tobianus) in 2003 [105] – also suggests that higher trophic level
productivity in the northern North Sea might have decreased after 2002. The average
landings of the period 1994–2002 was 880,000 tons whereas the average landings of
the period 2003–2009 was only 288,000 tons. This period also coincided with a
broad-scale breeding failure of the black-legged kittiwakes (Rissa tridactyla) in
Britain [106].

The current level of understanding regarding impacts of onwelling to productivity
of the North Sea is inherently limited by (a) the lack of detailed long-term observa-
tions and (b) the long stretch and openness of this system. Monitoring all key ocean-
shelf exchange hotspots with adequate temporal resolution over decades might be an
unfeasible task. Furthermore, fish and seabirds are relatively free to roam this large
shelf region, rendering it difficult to trace how potential bottom-up processes
propagate through the food web.

3.2 The Faroe Shelf

The upper layer water masses that flow northeastwards along the NWES also
immerse the Faroe shelf, which is located centrally on the Iceland-Scotland Ridge
(Fig. 1). In contrast to the NWES, the Faroe shelf is spatially confined in a manner
that facilitates detailed observations of major ecosystem components. Comprehen-
sive survey data at high spatial resolution and a large number of valuable time series
are available from this system. And these span several decades and cover key aspects
of phyto- and zooplankton communities, major fish stocks and seabird species [107–
110]. The Faroe Shelf system therefore represents a good observational framework
to examine impacts of onwelling on all major shelf ecosystem components – from
nutrient-driven plankton dynamics to upper trophic levels. This system may thus
serve as a useful model for understanding oceanic influence on boreal shelf systems
in general.

The abovementioned 2001-to-2002 shift in the North Sea, from a productive
inner shelf to a productive outer shelf/slope (and low inner shelf Chla concentra-
tions) was more accentuated on the Faroe Shelf than on the NWES (Fig. 14). A
previously defined Primary Production Index (PPI) for Faroese shelf waters [110]
(Fig. 15) showed a major drop between 2001 and 2002. The PPI remained generally
low until 2008, and these biologically poor conditions extended throughout all
trophic levels on the Faroe shelf [108]. This period was also poor for seabirds,
e.g., no fledged kittiwake chicks were observed at the Faroese colonies during this
period [26].
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3.2.1 Primary Production Variability: Intensity and Phenology

Much effort has been dedicated to constrain the underlying mechanisms that govern
the highly variable primary production on the Faroe shelf [108, 111, 112]. Here,
cross-shelf front exchanges have been a central theme. Opposed to the view from the
NWES, it has been hypothesized that increased exchanges may impede the primary
production, since this might “flush” algae and spores off the shelf [111, 113]. These

Fig. 15 Key ecological indicators for the Faroe shelf. Temporal development in the 0-group index
estimated from four main fish stocks (black), zooplankton biomass in late June (red) (note the
reversed axis), primary production index (PPI) from spring to late June (green), and open-ocean
pre-bloom silicate concentrations (blue). The gray bars highlight convective (NAO+/SPG+) periods
of simultaneous high 0-group index, low zooplankton biomass, high PPI, and high silicate concen-
tration. From [60]
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studies have, however, not explicitly considered variable stratification or the fact that
the outer shelf/slope region also hosts a rich phytoplankton community.

The permanently well-mixed water on the central part of the shelf has been
termed Faroe Shelf Water [114]. Eliasen et al. [32] showed that biomass observa-
tions at a fixed coastal Station (Station S, Fig. 16) provide a valid representation of
the near-surface satellite-based Chla throughout the extent of the Central Shelf
(CS) area. This is a region which roughly overlaps with the summer expanse of
the Faroe Shelf Water domain (gray in Fig. 16). Phytoplankton biomass at Station S
generally starts increasing during spring, however interrupted by halts in the Chla
concentrations, apparent as local minima in the Chla time series [104] (Fig. 17).

Based on the phytoplankton concentration and phenology, observed from ocean
color satellites, [104] have further divided the Faroe Plateau into the following three
main bio-geographical zones: the Central Shelf (CS), the Eastern Banks (EB), and
the Outer Shelf (OS) (Fig. 16). These non-overlapping regions cover the entire shelf
within the 300 m isobath. Since the oceans, and in particular oceanic fronts, are
dynamic, the borders of the zones should not be seen as rigid but merely as
approximate positions with emphasis on summer conditions. Region CS blooms
early, but Chla concentrations diminish quickly after the peak bloom, which

Fig. 16 The Faroe shelf bio-geographical zones: the Central Shelf (CS, gray), the Outer Shelf (OS,
red) and the especially productive Western Region (WR), and the Eastern Banks (EB, green). The
blue square shows station S. The 100 m, 200 m, 300 m, and 500 m isobaths are shown (from [104])
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Fig. 17 Phytoplankton biomass (Chla) and nutrients from the coastal station S (see Fig. 16) on the
Faroe shelf. The 2 μM and 4 μM lines are indicated as well as the date of the lowest observed silicate
concentration (from [32]). The observations are made in water which is pumped from 18 m depth.
This is located in a vertically and horizontally well-mixed Inner shelf, and the observations thus
represent these shelf waters
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typically takes place around late May–early June (Fig. 17). Chla concentrations
remain relatively low during June and July, and in some years a short fall bloom
occurs. The seasonally-averaged Chla concentration is lower in the CS compared to
the surface layers in the surrounding waters during warm years (e.g., 2002, Fig. 14),
when the stratification is generally intensified [103]. The OS blooms later than the
CS, but the elevated Chla concentrations are sustained for a longer period. This
region is therefore more visible in temporally averaged near-surface Chla images
like in Figs. 11 and 14. Both studies by Eliasen et al. [104] and [32] highlighted the
seasonally stratified western side of the OS – the Western Region (WR) (Fig. 16) – as
a region which blooms relatively late, but which has the highest surface Chla
concentrations on the Faroe Plateau during June–August.

A high-resolution (~1 km) version of the Hybrid Coordinate Ocean Model
(HYCOM) [115] has been setup for the Faroese waters, and the output of key
physical parameters compare favorably with in situ observations [116]. This model
provides the first spatio-temporally comprehensive view of the stratification dynam-
ics of the Faroe shelf. Similar to the NWES [117], a net downwelling is identified
with net on-shelf transports from the upper OS-layer, and a net off-shelf transport
from the CS to the lower OS-layer. Rasmussen et al. [116] presented the first
discussion of the inter-annual primary production variability in the context of
stratification. They showed that the growth-intensive years, 2000 and 2001, were
also characterized by an early and sudden onset of stratification in the
OS. Complementing the same HYCOM simulations with in situ oceanographic,
atmospheric, and sunlight data, [118] explained the bloom timing by a Critical
Volume Hypothesis. The onset of persistent OS stratification establishes a distinct
tidal mixing front between the CS and the OS, which shifts shoreward during spring
as the insolation and heat fluxes into the ocean strengthen. According to the Critical
Volume Hypothesis, spring bloom initiates when the total primary production within
the CS (which is shrinking at this point of the year) equals the net respiration of the
same volume of water. The position of the tidal mixing front plays, in the horizontal
Critical Volume Hypothesis, a role equivalent to the mixed layer depth in Sverdrup’s
classical (vertical) Critical Depth Hypothesis [118].

3.2.2 Silicate Limitation and Interplay Between the Outer
and Central Shelf

Winter (pre-bloom) concentrations of nitrate and silicate on the Faroe Shelf are
~12 μM and ~5–7 μM, respectively (i.e., a Si:N ratio of ~1:2) [119, 120]. These
concentrations have been declining since the early 1990s, in a similar manner as in
the surrounding open ocean (Fig. 3) [52]. As mentioned, nutrient-related studies
generally focus on nitrate, but since this nutrient only reaches limiting concentrations
(< 4 μM) on the CS during the most productive years (e.g., 1994–1995, 2000–2001,
2004, 2009 and 2014 Figs. 15 and 17), nutrient dynamics have generally been
overlooked in the early studies that examined bottom-up controls on inter-annual
Faroe shelf bloom variability.
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The average diatom ratio Si:N of 1.12 � 0.33 [119] implies that silicate and
nitrate should be taken up at approximately equal rates. Observations from the Faroe
Shelf, together with those from the NWES [102], suggest that silicate limitation is
equally, if not more, important for bloom dynamics in these shelf environments.

Maxima in the Chla concentrations for the CS typically occur after May and are
associated with minima in silicate concentrations in 16 out of the 17-year time series
(1997–2015; no silicate data for 2006 and 2008). In most cases (12 out of 17),
silicate concentrations fall below 2 μM (Fig. 17) whereas it is, as mentioned, only the
most productive years that nitrate concentrations are driven to limiting concentra-
tions. From the end of May and throughout June, average silicate and nitrate
concentrations, associated with Chla peaks, were in the range 1.9–2.2 μM and
5.0–7.1 μM, respectively.

A main onwelling conduit to the CS originates from the upper layer WR [121],
where the silicate concentrations are driven to even lower values than those on the
CS [32]. After the first major CS Chla peak, when the environment has reached
silicate limitation (Fig. 17), successive events between erosion/strengthening of the
WR stratification and peaks/decreases in the CS Chla are observed [32]. This is
idealistically sketched for a single de-stratification/re-stratification event in Fig. 18.
The process is interpreted as follows: strong phytoplankton growth will quickly
deplete the nutrients in the CS and in the upper WR layer, and nutrient supply will
therefore be essential for the ongoing growth (Fig. 18c). The erosion of the
established stratification leads to new nutrients from the bottom layer in the WR
(green arrows in Fig. 18b) being supplied to the upper layer. If this nutrient input is
not exhausted by growth in the outer shelf, it may help to maintain nutrient onwelling
to the CS. Local and intermittent convection events will probably also admix
nutrient-rich water from the lower layer directly onto the CS. The CS growth
therefore alternates between nutrient enrichment by erosion of the pycnocline
(Fig. 18a, b) and re-stratification and nutrient limitation (Fig. 18a, c). Phytoplankton
dynamics on the species level have only been examined in 2004, 2005, and 2010 on
the Faroe shelf. In these years a consistent shift from a community dominated by
large diatoms to small/diatoms and flagellates has been observed when silicate
concentrations reach <2 μM [120, 122].

3.2.3 Higher Trophic Levels

Inter-annual variability in the size of fish larvae appears to be correlated with the
primary production on the Faroe Shelf [60]. These authors have developed an
O-group index, which is estimated from data on the four main fish stocks, cod
(Gadus morhua), haddock (Melanogrammus aeglefinus), sand eel, and Norway pout
(Trisopterus esmarkii), that together account for >90% of all the fish larvae on the
shelf. The O-group index displays accentuated peaks every 7–10 years, which
coincide with peaks in both the PPI and open ocean pre-bloom Si concentrations
(Fig. 15). Jacobsen et al. [60] used the previously discussed silicate record from the
northern Irminger Sea (Fig. 3) as a proxy for the open ocean surrounding the Faroe
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shelf (Fig. 15). The relatively long record from the Irminger Sea is closely correlated
to shorter records of pre-bloom silicate concentrations in the northern IB and north of
the Faroes (not shown here).

Fig. 18 An idealized sketch, describing the Faroe shelf bloom. (a) Time series of the temperature
stratification (black) and Chla concentrations (green) on the western part of the outer shelf (the
Western Region, see Fig. 16) and the Central Shelf (CS) and two idealized transects across the shelf
during the green (b) and red phases (c), respectively. The red and green arrows symbolize small and
large nutrient fluxes in the red and green phase (panel a), respectively, from the nutrient-rich “cold
pool” (from [32])
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The peaks associated with NAO+/SPG+ phases (Fig. 3) also concur with
improved breeding success of the Faroe kittiwakes (R. tridactyla) [26] and improved
recruitment and average weight gain of the main commercial fish stocks. Among
many possible underlying mechanisms, we propose the following two as the most
plausible:

1. NAO+/SPG+ dynamics are linked to oceanic Si peaks that fuel Faroe shelf
primary production (PPI), which supports the growth of local zooplankton
[123], key seabird fish-prey species (sand eel and Norway pout) and thus kitti-
wake chicks.

2. Increased volumes of zooplankton-rich subarctic water masses could increase the
concentration of the copepod C. finmarchicus around the Faroe shelf. Thus, the
on-shelf transport of eggs, nauplii, and adults of this key food item can increase,
which in turn more directly supplies the fish and birds.

The impact on the kittiwakes could originate from the fact that these birds spend
their non-breeding period, which is fall, winter, and early spring – and thus most of
their lives – in the SPG region where they congregate near major oceanic frontal
systems [16]. It has been shown that a strong gyre is associated with increased
abundance of C. finmarchicus in the overwintering region in the Labrador and
Irminger Sea [81]. It is therefore plausible that the improved non-breeding feeding
conditions could translate to better breeding success the subsequent summer through
a so-called carry-over effect [18, 26].

Finally, a similar SPG-shelf link, although focused on zooplankton, has been
demonstrated for the south Iceland shelf. NAO+/SPG+ phases, associated with
larger MLD in the northern Irminger Sea (Fig. 10), and northeastward-shifted SPG
all coincide with markedly increased total zooplankton abundance on the south
Iceland shelf during May (dominated by C. finmarchicus, [81]).

4 Summary

The fact that the North Atlantic subpolar gyre regulates temperature and salinity
variability in the poleward flowing Atlantic water is now thoroughly described in the
literature. It was, however, not until recently that awareness has been raised about the
gyre’s potential to also impact nutrient concentrations in the NE Atlantic. Subtrop-
ical waters are generally low in nutrients, but on their journey northwards they are
being mixed with nutrient-rich subpolar waters – mainly along the frontal zones
between the Atlantic and subarctic water masses. In years when the subpolar gyre
circulation is intensified, more nutrients are upwelled from the nutrient-rich Inter-
mediate Water level which forms the permanent pycnocline in the NE Atlantic. In
contrast, when the gyre is weak, these induction fluxes, or obduction, are weak and
nutrient-poor subtropical water masses become more prevalent in this region.

Silicate concentrations in the upper layer Atlantic waters have been decreasing
since the early 1990s, likely linked to the declining subpolar gyre. This, in turn, was
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associated with weaker winter overturning in the Labrador and Irminger Seas. The
declining trend becomes identifiable in the vicinity of the Rockall-Hatton Plateau
and extends downstream to the Nordic Seas (in north) and the Labrador Sea
(in west). Here, we have suggested potential fertilization hotspots, located along
the northeastern periphery of the subpolar gyre, and potential links to primary and
secondary production, as well as the feeding migration of pelagic fish.

The gyre-regulated nutrient concentrations along the adjacent continental slopes
will furthermore influence the ocean-to-shelf nutrient fluxes across shelf and tidal
mixing fronts – the so-called nutrient onwelling. We review how this onwelling
likely impacts the Northwestern European shelf seas and the North Sea and illustrate
how variations in the nutrient onwelling propagate up through the food chain – using
the Faroe shelf as a case study. We hypothesize that ecosystems on the south Iceland
shelf, Faroe shelf, Northwestern European shelf seas, and potentially the Norwegian
shelf are to some degree influenced by pre-bloom nutrient concentrations in the
Atlantic-derived water masses that connect these regions. Our results from the
spatially confined Faroe shelf, which are based on an extensive amount of observa-
tional data collected over more than two decades, could be important to the under-
standing of other larger shelf ecosystems as well. It is our recommendation that these
observations are continued and complemented with additional observations of
essential ocean variables both in the Faroes and at key locations on neighboring
shelves (Table 2).

Table 2 List of acronyms,
arranged as introduced in
the text

Acronyms Name

SPG Subpolar gyre

SAF Subarctic Front

NAC North Atlantic Current

RTB Rockall Trough Branch

SAFB Sub-Arctic Front Branch

CIBB Central Iceland Basin Branch

IFF Iceland-Faroe Front

MLD Mixed Layer Depth

AMO Atlantic Multidecadal Oscillation

NAO North Atlantic Oscillation

GSA Great Salinity Anomaly

IB Iceland Basin

SSH Sea-surface height

Si Silicate

NWES Northwestern European slope

PPI Primary Production Index

CS Central Shelf

EB Eastern Banks

OS Outer Shelf

WR Western Region
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