
1.  Introduction
The coastal ocean plays a critical role in the global carbon cycle and marine ecosystem. Coastal and shelf seas 
support 10%–30% of the total marine primary productivity (Behrenfeld et al., 2005; Field et al., 1998), under-
pinning the base of a productive shelf sea ecosystem that provides over 90% of commercial fish catches (Pauly 
et al., 2002). Globally, about 56%–58% and 85%–90% of the phosphorus and nitrogen required respectively by 
shelf seas to maintain their high productivity are supplied from the ocean (Liu et al., 2010). The coastal and shelf 
seas are also a net sink of atmospheric carbon dioxide (Laruelle et al., 2010), notably across temperate northern 
hemisphere shelves (Roobaert et al., 2019), where the uptake of CO2, driven by both biological growth and CO2 

Abstract  Nutrient availability across temperate continental shelves just before the onset of seasonal 
stratification is an important control on the spring phytoplankton bloom. However, shelf-scale quantification 
of nitrate supply from the open ocean during winter, a major source of shelf nitrate, is lacking. We used an 
objective analysis of subsurface ocean temperature (2000–2021), a nitrate climatology and an atmosphere 
reanalysis to quantify: (a) the interannual variability of the winter surface mixed layer depth (MLD) along 
the North West (NW) European shelf break, (b) oceanic surface nitrate concentration following deep winter 
mixing (i.e., nitrate recharge), and (c) the pre-bloom wind-driven cross-shelf surface Ekman transport. Our 
results show clear latitude-dependent regimes. In the north, across the Rockall-Malin and Hebrides shelves, 
winter winds drive an average on-shelf surface nitrate transport of 6.9 and 13.1 mmol m −1 s −1, respectively. In 
the south, adjacent to the Celtic and Armorican shelves, large year-to-year variability in the MLD across strong 
subsurface vertical nitrate gradients results in significant year-to-year variability (up to ∼6 mmol m −3) in the 
winter nitrate recharge. However, the winter surface Ekman transport is off-shelf with an average magnitude 
of 3.7 and 5.4 mmol m −1 s −1 across the Armorican and Celtic Sea shelves, respectively. Our study provides the 
first shelf-scale estimates of interannual variability in the winter wind-driven surface nitrate supply to the NW 
European Shelf. The limitations of this study imposed by reliance on a nitrate climatology highlights the need 
for sustained biogeochemical sampling across the shelf slope to better understand cross-shelf nitrate transport 
processes.

Plain Language Summary  The nutrients present in mid-latitude shelves play a crucial role 
in influencing the growth of spring phytoplankton, particularly before warm layers form over cold ones. 
Despite this importance, we lack knowledge about how much nitrate moves from the ocean to these shelves 
during winter. To address this, we investigated the movement of nitrate near the North West (NW) European 
shelf break caused by deep winter mixing and surface winds between 2000 and 2021. Our findings reveal 
latitude-based differences in these processes. In northern regions, powerful winter winds along the shelf 
break transport a significant amount of nitrate to shelves like Rockall-Malin and Hebrides, with notable 
yearly variations. In contrast, southern areas such as Celtic and Armorican shelves see nitrate being carried 
from shelves to the ocean due to winter winds. These shelves also witness varying nitrate levels in winter 
due to shifts in mixed surface layer depth and abrupt vertical nitrate changes. While our study provides initial 
estimates of year-to-year nitrate variations on the NW European Shelf due to winter winds, our conclusions rely 
on nitrate climatology. A deeper comprehension of nitrate movement across the shelf break before spring bloom 
necessitates extended observations both on and off the shelves.
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solubility, and the ultimate export of carbon off-shelf is commonly referred to as the shelf sea carbon pump 
(Kitidis et al., 2019; Thomas et al., 2004; Tsunogai et al., 1999).

Biological and physical processes together maintain the shelf sea carbon pump, particularly across shelves where 
the average circulation patterns are slow and the exchange times with the open ocean are greater than a seasonal 
cycle. However, the magnitude and timing of physical processes that supply new, oceanic origin nutrients to 
the shelf remain unclear. Recent observations of interannual differences in the carbon and nutrient pools across 
both the North Sea and Celtic Sea, the widest sectors of the temperate North West (NW) European shelves, have 
highlighted the importance of year-to-year variability in ocean-shelf exchange and the impact that large exchange 
events are likely to play in maintaining the continental shelf carbon pump (Chaichana et al., 2019; Humphreys 
et al., 2019; Sharples et al., 2019). Cross-shelf exchange events can both export water rich in dissolved organic 
carbon, that has accumulated over the past growing seasons, to the deep ocean, and supply new oceanic origin 
water rich in inorganic macronutrients that is required to replenish depleting nutrient pools onto the shelf.

The NW European shelves are typically considered to be resource (nutrient and light) driven systems, where the 
annual capacity for new primary production and the magnitude of the spring phytoplankton bloom are set, to first 
order, by the pre-bloom concentration of macronutrients (Heath & Beare, 2008; Mathis et al., 2019). In the north-
ern North Sea, a sufficient number of high-quality in-situ nutrient measurements have been made to construct 
time series that reveal interannual to decadal variability in winter (December-February) nitrate concentrations 
of ∼1–2 mmol m −3. This variability is thought to be associated with wind-driven shifts in the location of strong 
horizontal gradients in mean winter nutrient concentrations to the northwest of Shetland (Pätsch et al., 2020). 
Across other sectors of the NW European shelf, however, data coverage is spatially and temporally patchy, and 
long-term time series of nutrient concentrations are rare, prohibiting robust analysis of interannual variability. At 
a limited number of locations where reliable comparisons between selected years can be made, variability of at 
least 1 mmol m −3 is observed. For example, between 2014 and 2015 the pre-bloom (March) nitrate concentration 
in the central Celtic Sea decreased from 8 to 7 mmol m −3 (Humphreys et al., 2019; Ruiz-Castillo et al., 2019).

The surface nutrient concentration of North East Atlantic water depends on the depth of winter mixing (Hartman 
et  al.,  2010,  2014; Oschlies,  2002). In the upper waters of Rockall Trough, interannual variability of nitrate 
concentrations is also known to be linked to the Subpolar Gyre and the relative proportions of subtropical versus 
subpolar origin water entering the trough (Johnson et al., 2013). Projected decreases in the NW European shelf 
primary production in future climate scenarios are linked to winter mixed layer shoaling and subsequent reduced 
oceanic nutrient supplies to the shelf (Gröger et al., 2013; Holt et al., 2012; Mathis & Mikolajewicz, 2020; Mathis 
et al., 2019). Likewise, some of the observed year-to-year differences in pre-bloom nitrate concentration in the 
Celtic Sea can also be explained by the present-day variability in the depth of oceanic winter mixing at the shelf 
break (Ruiz-Castillo et al., 2019).

Multiple seasonally and spatially variable ocean-shelf exchange processes are at play along the NW European 
shelf edge (Huthnance et al., 2022). The prevailing winds and passage of weather patterns are usually considered 
as a leading order driver of exchange and transport. Short-term variability (seasonal-interannual) of inflow into 
the North Sea is linked to the wind conditions (Mathis et al., 2015; Sheehan et al., 2017), especially during the 
winter, and can communicate changes in North East Atlantic ocean properties to the shelf (Koul et al., 2019). On 
the Malin Shelf, intense winter storms drive on-shelf transport of oceanic origin water toward the coast (Jones 
et al., 2020). In a large-scale and decade-averaged sense, the NW European shelf has an overall downwelling 
circulation: water is brought on-shelf within the surface Ekman layer and is exported within the bottom Ekman 
layer, associated with the prevailing wind stress and poleward slope currents, respectively (Holt et  al.,  2009; 
Huthnance et al., 2022). Modeling studies reveal that, for the length of the shelf break, between 48°N and 61°N, 
this downwelling circulation can drive a mean on-shelf nitrate flux of 4 mmol m −1 s −1 above 150 m between 
December and March (Holt et al., 2012). The exception is over the southern sectors (i.e., Celtic Sea, Armor-
ican shelf) where prevailing south-westerly winds can drive an upwelling regime: off-shelf at the surface, and 
on-shelf at depth (Pingree et al., 1984, 1986). However, the surface and bottom Ekman transport components do 
not balance each other within each of the sectors due to nonhomogeneous water properties along the shelf and 
non-Ekman flows around the shelf edge (Holt et al., 2009). There is large uncertainty around the dominant export 
processes in the bottom layer (Huthnance et al., 2022).

The important role of wind in driving large-scale circulation and significant exchange and transport has been 
widely acknowledged (Holt et  al.,  2012; Huthnance et  al.,  2022). Therefore, in this paper we focus on the 
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wind-driven interannual variability in cross-shelf exchange and near-surface transport of oceanic nitrate onto 
the temperate NW European shelf seas. We draw upon the EN4 objective analysis time series of subsurface 
temperature profiles, the World Ocean Atlas (WOA) monthly nitrate climatology, the North Sea Biogeochemical 
Climatology (NSBC), and atmospheric data from ERA5 with the aim of quantifying:

•	 �the interannual variability in pre-bloom nitrate concentrations of oceanic surface waters along the NW Euro-
pean shelf edge following deep winter mixing and,

•	 �the magnitude and interannual variability of wind-driven surface Ekman volume and nitrate transport across 
the shelf edge during the winter months.

The results are discussed in the context of different north-south regimes in deep winter mixing, regional hydrog-
raphy, nitrate recharge and wind-driven cross-shelf nitrate transport.

2.  Methods
2.1.  Sector Division Along the NW European Shelf Edge

Shelf edge dynamics and exchange processes across different sectors of the NW European shelf ocean are 
controlled by a range of physical processes and influenced by regionally variable shelf-break orientation and 
roughness, hydrographic properties and water mass origins (Huthnance et al., 2022). To investigate the spatial 
patterns of interannual variability in winter mixing and wind-driven cross-shelf transport, these latitudinally 
varying characteristics are used to divide the NW European shelf edge into six sectors, numbered 1 to 6 (Figure 1, 
pink lines). Sector 1 is located at the Armorican Shelf, Sector 2 at the Celtic Sea, Sector 3 at the Porcupine Sea 
Bight, Sector 4 at Rockall Trough and the Malin Shelf, Sector 5 at the Hebrides shelf, and Sector 6 next to the 
Faroe-Shetland Channel.

2.2.  Nitrate Concentrations on the Shelf

The climatological monthly statistics from the NSBC is used to understand the seasonal and vertical variability 
of on-shelf nitrate concentrations, as well as their south-to-north variability within the NW European shelf seas. 
It compiles physical and biogeochemical observations taken across the NW European Shelf between 1960 and 
2014 from 8 different data centers, data bases, institutes and regional projects (Hinrichs et al., 2017). The data 
has a horizontal resolution of 0.25° × 0.25° and 22 vertical levels between the sea surface and 458 m depth. The 
vertical spacing is 5 m between the surface and 35 m and increases linearly downwards. We used the Level 2 data 
fields which contain bins occupied by actual observations only.

Mean and standard deviation (SD) of the monthly nitrate climatology were calculated near the surface (0–30 m), 
bottom (30–200 m) and over all depths (0–200 m). The near-surface and near-bottom locations with available 
NSBC Level 2 data on each of the shelf sectors (<200 m) are marked by circles and dots separately (Figure S4 in 
Supporting Information S1). Coastal locations with practical salinity lower than 35 g kg −1 are excluded because 
high riverine nitrate input could heavily bias the sector mean values (see Figure S5 in Supporting Informa-
tion S1). The number of observations within each sector used to create monthy means are shown in Figure S6 in 
Supporting Information S1. Among all sectors, the Celtic Sea, Hebrides Shelf, and Faroe-Shetland sectors have 
the largest numbers of observations during winter. The Porcupine Sea Bight and Rockall-Malin sectors have the 
smallest number of observations. A monthly nitrate climatology at the Armorican Shelf sector is not available 
because it is out of the NSBC spatial coverage between 48°N and 65°N.

2.3.  Surface Mixed Layer Depth

Monthly mean potential temperature profiles between 2000 and 2021 were obtained from the global, quality 
controlled EN4 data set (Good et al., 2013). Both the observed, individual subsurface profiles of potential temper-
ature (primarily from ship-based CTD casts and ARGO floats) and the 1° × 1° objective analysis product based 
on these profiles were extracted.

Time series of monthly surface mixed layer depth (MLD) were created from the objective analysis product for 
each of the six sectors. Due to large uncertainties in the EN4 salinity estimates, particularly at depths around 
200–600 m before 2007, MLD was defined as the depth at which the potential temperature dropped 0.5°C below 
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Figure 1.  (a) Bathymetry of the North West (NW) European shelf sea and adjacent NE Atlantic ocean. The shelf break is 
divided into six sectors separated by pink lines. The thick blue contour shows the shelf edge isobath at 200 m. Red dots show 
locations with EN4 objective analysis data along the shelf edge. (b) Mean nitrate concentration in March at the depth of 
200 m in the NE Atlantic Ocean and Norwegian Sea based on World Ocean Atlas data.
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the near-surface value (at 15 m), following Johnson et al. (2013). Since the vertical density structure and water 
column stability along the NW European shelf edge are primarily controlled by temperature and vertical heat 
exchange with the atmosphere throughout the year, MLD is defined with a temperature threshold as opposed to 
a density threshold.

Within each sector, EN4 grid points nearest to the shelf break (i.e., 200-m isobath) were selected (Figure 1, red dots) 
and time series of MLD calculated. These were then averaged to produce a single time series of MLD representative 
of that sector. To avoid errors and biases associated with the EN4 interpolation of individual profiles from both 
the shallow shelf and deep ocean onto a coarse 1° grid spanning the shelf break, any objective analysis grid points 
within 0.5° of the 200 m isobath or with a total water depth <200 m were replaced by the nearest deep ocean loca-
tion. Points in areas with sharp along-slope bathymetry changes (e.g., Wyville-Thomson Ridge) were also excluded.

To provide confidence in the time series of MLD constructed from the objective analysis product, the MLDs were 
compared with individual profiles (Figure S1a in Supporting Information S1). The deep-ocean profiles within a 
0.5° radius of each grid point were included in the comparison (Figure S1b in Supporting Information S1). Good 
agreement was found on monthly MLDs in all sectors except near the Faroe-Shetland Channel (Sector 6) where, in 
some years, the MLD is underestimated by up to 200 m by the objective analysis (Figure S1a in Supporting Infor-
mation S1). This discrepancy may be related to observational bias toward deeper parts of the Faroe-Shetland Chan-
nel where MLD is greater than shallower regions near the shelf break (Figure S1a in Supporting Information S1).

For all sectors, the MLDs based on objective analysis during January-April are on average within 150 m of those 
based on original profiles collected during the same months. This difference is probably because observations are 
not always available during the winter and, in the absence of data, the EN4 objective analysis relaxes to a clima-
tology (Good et al., 2013). This means that the strongest mixing events may not always have been captured by 
direct observations. Additionally, the time series of MLD from original profiles represents a large area around the 
shelf edge locations, hence accounts for some spatial variability which might also explain some of the differences. 
Nevertheless, overall the interannual variations of the maximum winter MLD calculated from the objective analysis 
are in good agreement with those derived from the profile data. Due to the temporal and spatial sparsity of profile 
data along the NW European shelf break, all MLD analysis in this study is based on the EN4 objective analysis.

2.4.  Pre-Bloom Nitrate Concentration at the Shelf Break

The monthly nitrate climatology (1° × 1°) from the WOA 2018 (Boyer et al., 2018) was used to estimate the 
off-shelf pre-bloom nitrate concentrations within the surface mixed layer that results from the deepest winter 
mixing each year. We refer to this as the winter mixing recharge of oceanic surface mixed layer nitrate, shortened 
to “nitrate recharge,” which determines the nitrate concentration adjacent to the shelf. To calculate a time series 
of the annual winter nitrate recharge, the November nitrate profiles was averaged over the maximum depth of 
winter mixing within each sector. The onset of the increase in surface nitrate concentration with increasing MLD 
in autumn varies slightly across different sectors (Figure S2 in Supporting Information S1). Near Armorican 
Shelf, Rockall Trough, Hebrides Shelf, Faroe-Shetland Channel (Sectors 1 and 4–6), surface nitrate starts to 
increase between September and October. Near the Celtic Sea and Porcupine Sea Bight (Sectors 2 and 3), this 
increase starts in October-November. For simplicity, the nitrate climatology in November was used to calculate 
the pre-spring nitrate recharge for all sectors.

The WOA nitrate climatology only covers the upper 800 m of the water column. When the winter MLD was esti-
mated to be deeper than 800 m, the nitrate concentrations were assumed to be equal to those at 800 m. By using 
the nitrate climatology, any changes associated with interannual variations of the nitrate concentration in the deep 
nitrate pools, such as those known to occur in the Rockall Trough (Sector 4) due to changes in subtropical versus 
subpolar water mass proportions (Johnson et al., 2013), were not accounted for. However, due to the sparsity of 
nitrate data spatially and temporally, particularly for non-summer months, the use of a nitrate climatology was 
necessary.

2.5.  Wind-Driven Ekman Volume and Nitrate Transport

Monthly surface wind stress and direction data were obtained from ERA5 (Hersbach et al., 2020) to calculate 
wind-driven Ekman transport across the shelf break for each sector. Steady winds result in an Ekman volume 
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transport 90° clockwise to the wind direction in the northern hemisphere. Assuming the surface Ekman layer is 
well mixed during winter, the thickness of the surface Ekman layer can be determined by

𝐷𝐷Ek = 𝜋𝜋
√

2𝑁𝑁𝑧𝑧∕𝑓𝑓𝑓� (1)

Here f ∼ 10 −4 rad s −1 is the Coriolis coefficient for the latitude of the NW European shelf. Nz is the vertical eddy 
viscosity, which is typically O(10 −2) m 2 s −1 or larger within the surface mixed layer (Hahn-Woernle et al., 2014; 
Martin et al., 2010; Pohlmann, 1996). This yields a DEk larger than ∼44 m at the ocean surface. The vertically 
integrated cross-shelf Ekman volume transport in this layer is calculated following:

𝑇𝑇𝑉𝑉𝐸𝐸𝐸𝐸
=

𝜏𝜏𝑤𝑤

𝜌𝜌𝑤𝑤𝑓𝑓
=

𝜌𝜌𝑎𝑎𝐶𝐶𝑑𝑑𝑢𝑢
2

𝑤𝑤

𝜌𝜌𝑤𝑤𝑓𝑓
.� (2)

Here τw is the alongshelf wind stress at the ocean surface parallel to the 200-m isobath for each sector, 
𝐴𝐴 𝐴𝐴𝑑𝑑 =

(

0.63 + 0.66
√

𝑢𝑢2𝑤𝑤 + 𝑣𝑣2𝑤𝑤 + 0.23
)

× 10−3 is the drag coefficient based on Smith and Banke (1975), with uw 
and vw the along-shelf and cross-shelf wind speed, respectively. f is the Coriolis parameter, ρw and ρa are respec-
tively the density of water and air. The vertically integrated Ekman transport of nitrate within the surface Ekman 
layer is calculated by

𝑇𝑇𝑁𝑁𝐸𝐸𝐸𝐸
=

𝑁𝑁𝑁𝑁𝑤𝑤

𝜌𝜌𝑤𝑤𝑓𝑓
,� (3)

with N the pre-bloom oceanic nitrate concentration in the surface mixed layer (i.e., nitrate recharge). Positive 
values of 𝐴𝐴 𝐴𝐴𝑁𝑁𝐸𝐸𝐸𝐸

 and 𝐴𝐴 𝐴𝐴𝑉𝑉𝐸𝐸𝐸𝐸
 indicate on-shelf transport and negative values represent off-shelf transport. Equation 2 

shows that surface Ekman transport is approximately quadratically proportional to the wind speed. The mean 
winter surface Ekman transport was therefore calculated by averaging the monthly Ekman transport over winter 
months (January-March) before the start of the spring bloom.

Drag of the bottom boundary can result in a similar Ekman layer near the bed and generate a bottom Ekman 
transport, which is a function of the bottom shear stress (Huthnance et al., 2022). In well-mixed, steady-state 
conditions, one would expect the surface and bottom Ekman transport to counterbalance each other, especially if 
there is homogeneity along the shelf break. However, this equilibrium does not happen at a localized level across 
the NW European shelf (Holt et al., 2009). A balance between the surface and bottom Ekman volume transport 
within each sector cannot be assumed. Moreover, due to the lack of long-term velocity measurements within the 
bottom layer at the shelf break, it is challenging to accurately determine the bottom Ekman volume transport or 
the overall net Ekman transport. Given these constraints, this paper will focus solely on the interannual variations 
of the surface Ekman transport.

3.  Results
3.1.  Nitrate Climatology on the Shelves

The mean nitrate concentration on all shelf sectors show strong seasonal variations, which is more pronounced 
near the surface than near the bottom (comparing blue and red lines in Figure  2). In the Celtic Sea, the 
near-surface nitrate concentration increases from about 1 mmol m −3 in summer to up to 7 mmol m −3 in winter. 
The near-bottom nitrate concentrations, however, ranges between ∼4 and 7 mmol m −3 throughout the year. This 
seasonal variability of the near-surface nitrate concentration is even more pronounced in the northern sectors 
between Rockall-Malin Shelf and the Faroe-Shetland Channel, where near-surface nitrate concentrations increase 
from less than 2 mmol m −3 in summer to ∼10 mmol m −3 in winter. The surface-to-bottom difference in the nitrate 
concentrations also shows strong seasonal variability. In the summer, nitrate concentrations near the bottom are 
∼5–7 mmol m −3 higher than those near the surface. During the winter months, the water becomes well-mixed, 
resulting in nearly vertically homogeneous nitrate concentrations. On all shelf sectors, the depth-averaged nitrate 
concentration peaks in winter and reaches a minimum in summer (Figures  2a–2e, orange error bars). This 
highlights that vertical mixing and biological recycling within the bottom layer cannot sufficiently replenish the 
net drawdown of nitrate during the spring-autumn period or losses to benthic denitrification. Therefore, external 
sources, such as oceanic nitrate, are required to replenish the nitrate levels on the shelf.
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The winter surface nitrate concentration difference between on-shelf and off-shelf locations also exhibits nota-
ble variations from south to north, as illustrated in Figure 2 by the comparison between red error bars and red 
dashed lines. In the Celtic Sea, the averaged off-shelf near-surface nitrate concentration is ∼1–2 mmol m −3 lower 
than the on-shelf nitrate concentration in January-February, and ∼1 mmol m −3 higher than the on-shelf value in 
March. In the northern sectors between Rockall-Malin and Hebrides shelves, however, the averaged off-shelf 
near-surface nitrate concentration is about 2–4  mmol  m −3 larger than that on the shelf over January-March 
(Figures 2c–2e). Such cross-shelf nitrate gradient is essential for advective and/or diffusive processes to contrib-
ute to the cross-shelf nitrate exchange within the surface layers. Below 30 m, off-shelf nitrate concentrations are 
close to or higher than on-shelf values in all sectors (comparing blue dashed lines with blue error bars, Figure 2).

3.2.  Interannual Variability of Oceanic Winter Mixed Layer Depth

In all shelf edge sectors, the MLD shows clear seasonal variability, with shallowing in summer and deepening in 
winter. The annual maximum MLD also varies significantly between sectors along the shelf break: it increases 
from ∼150 m off the Armorican Shelf to more than 900 m near Malin Shelf, decreasing to 200–300 m at the 
Faroe-Shetland Channel (Figure 3a). Within each sector the depth of the maximum winter mixing shows strong 
interannual variations, the range of which decreases with increasing latitude (Figure 3b). At the southernmost 
sector, along the Armorican shelf boundary, the maximum MLD varies between 150 m in 2002 and 600 m in 

Figure 2.  Monthly means and standard deviations of the near-surface (0–30 m depth, red error bars), bottom (30–200 m, blue error bars) and depth averaged (0–200 m, 
orange error bars) nitrate concentration for each on-shelf sector, derived from the North Sea Biogeochemical Climatology. Red, blue, and orange dashed lines show the 
off-shelf nitrate concentrations averaged over 0–30, 30–200, and 0–200 m for each of the off-shelf sectors, derived from the World Ocean Atlas 2018.
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2010, a range of 450 m. In contrast, in Sector 6, Faroe-Shetland, the maximum MLD only varies by ∼100 m, from 
200 to 300 m between years. There are also differences in the MLD within each of the sectors. The largest SD is 
found in the Porcupine Sea Bight (240 m) in 2003, and the smallest SD in the Faroe-Shetland Channel with the 
period average SD of ∼26 m.

3.3.  Shelf Edge Temperature, Salinity and Nitrate

The nitrate concentration at the shelf break shows strong seasonal variations in all sectors (Figure 4a, shaded 
color). The surface nitrate concentration peaks between February-April, reaches its minimum in summer, and 
increases again from autumn. This coincides with the seasonal shallowing/deepening of the surface mixed layer 
(Figure 4a, black lines), confirming the importance of seasonal deepening of the surface mixed layer to nitrate 
concentrations in the ocean surface. Nitrate depletion in the sunlit surface waters due to phytoplankton growth 
also contributes to the seasonal variations of surface nitrate concentration and increases the vertical nitrate 
gradients in spring and summer (Omand & Mahadevan,  2015). The winter nitrate concentration around the 
range of maximum winter MLD fluctuations during 2000–2021 also varies among different shelf-break sectors 
(Figure 4a, blue bars).

There are clear north-south differences in the water masses along the shelf break, with a transition from warmer, 
saltier subtropical origin water with lower nitrate concentrations in the south, to increasing proportions of colder, 
fresher, nitrate-rich subpolar origin water further north (Figures 4b–4d). Between the Armorican and Hebrides 
shelves (Sectors 1–5), the upper water mass just below the surface mixed layer is Eastern North Atlantic Water 
(ENAW), although its properties vary latitudinally. Below this, Mediterranean Overflow Water (MOW) is clearly 
seen in Sector 1 and 2 and less clearly in Sectors 3 and 4. Although the core of MOW is around 1,000 m, the 
influence of its high nitrate concentrations can be seen at 600 m. The water masses in the Faroe-Shetland chan-
nel (Sector 6) are different from those in Sectors 1–5, reflecting both the Atlantic and Arctic influences on this 
area. Two upper water masses are seen: ENAW which enters the Faroe-Shetland Channel from the south, and the 
slightly denser Modified North Atlantic Water which enters the region from the north. Below these upper water 
masses is Modified Eastern Icelandic Water which also enters from the north.

Figure 3.  (a) Monthly variations of mixed layer depth (MLD) at all selected locations (red dots in Figure 1) along the North West European shelf break. The 
yellow-black line marks locations within each shelf sector. (b) Interannual variations of the maximum winter MLD for each sector.
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3.4.  Interannual Variability in Oceanic Pre-Bloom Nitrate Concentration

Due to different dominant water masses, the pre-bloom nitrate concentration within the surface mixed layer along 
the NW European shelf break varies between sectors. The winter nitrate concentrations around the typical winter 
MLDs (Figure 4a, blue bars) in the northern sectors are larger than those in the southern sectors. As a result, 
the pre-bloom oceanic nitrate recharge that results from deep winter mixing adjacent to the shelf is higher in the 
northern sectors than further south in most years (Figure 5a). The recharged nitrate concentration varies from 
more than 10.5 mmol m −3 between Rockall-Malin and the Faroe-Shetland sectors to 3.9–9.8 mmol m −3 off the 
Armorican Shelf.

The magnitude of interannual variability in winter nitrate recharge at the shelf boundary also varies with latitude. 
The largest changes between years occur adjacent to the Armorican Shelf and Celtic Sea (by ∼6 mmol m −3 from 
2018 to 2020). North of the Porcupine Sea Bight, the interannual variability is less than 1 mmol m −3. The weak 
temporal variability in the winter nitrate recharge in the Rockall-Malin and Hebrides sectors is in contrast to the 
moderate interannual variability of maximum winter MLD (Figure 5b, blue line). This is partly related to the 
weak vertical gradients of nitrate concentration in November near the maximum winter MLD and partly caused 
by the lack of nitrate data below 800 m (Figure 4a).

The mean vertical gradient of nitrate concentration within the range of maximum winter MLD fluctuations is 
weakest in the Hebrides and Faroe-Shetland sectors (Figure 5b, brown line). As a result, interannual variations 
of maximum winter MLDs have little impact on the interannual variability of winter nitrate recharge in these 
sectors. The more variable nitrate recharge in the southern Sectors 1 and 2 (i.e., Armorican Shelf, Celtic Sea) 
compared to further north is associated with large interannual MLD variability (Figure 3b) and strong vertical 
nitrate gradients near the maximum winter MLDs (Figure 5b). South of 50°N, the high nitrate signature of MOW 
is present at around 600 m depth and therefore accessible during years with particularly deep winter mixing (e.g., 
2010, 2018). Since nitrate concentration changes substantially within the range of MLD fluctuations in the south-
ern sectors (Figure 4a), small changes in the depth of winter mixing can lead to large year-to-year variations of 
winter nitrate recharge. The winter nitrate recharge averaged over 2000–2021 is close to the March climatology 

Figure 4.  (a) Annual cycle of variability in the vertical nitrate distribution for each sector based on the World Ocean Atlas monthly nitrate climatology. Black lines 
mark the mixed layer depth (MLD) based on the monthly temperature climatology. Vertical blue bars represent the range in the maximum MLDs experienced during 
the winter months between 2000 and 2021 calculated from EN4 (b–d) Vertical distribution of absolute salinity, potential temperature, and nitrate (from the March 
climatology) along the North West European shelf break. The yellow-black line marks locations within each shelf sector. Dominant water masses along the shelf break 
are labeled in (b–d) including the Eastern North Atlantic Water, Mediterranean Overflow Water, Modified North Atlantic Water, and the Modified Eastern Icelandic 
Water.
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of surface nitrate (top 30 m, Figure S2 in Supporting Information S1) along the NW European shelf break except 
in Sectors 1, 2, and 3, where the estimated pre-bloom nitrate concentration is over 1 mmol m −3 larger than the 
climatology, respectively. This might be due to the overestimated maximum winter MLD in these sectors based 
on the EN4 objective analysis when compared to the values obtained from the original observations (Figure S1a 
in Supporting Information S1).

To assess any potential biases introduced by our methodology and to provide confidence in our results, we 
compared the estimated winter MLDs and nitrate recharge with the limited number of published observational 
time series available. Interannual variations of the maximum winter MLD and winter nitrate recharge between 
2003 and 2010 at the Armorican Shelf break (Sector 1, Figure 5a) are in good agreement with observations made 
in the Bay of Biscay during this period (Hartman et al., 2014). We did not find any nitrate observations close to 
Sector 2 or 3 within the present study period (2000–2021). Nevertheless, the estimated MLD (300 m) and winter 
nitrate recharge (∼8 mmol m −3) near the Celtic Sea shelf break (Sector 2) in 2001 is close to the observations 
near the Gorban Spur measured between January and February in 1993, when the surface mixed layer was also 
300 m (Hydes et al., 2001). Moreover, Hartman et al. (2010) observed that the surface nitrate concentration near 
the Porcupine Abyssal Plain observatory (more than 0.7° west of our Sectors 2 and 3) varied between 4.9 and 
8.3 mmol m −3 from 2003 to 2005. Near Sectors 4 and 5, winter nitrate concentrations within the upper waters 
(200–700 m) at the Extended Ellett Line latitude (57.5°N) varied between 10.5 and 12.5 μM during 2000–2010 
(Johnson et al., 2013). These observed interannual variations in the winter nitrate concentrations are both close 
to those estimated in the current study.

3.5.  Interannual Variability of Cross-Shelf Wind-Driven Ekman Transport

To investigate the contribution of wind-driven surface Ekman transport to the oceanic nitrate supply to the adja-
cent shelf sea, the Ekman volume and nitrate transport integrated over the surface Ekman layer were calcu-
lated for each shelf-edge location and sector. The monthly surface Ekman volume transport, 𝐴𝐴 𝐴𝐴𝑉𝑉𝐸𝐸𝐸𝐸

 , along the NW 

Figure 5.  (a) Recharged oceanic nitrate concentration for all sectors following the deepest winter mixed layer of each year. (b) Mean vertical nitrate gradient within 
the depth range of the winter mixed layer (brown line). This is calculated by dividing the maximum difference in the nitrate concentration within the maximum winter 
mixed layer depth (MLD) range over the maximum magnitude of the interannual variation of the maximum winter MLD (blue line).
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European shelf break is seasonally variable with the largest on-shelf/off-shelf transport in winter for all shelf-
edge locations (Figure 6a). Contrasting patterns of 𝐴𝐴 𝐴𝐴𝑉𝑉𝐸𝐸𝐸𝐸

 are observed in different sectors of the NW European 
shelf break. During winter, 𝐴𝐴 𝐴𝐴𝑉𝑉𝐸𝐸𝐸𝐸

 is mostly off-shelf near the Armorican Shelf and Celtic Sea (negative values, 
Sectors 1 and 2), and on-shelf within the Rockall-Malin, Hebrides and Faroe-Shetland sectors (positive values, 
Sectors 4–6). The direction of 𝐴𝐴 𝐴𝐴𝑉𝑉𝐸𝐸𝐸𝐸

 at the Armorican Shelf break (Sector 1) agrees with recent studies by Ricker 
and Stanev (2020) and Huthnance et al. (2022), who also found wind-driven off-shelf particle transfer from the 
Armorican Shelf to Bay of Biscay. Near Porcupine Sea Bight (Sector 3), the direction of Ekman transport across 
the shelf break is more variable than in Sectors 1–2.

The winter North Atlantic Oscillation index was positive for most years between 2000 and 2021, when the North-
ern Europe is dominated by strongly westerly winds (Koul et al., 2019; Rodrigo, 2021). The above-mentioned 
north-south contrast in the direction of 𝐴𝐴 𝐴𝐴𝑉𝑉𝐸𝐸𝐸𝐸

 across the NW European Shelf edge is therefore associated with the 
shelf-break orientation, which shifts from southeast-to-northwest in Sectors 1 and 2 to south-to-north in Sector 
3, and southwest-to-northeast in Sectors 4–6. During spring-summer, 𝐴𝐴 𝐴𝐴𝑉𝑉𝐸𝐸𝐸𝐸

 results in frequent ocean water import 
in Sectors 1 and 2 to the adjacent shelf seas due to downwelling favorable winds, even though the magnitude is 
generally smaller than the winter off-shelf transport. In Sector 3, 𝐴𝐴 𝐴𝐴𝑉𝑉𝐸𝐸𝐸𝐸

 also contributes to an oceanic water import 
during spring-summer of most years, which is more frequent and stronger compared to that in Sectors 1 and 2. In 
the northern Sectors 4–6, 𝐴𝐴 𝐴𝐴𝑉𝑉𝐸𝐸𝐸𝐸

 tends to import ocean water to the shelf seas throughout most of the study period 
due to upwelling favorable winds.

Figure 6.  (a) Monthly surface Ekman volume transport across the North West European shelf break, 𝐴𝐴 𝐴𝐴𝑉𝑉𝐸𝐸𝐸𝐸
 , at all shelf-edge locations (Figure 1, red dots) during the 

period of 2000–2021. (b) Sector-mean winter Ekman transport of nitrate 𝐴𝐴
(

𝑇𝑇𝑁𝑁𝐸𝐸𝐸𝐸

)

 averaged over January-March (solid lines), calculated using the interannually varying 
pre-bloom oceanic nitrate recharge shown in Figure 5a. Dashed lines show 𝐴𝐴 𝐴𝐴𝑁𝑁𝐸𝐸𝐸𝐸

 calculated using the 2000–2021 sector average nitrate recharge, thereby removing 
variability driven by interannual variations of the maximum winter mixed layer depth. Positive values of 𝐴𝐴 𝐴𝐴𝑉𝑉𝐸𝐸𝐸𝐸

 and 𝐴𝐴 𝐴𝐴𝑁𝑁𝐸𝐸𝐸𝐸
 denote on-shelf transport and negative values 

off-shelf transport. (c) Difference in surface Ekman nitrate transport 𝐴𝐴
(

Δ𝑇𝑇𝑁𝑁𝐸𝐸𝐸𝐸

)

 between values factoring in interannual variations of nitrate recharge versus those based 
on the pre-bloom surface nitrate concentration averaged over the period of 2000–2021.
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The winter surface Ekman nitrate transport 𝐴𝐴
(

𝑇𝑇𝑁𝑁𝐸𝐸𝐸𝐸

)

 across the NW European shelf break, averaged over 
January-March, varies significantly with latitude (Figure 6b). The magnitude of 𝐴𝐴 𝐴𝐴𝑁𝑁𝐸𝐸𝐸𝐸

 reaches its maximum near 
Malin Shelf and Rockall Trough (up to 27.5 mmol m −1 s −1, onto the shelf) and is a minimum along the Armori-
can Shelf (less than 9.9 mmol m −1 s −1, off the shelf). In the north, along the Rockall-Malin and Hebrides sectors 
(Sectors 4–5), 𝐴𝐴 𝐴𝐴𝑁𝑁𝐸𝐸𝐸𝐸

 is on-shelf with a period-average value during 2000–2021 of 13.1 and 6.9 mmol m −1 s −1, 
respectively. In the south, 𝐴𝐴 𝐴𝐴𝑁𝑁𝐸𝐸𝐸𝐸

 is off-shelf with an averaged value of 3.7 mmol m −1 s −1 across the Armorican 
Shelf (Sector 1) and 5.4 mmol m −1 s −1 near the Celtic Sea (Sector 2). The spatial pattern of 𝐴𝐴 𝐴𝐴𝑁𝑁𝐸𝐸𝐸𝐸

 contrasts with the 
spatial variability in the pre-bloom nitrate concentration, which monotonically increases from Armorican Shelf 
(Sector 1) to Rockall-Malin Shelf (Sector 4). This contrast can be explained by the relationship between 𝐴𝐴 𝐴𝐴𝑁𝑁𝐸𝐸𝐸𝐸

 
and the cross-shelf volume transport, which is determined by the along-shelf wind stress (τw). Since the spatial 
and temporal variations of τw are typically larger than the pre-bloom nitrate concentration, variability of 𝐴𝐴 𝐴𝐴𝑁𝑁𝐸𝐸𝐸𝐸

 is 
dominated by the Ekman volume transport rather than year-to-year differences in the nitrate recharge.

Whilst the magnitude of 𝐴𝐴 𝐴𝐴𝑁𝑁𝐸𝐸𝐸𝐸
 is to first order controlled by the cross-shelf volume transport, and typically unaf-

fected by year-to-year differences in the winter nitrate recharge, in the southern sectors there are a few years where 
the depth of winter mixing may have been important (Figure 6c). Negative values of 𝐴𝐴 Δ𝑇𝑇𝑁𝑁𝐸𝐸𝐸𝐸

 in the Armorican and 
Celtic Sea sectors in 2018 and 2014 respectively suggest that deeper than average winter mixing, and therefore 
higher than average nitrate recharge, was responsible for up to 2–3 mmol m −1 s −1 of the total wind driven off-shelf 
nitrate transport in those years. In 2001, 2002, 2007, 2016, and 2020, both the Celtic and Armorican sectors 
experienced shallower than average winter mixing and therefore lower nitrate recharge concentrations, which 
reduced the magnitude of 𝐴𝐴 𝐴𝐴𝑁𝑁𝐸𝐸𝐸𝐸

 by 1–2 mmol m −1 s −1. This interannual variability in the oceanic nitrate recharge 
makes less than ∼50% contribution to the total magnitude of 𝐴𝐴 𝐴𝐴𝑁𝑁𝐸𝐸𝐸𝐸

 in most years. Nevertheless, in the winter of 
2020 the low nitrate recharge following shallow winter mixing (MLD ≤150 m) accounts for 78% of the small 
magnitude of 𝐴𝐴 𝐴𝐴𝑁𝑁𝐸𝐸𝐸𝐸

 (2.4 mmol m −1 s −1) in the Armorican Shelf sector. It is noticeable that this does not happen 
in the northern sectors.

4.  Discussion
4.1.  Latitude Dependent Cross-Shelf Transport Regimes

Our results have shown clear latitudinal differences in the winter surface cross-shelf Ekman transport of 
nitrate following deep winter mixing and nitrate recharge along the NW European shelf edge, as summa-
rized in Figure 7a. In the north, the winter averaged 𝐴𝐴 𝐴𝐴𝑁𝑁𝐸𝐸𝐸𝐸

 is on-shelf: 13.1 mmol m −1 s −1 in the Rockall-Malin 
sector and 6.9 mmol m −1 s −1 in the Hebrides sector. In the south, 𝐴𝐴 𝐴𝐴𝑁𝑁𝐸𝐸𝐸𝐸

 is off-shelf with an averaged value of 
3.7–5.4 mmol m −1 s −1 between the Armorican and Celtic sectors. In addition to wind stress, the south-to-north 
differences in the magnitude and direction of 𝐴𝐴 𝐴𝐴𝑁𝑁𝐸𝐸𝐸𝐸

 are also related to the differences in the shelf-break orientation 
and the ocean nitrate recharge following the deepest winter mixing near the shelf break.

Even though previous sections have focused on the surface Ekman transport (solid green and blue arrows in 
Figures 7b and 7c), the net cross-shelf Ekman transport also depends on the bottom Ekman transport (not quanti-
fied here, see dashed arrows in Figures 7b and 7c). Contributions of these two components to the net cross-shelf 
nitrate exchange are controlled by the vertical nitrate gradients on the outer shelves (at <200 m) and the cross-shelf 
nitrate gradients (Nx). Since this study focuses on winter months when the shelf water column and vertical  nitrate 
profile are fully mixed, the net winter cross-shelf Ekman nitrate transport depends more on cross-shelf nitrate 
gradients than vertical gradients. In the northern shelf Sectors (i.e., Rockall-Malin, Hebrides Shelf), the winter 
nitrate concentrations at the shelf break are clearly higher than those on the adjacent shelves, whereas the 
surface-to-bottom differences in the on-shelf winter nitrate concentration are minor (Figures 2c and 2d). Since 
the winter winds along these sectors are downwelling favorable, both the bottom Ekman transport, which flushes 
the nitrate-lower shelf water to the ocean, and the surface Ekman transport, which brings the nitrate-rich oceanic 
water onto the shelf, act to supply oceanic nitrate to support the shelf spring bloom (Figure 7b, green arrows). In 
the southern sectors (e.g., Celtic Sea), the averaged winter nitrate concentrations near the surface are higher on 
the shelf than those off the shelf (Figure 2a). Although not extensively observed in the bottom layers (Figure S6a 
in Supporting Information S1), the winter cross-shelf nitrate gradients near the bottom are expected to resemble 
those near the surface due to the well-mixed water column. As the winter winds are mostly upwelling favorable 
along the southern sectors, the surface Ekman transport (Figure 7c, solid blue arrow) acts to export nitrate out 
of the shelf.
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We also identified two winter cross-shelf nitrate transport regimes respectively for the north and the south asso-
ciated with the winter nitrate recharge at the shelf break (Figures 7b and 7c). Due to shallower winter mixing in 
the south compared to the north (Figure 3) and a higher proportion of subtropical origin water, the off-shelf and 
on-shelf winter nitrate concentrations (N) are higher in the north than in the south (Figure 2). Apart from the 
south-to-north shift in the sign of cross-shelf nitrate gradient, the magnitude of cross-shelf nitrate gradients seems 
to also increase monotonically with latitude. As shown in Figure 2, difference between the on-shelf and off-shelf 
winter-averaged (January-March) nitrate concentration increased from less than 1 mmol m −3 in the south sectors 
(e.g., Celtic Sea) to more than 2 mmol m −3 in the north (e.g., Rockall-Malin, Hebrides). This spatial variability 
in the winter cross-shelf nitrate gradients suggest that cross-shelf exchange processes, (e.g., advective and diffu-
sive processes), are likely to make a larger contribution to the pre-spring shelf surface nitrate supply in the north 
compared to the south.

In the north, due to weak vertical nitrate gradients (Nz) within the depth range of maximum winter mixing, 
interannual variability in the depth of the winter MLD only slightly affects the interannual variations of the 
pre-bloom ocean nitrate recharge and cross-shelf nitrate transport (Figure 7b). Nevertheless, due to high N and 
strong Nx following the deepest winter mixing, advective and/or diffusive ocean-shelf exchange processes (e.g., 
Ekman transport, eddy transport) can contribute significantly to the total pre-bloom nitrate supply to the north-
ern shelves. In the south, Nz is large before winter mixing, strong interannual variability in the deepest winter 
mixing can therefore result in large interannual variations of N and Nx near the shelf break (Figure 7c). However, 
the overall pre-bloom oceanic nitrate supply to the southern shelves is limited by low N and weak (negative) Nx.

The cross-shelf transport regimes suggest that interannual variability of the winter oceanic nitrate supply to the 
shelf depends not only on the strength/direction of winter winds, but also the deepest winter mixing and the verti-
cal nitrate distributions in the ocean nitrate pools near the shelf edge. Therefore, future changes in winter atmos-
pheric and ocean conditions (e.g., winds, storms, subsurface temperature, water masses) due to, for example, a 
poleward shift in the North Atlantic eddy-driven jet stream (Woollings & Blackburn, 2012) and/or changes in the 
strength and position of the Subpolar Gyre (Clark et al., 2022), could modulate the importance of winter oceanic 
nitrate supply to spring bloom in shelf seas.

Figure 7.  (a) Latitude-dependent regimes in the winter cross-shelf surface Ekman nitrate transport 𝐴𝐴
(

𝑇𝑇𝑁𝑁𝐸𝐸𝐸𝐸

)

 following the maximum ocean nitrate recharge along the 
North West European Shelf edge. Arrows indicate the direction and magnitudes (mean and standard deviations) of 𝐴𝐴 𝐴𝐴𝑁𝑁𝐸𝐸𝐸𝐸

 for each sector (2000–2021). The March nitrate 
climatology at 200 m depth from the World Ocean Atlas is shaded and the 200 m isobath contoured in black. (b, c) Schematic diagrams showing two different winter 
cross-shelf nitrate transport regimes in the north (Rockall-Malin and Hebrides shelves) and south (Armorican Shelf and Celtic Sea).
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4.2.  Pre-Bloom Nitrate Concentration Changes on the Northern Shelves

In the Hebrides Shelf and Rockall-Malin sectors, 62% of the surface waters originate in the Atlantic Ocean during 
prevailing westerly wind conditions (Jones et al., 2018). Over the winter months, the shelf nitrate pool in these 
sectors increases by ∼1–2 mmol m −3 (Figures 2c and 2d, orange solid lines). In this section, we attempted to 
quantify the contribution of winter on-shelf surface Ekman transport to the pre-bloom increase in shelf nitrate 
concentration (ΔN) for these sectors.

By assuming a constant cross-shelf nitrate gradient near the shelf break during the winter months, we can esti-
mate an upper bound of ΔN driven by the on-shelf winter surface Ekman transport:

Δ𝑁𝑁 =
∫ 𝑇𝑇𝑉𝑉𝐸𝐸𝐸𝐸

(𝑁𝑁𝑜𝑜𝑜𝑜𝑜𝑜 −𝑁𝑁𝑜𝑜𝑜𝑜)𝑑𝑑𝑑𝑑

𝐵𝐵𝐵𝐵𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

.� (4)

Here, Dshelf ∼ 100 m is the averaged water depth of the outer shelves. B is the width of the outer shelf, which is 
∼50 km in Sector 4 (Rockall-Malin, orange arrow in Figure S4 in Supporting Information S1) and 100 km in 
Sector 5 (Hebrides Shelf). 𝐴𝐴 𝐴𝐴𝑉𝑉𝐸𝐸𝐸𝐸

 is the cross-shelf winter surface Ekman transport. Non and Noff are the on-shelf 
and off-shelf nitrate concentrations during the winter months, respectively. Comparing the on-shelf (NSBC) and 
off-shelf (WOA) nitrate climatology allows a rough estimate of the winter cross-shelf nitrate difference on the 
Rockall-Malin and Hebrides shelves (Figures 2c and 2d), with Noff − Non ≈ 2 mmol m −3.

Integrating the surface Ekman transport across the Rockall-Malin Shelf (Sector 4) for the period from February 
to April, as explained in the following paragraph, results in a 1.1 mmol m −3 increase in the nitrate concentration 
within the mixed shelf water column averaged between 2000 and 2021 (𝐴𝐴 𝐴𝐴𝑉𝑉𝐸𝐸𝐸𝐸

= 0.7 m 2 s −1). On the Hebrides 
Shelf (Sector 5), the average winter surface Ekman transport (𝐴𝐴 𝐴𝐴𝑉𝑉𝐸𝐸𝐸𝐸

= 0.4 m 2 s −1) results in a smaller increase in 
the nitrate concentration: ΔN = 0.6 mmol m −3. These estimates suggest that winter surface Ekman transport may 
contribute to more than 50% of the pre-bloom nitrate recharge in these sectors. However, these estimates do not 
account for any changes in the cross-shelf nitrate gradients during these 3 months, nor do they include nitrate 
losses through off-shelf drainage in the bottom Ekman layer or from sedimentary denitrification. They should 
therefore be considered an upper limit on the possible increase in the shelf nitrate pool over the winter months 
driven by the surface Ekman transport.

Equation 4 suggests that the prebloom surface Ekman transport of nitrate onto the shelf depends strongly on the 
difference between the on-shelf (Non) and off-shelf (Noff) nitrate concentrations established following the deepest 
winter mixing. Hence, the overall contribution of the winter surface Ekman transport to the prebloom on-shelf 
nitrate supply can vary significantly with the timing of the maximum winter MLD and the timing of the onset 
of strong stratification in spring. These timings determine when cross-shelf nitrate gradients are strongest and 
cross-shelf transport most effective compared to vertical mixing processes (e.g., internal waves). Between the 
Malin-Hebrides sectors (Sectors 4–5), the nitrate concentrations in surface waters reach the maximum between 
February and March (Figures 2c and 2d), and the sharpest decreases of N occur in April. Hence, we deduce that 
surface Ekman transport during February-April may be of most relevance to the pre-bloom cross-shelf nitrate 
transport in these sectors.

4.3.  Limitations

Our study identifies clear latitudinal differences in the magnitude, direction and interannual variability of the 
winter wind-driven cross-shelf transport along the NW European shelf. Nevertheless, several limitations exist in 
the quantification of the winter surface MLD, nitrate recharge, and their possible contributions to the prebloom 
on-shelf nitrate supply. These limitations are associated with limited data availability, for example, subsurface 
temperature and nitrate concentrations near the shelf break during winter, and nitrate concentrations on the shelf 
during winter-spring.

Moreover, whilst spring primary production in shelf seas requires oceanic origin nutrient transport onto the 
inner shelf regions, the annual shelf nutrient budget and the magnitude of the spring bloom are sensitive to other 
biological and physical processes on the shelf (e.g., nutrient recycling, internal tides, bottom Ekman transport), 
which are not considered in this study. Between the Armorican Shelf and Bay of Biscay, for example, eddies play 
an important role in the cross-shelf exchange (Akpınar et al., 2020; Porter et al., 2016), particularly at mid-depths. 
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In the central Celtic Sea, where 90% of the nitrate pool is estimated to be of oceanic origin, in March 2015 only 
25% was considered to have been recently supplied; up to 62% was accounted for by recycling of organic nitrogen 
(Ruiz-Castillo et al., 2019). Near the Faroe-Shetland Channel, winter nitrate concentration strongly corresponds 
with the local wind direction (Pätsch et al., 2020), which is not considered here by using the nitrate climatology.

5.  Conclusions
Nutrient availability at the start of the spring phytoplankton bloom in temperate shelf seas is an important control 
on the magnitude of spring primary production, which varies between years. Based on an objective analyses of 
subsurface ocean temperatures, a nitrate climatology, and an atmosphere reanalysis product, we investigated 
interannual variations of the pre-bloom oceanic nitrate concentration following deep winter mixing (i.e., nitrate 
recharge) along the NW European shelf edge and the wind-driven cross-shelf Ekman nitrate transport.

We found clear differences between the northern and southern sectors in the magnitude and interannual varia-
bility of both the depth of maximum winter mixing and nitrate recharge. The maximum depth of winter mixing 
increases between the Armorican Shelf in the south (∼150–600  m) and Rockall-Malin sector further north 
(∼600–900 m). North of the Wyville Thomson Ridge, in the Faroe-Shetland sector the winter MLD is shallower 
(∼200–300 m). This south-to-north difference results in smaller winter ocean nitrate recharge in the southern 
sectors (Armorican Shelf, Celtic Sea) than that in the north (Rockall-Malin and Hebrides shelves). However, the 
interannual variations in the maximum winter MLD, as well as the vertical nitrate gradients within the range of 
maximum MLDs, are much larger in the south than further north. For this reason, the interannual variability in 
the ocean nitrate recharge and cross-shelf nitrate gradients near the shelf break are substantially larger in the south 
compared to the north.

The magnitude and direction of the winter cross-shelf surface Ekman nitrate transport also strongly depend on 
the latitude as a result of the south-to-north differences in the shelf break orientation. The winter surface Ekman 
nitrate transport in the southern sectors is off-shelf (average ∼3.7–5.4 mmol m −1 s −1). Near Porcupine Sea Bight, 
the surface Ekman transport changes from on-shelf to off-shelf from year to year (average 1.1 mmol m −1 s −1). 
In the north, near Rockall-Malin and Hebrides shelves, the on-shelf surface Ekman nitrate transport is the larg-
est among all sectors (6.9–13.1 mmol m −1 s −1). Near the Faroe-Shetland channel, the averaged on-shelf winter 
surface Ekman transport is 6.6 mmol m −1 s −1.

Our study reveals large spatial and interannual variability in the contributions of winter mixing and wind-driven 
cross-shelf Ekman nitrate transport to the interannual variability in the pre-bloom oceanic nitrate supply to 
temperate shelf seas. This implies that the maximum winter mixing and cross-shelf nitrate gradients near the shelf 
edge can potentially control the relative importance of winter oceanic nitrate supply to spring biomass produc-
tion on the adjacent shelf. Whilst our study clearly identifies differing cross-shelf transport regimes between the 
north and south, the sparsity of nutrient measurements and reliance upon a monthly nitrate climatology placed 
limitations on our analysis. We are unable to account for factors such as the interannual variability in the nitrate 
concentrations within the ocean nitrate pool or the strength of vertical nitrate gradients. These factors could be 
driven by changes in the source and pathways of subpolar and subtropical origin waters that are advected across 
the North Atlantic towards the shelf edge. Also, our timeseries of MLD for each sector relaxes to a climatological 
value where no direct observations of temperature were made, introducing unknown biases in some years. These 
limitations highlight the need for sustained biogeochemical and hydrographic sampling both on- and off-shelf, at 
a frequency of at least every month, to enable the full suite of physical and biogeochemical processes that deter-
mine variability in nitrate supply to the shelf to be better quantified and understood.

Data Availability Statement
All data used in this study are freely available online. The monthly subsurface temperature was obtained from the 
EN4 quality controlled ocean data (Good et al., 2013), https://www.metoffice.gov.uk/hadobs/en4/. The monthly 
climatologies of nitrate concentration, temperature and salinity were downloaded from the World Ocean Atlas 2018 
(Boyer et al., 2018), https://www.ncei.noaa.gov/access/world-ocean-atlas-2018/. The monthly averaged surface 
stress data was obtained from the ERA5 global reanalysis (Hersbach et al., 2020): https://cds.climate.copernicus.
eu/cdsapp#!/dataset/reanalysis-era5-single-levels-monthly-means?tab=overview. The monthly climatologies of 
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nitrate concentration on and off the shelf break were calculated from the North Sea Biogeochemical Climatology 
(Hinrichs et al., 2017), available at https://www.cen.uni-hamburg.de/en/icdc/data/ocean/nsbc.html.
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