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Abstract Transport mechanisms between the deep ocean and adjacent continental shelf seas play an
important role in the spatial distribution of nutrient delivery to the coastal ocean and in the temporal variability
of shelf biogeochemical processes. Along the North West European Shelf (NWES) edge, nutrient‐rich waters of
oceanic origin are found below the mixed layer, representing a potential nutrient source for fueling new
production on the shelf. We find persistent cross‐isobath geostrophic transport integrated over along‐isobath
segments of the NWES edge in hydrographic climatologies and altimetric sea surface height gradients. This
transport is O(1 cm/s), has little vertical structure, and is onshore along the entire extent of the 200 m isobath,
except along the southern rim of the Norwegian Trench. Despite strong temporal variability in the shelf‐edge
hydrography on seasonal to decadal timescales, changes in the ocean‐shelf geostrophic transport are subtle. This
is due to a persistent large‐scale steric sea surface slope along the shelf edge. The geostrophic flow induces local
depth‐integrated cross‐isobath nitrate fluxes of O(1–10 mmol/m/s). This is similar in magnitude to the winter
wind‐driven nitrate transport, but is much less variable at seasonal and inter‐annual time scales. Variability in
the geostrophic advection of nitrate is thus determined by the ocean‐shelf nitrate gradient's variability, rather
than by the cross‐isobath flow's variability. Geostrophic transport may therefore be an important baseline
component of the nutrient and carbon budgets on the NWES and other continental shelves, and should be
considered in their long‐term response to climate‐scale forcing.

Plain Language Summary Deep ocean waters typically contain high concentrations of nutrients
(such as nitrate) that marine algae, plants at the base of the marine ecosystem, need to grow. On the North West
European Shelf (NWES), these nutrient‐rich waters originate far away from the coast, but are brought to
shallower regions by subtle ocean flows much weaker than strong currents like the Gulf Stream. We study a
particular transport mechanism associated with gentle slopes in the sea surface that exist along the NWES edge,
which, due to the Earth's rotation, produce ocean currents across the NWES edge (i.e., toward the coast or away
from it). We find that although these currents move at just a few centimeters per second, they are remarkably
persistent across different seasons, years, and decades, and can therefore have substantial impacts on marine
ecosystems. Because they change so little in time, their effect on coastal nutrient concentrations in different
regions of the NWES is determined by ocean‐shelf contrasts in nutrient concentrations (rather than by the water
flow itself). This subtle mechanism plays an important role in sustaining the NWES’ ecosystem, and is likely
relevant for understanding how other shelf seas function and respond to climate change.

1. Introduction
Physical and biogeochemical properties in the coastal ocean are strongly influenced by exchanges with the
adjacent deep ocean. Despite accounting for only ≈7% of the global ocean's surface area (e.g., Simpson &
Sharples, 2012), continental shelves are major contributors to atmospheric carbon dioxide sequestration, par-
ticulate carbon export, and other fluxes in the global carbon cycle (Roobaert et al., 2024, and references therein).
Further, most of the dissolved nitrogen that fuels new primary production in the coastal ocean originates from the
deep ocean (Liu et al., 2010). The ecosystems sustained by this shelf sea primary production provide >90% of
global commercial fisheries (Pauly et al., 2002; Stock et al., 2017), as well as being an integral part of other sectors
of the blue economy and coastal livelihoods across the global coastal ocean.

In the North West European Shelf (NWES), oceanic water masses originating from the North East North Atlantic
are often found on the shelf (e.g., Graham et al., 2018; Porter et al., 2018; Huthnance et al., 2022; Wei et al., 2024).
These nutrient‐rich oceanic waters support primary production, and have been observed to be associated with
elevated surface chlorophyll‐a concentrations (e.g., Porter et al., 2018, their Figure 2). As a result, oceanic
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intrusions also contribute to the NWES’ carbon budget, which mediates atmospheric CO2 drawdown, particulate
carbon burial, and carbon export to the adjacent deep ocean (e.g., Wakelin et al., 2012; Legge et al., 2020).

These oceanic water intrusions are often driven by a combination of physical mechanisms, rather than by a single
mechanism. The NWES is a case in point, where surface and bottom Ekman transports, barotropic tides, internal
tides, high‐frequency internal waves, mesoscale eddies/meanders, and interaction between the along‐isobath
geostrophic flow and irregular topography are all known to be relevant (Huthnance et al., 2022). Their impor-
tance for nitrate transport depends on the shelf edge segment being considered. For example, winter wind‐driven
Ekman transport is off‐shelf in the Celtic Sea and Armorican Shelf, and on‐shelf farther north (Wei et al., 2024,
hereafter W24). Higher‐frequency processes such as internal tides and nonlinear internal waves have been
observed in particular locations (Huthnance et al., 2022; Moncuquet et al., 2025; Spingys et al., 2020). However,
the contributions of these processes to cross‐shelf volume or nutrient transport in a shelf‐wide sense are unknown.
Considering this complex combination of exchange processes, it is also unclear what will drive variability in the
NWES’ circulation and biogeochemical cycles in a changing climate.

Imprints of climate‐scale changes in North Atlantic circulation and water masses could have important effects.
Warmer and more saline waters of subtropical origin have had an increased presence in the Rockall Trough in
recent decades (a phenomenon sometimes called “subtropicalization”, e.g., Clark et al., 2022), resulting in
modified shelf‐edge circulation and inflows into the North Sea (Marsh et al., 2017). These inflows may weaken
significantly by 2100, making the North Sea stagnant and more vulnerable to eutrophication and hypoxia (Holt
et al., 2018). Another large‐scale change observed along the NWES edge happened in the mid‐2010s, when a
major low‐salinity anomaly formed in the North Atlantic due to anomalous wind‐driven Subpolar Gyre circu-
lation (Holliday et al., 2020).

In this work, we examine and quantify geostrophic ocean‐shelf transport across the NWES edge at seasonal and
decadal timescales, using historical in situ hydrographic data, climatologies, and satellite‐derived sea surface
height measurements. We find the presence of persistent, large‐scale along‐isobath pressure gradients linked to
sea surface slopes, which support cross‐isobath geostrophic transports associated with important ocean‐shelf
nutrient fluxes. We first describe our data sets and analysis methods in Section 2, and present results in Sec-
tion 3. In Section 4, we discuss the broader significance of our results in the context of ocean‐shelf transport on the
NWES, and conclude with a summary of our findings in Section 5.

2. Data Sets and Methods
To quantify geostrophic ocean‐shelf transports, we analyze variability along the 200 m isobath (the NWES edge).
To compare our results with W24's, we divide the NWES edge into six segments following their definition
(Figure 1a): Armorican Shelf (AS), Celtic Sea Shelf (CSS), Porcupine Sea Bight Shelf (PSBS), Malin Shelf (MS),
Hebrides Shelf (HS), and West Shetland Shelf (WSS). We also add a further segment to the east (North East North
Sea Shelf, NENSS), along the southern rim of the Norwegian Trench.

2.1. Objectively‐Mapped Climatologies

We use 1/4° gridded fields (1° for nitrate) from the World Ocean Atlas 2023 climatology (objectively‐mapped
following Levitus et al., 2012) to examine the along‐shelf distribution of temperature (Locarnini et al., 2024),
salinity (Reagan et al., 2024), nitrate (Garcia et al., 2024), and geostrophic cross‐isobath transports. We derive
Conservative Temperature Θ, Absolute Salinity SA and potential density anomaly σ0 using the Thermodynamic
Equation of State for Seawater (TEOS‐10). The geographic correction to SA has weak spatial variability and hence
negligible effects on density gradients. We then interpolate these fields to the 200 m isobath contour extracted
from version 2.7 of the SRTM15+ data set (IGPP, 2025; Tozer et al., 2019) and smoothed with a 75 km running
mean in the along‐isobath direction to filter out small‐scale topographic features unresolved by the WOA23
fields. We use the WOA23 seasonal averages and decadal/near‐decadal averages (1975–1984, 1985–1994, 1995–
2004, 2005–2014 and 2015–2022). Nitrate measurements are even more sparse than temperature and salinity
measurements (Figure S1 in Supporting Information S1), and the mapped nitrate fields are only available as
seasonal averages. We therefore do not examine the decadal variability of the shelf‐edge nitrate distribution and
its cross‐isobath transports. Mapped fields are available at the standard WOA vertical levels, with vertical spacing
varying from 5 m near the surface to 25 m at the 200 m depth level (the shelf edge isobath). All fields are
interpolated to a uniform 5 m vertical grid. Figure 1a shows the potential density distribution at 200 m depth.
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To better constrain nitrate concentrations on the shelf, we use the annual (1960–2014) North Sea Biogeochemical
Climatology (NSBC, Hinrichs et al., 2017). The data set covers most of the NWES (except for the Armorican
Shelf segment in the south), and is based on quality‐controlled temperature, salinity, and biogeochemical mea-
surements in the 1960–2014 period derived from eight data sources. The climatology has a 1/4° lateral resolution
and 22 vertical levels with variable vertical spacing (5 m near the surface and 32 m near 200 m). The NSBC fields
include monthly seasonal averages and the 1960–2014 long‐term mean, both in bin‐averaged (Level 2, Figure S2
in Supporting Information S1) and objectively‐mapped (Level 3) formats. Following W24, we focus on the Level

Figure 1. Time‐mean density structure and surface geostrophic flow on the NWES. (a) Potential density at 200 m depth from
the WOA23 climatology. (b) Mean Dynamic Topography from the regional 1/16° Copernicus Marine Environment
Monitoring Service product and surface absolute geostrophic velocity vectors. Vectors with magnitude smaller than the local
interpolation error are masked out. Gray lines are the 200 and 1000 m isobaths, and the thick red line is the smoothed 200 m
isobath used in the shelf‐edge analyses. AS = Armorican Shelf, CSS = Celtic Sea Shelf, PSBS = Porcupine Sea Bight Shelf,
MS = Malin Shelf, HS = Hebrides Shelf, WSS = West Shetland Shelf, NENSS = North East North Sea Shelf, NT
= Norwegian Trench.
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2 data for seasonal estimates of nitrate concentrations on the shelf to avoid mapping artifacts in data‐sparse areas
of the NWES.

2.2. Bin‐Averaged Shelf‐Edge Climatology

We supplement our time‐averaged analyses with a new along‐isobath climatology constructed following a
method based on Jones et al. (2023). This is done to refine the shelf‐edge analysis and assess the effects of
isotropic spatial smoothing associated with WOA23's objective mapping scheme. The main quality‐controlling
steps involve a local range test (any measurements outside of a 5 standard deviation envelope at each depth
level are rejected) and a density inversion test (any profiles with density inversions greater than 0.03 kg/m3 over
20 dbar are rejected). For details, see Jones et al. (2023, their Figure S2).

To construct the gridded fields, we search for all quality‐controlled temperature and salinity profiles in the EN4
data set (Good et al., 2013) found inside a running isobath‐following polygon, for each point along the 200 m
isobath spaced in 20 km steps. To account for the anisotropy of topography‐following flow, the polygon is 100 km
long in the along‐isobath direction and 10 km wide in the cross‐isobath direction (8 km offshore and 2 km inshore
of the 200 m isobath). The cross‐isobath asymmetry of the polygon is based on typical inshore (<5 km) and
offshore (≈10 km) first surface deformation radii on the NWES (LaCasce & Groeskamp, 2020, their Figure 8) and
observed Slope Current cross‐isobath scales (Fraser et al., 2022, their Figure 6). Where there are less than 5 valid
profiles within the polygon, the along‐isobath length is increased in 50 km increments (up to 300 km) until at least
5 profiles are found. The profiles are then density‐sorted to remove density inversions associated with intense
turbulence at the shelf edge, and the shallowest valid data point between 10 m and the surface is repeated up to
0 m. The profiles are then distance‐weighted using a Gaussian function to prevent spatial biasing by isolated
segments with denser data coverage.

2.3. Satellite Altimetry

To examine the sea level distribution along the shelf edge and to reference cross‐isobath baroclinic transports, we
use the regional Mean Dynamic Topography (MDT, CMEMS, 2024b) and Absolute Dynamic Topography (ADT,
CMEMS, 2024a) products for the European seas distributed by the CMEMS. These Level 4 multi‐satellite MDT/
ADT products apply tidal corrections and Dynamic Atmospheric Correction steps that include filtering out high‐
frequency (periods <20 days) barotropic wind‐driven signals, and static atmospheric pressure loading (i.e., the
inverted barometer effect). The MDT and ADT maps are constructed based on the calibration and objective
mapping procedure described in Pujol et al. (2016). The data sets are provided on a 1/16° grid covering the
NWES in the 1993–2024 period. The MDT (Figure 1b) is a 1993–2012 average that has shown good agreement
with independent in situ measurements with a ≈20 km spectral noise floor (CMEMS, 2024b), significantly finer
than the ≈100 km effective resolution found in global L4 ADT products (Ballarotta et al., 2019). The MDT and
ADT are respectively associated with the time‐mean and time‐varying surface geostrophic circulation.

2.4. Diagnostic Quantities

To examine the seasonal variability in the density structure and whether it has an effect on the cross‐isobath
transports, we use metrics for the along‐isobath stratification (depth‐integrated density gradient magnitude)
and vertical stratification (Potential Energy Anomaly (PEA)). We also decompose the sea surface height into
density (steric) and mass (manometric) change components to determine whether the along‐isobath pressure
gradients (and the associated cross‐isobath geostrophic flow) are related to changes in local shelf stratification or
advective changes (e.g., Wise et al., 2024). We detail these diagnostic metrics below.

2.4.1. Stratification

Defining (x,y, z) respectively as the cross‐isobath, along‐isobath, and vertical coordinates, we quantify the time‐
mean shelf edge stratification and its seasonal cycle using two metrics: For the geostrophically‐balanced cross‐
isobath flow's magnitude, we use the depth‐averaged along‐isobath density gradient magnitude |∂yρ|, and for the
water column's vertical stratification, we use a form of the PEA (e.g., Simpson & Bowers, 1981) based on the
depth‐averaged potential density, that is,
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PEA(y) = −
g
h
∫

0

− h
z[ρ(SA, Θ) − ρ(SA,Θ)] dz, (1)

where g is gravity, h = 200 m is the bottom depth, ρ( y, z) is density, SA is Absolute Salinity, and Θ is Con-
servative Temperature, and ρ is the depth‐averaged density. The PEA quantifies the amount of work necessary to
homogenize a stratified water column locally, and is a useful diagnostic for shelf vertical stratification. It has been
estimated in regions of the NWES from observations and model fields (e.g., Holt & Proctor, 2008; Jones
et al., 2018; Holt et al., 2022).

2.4.2. Steric Sea Surface Height

We compare the total sea level measured by satellite altimetry with the sea surface height due to density (steric)
effects. The steric contribution to sea level can be estimated by starting from hydrostatic balance, that is,

∂zp = − g(ρ0 + ρʹ), (2)

where p is pressure, and ρʹ( y, z) ≡ ρ( y, z) − ρ0 is a perturbation density relative to ρ0 = 1027.5 kg/m3

(a Boussinesq reference density). Integrating Equation 2 from the bottom z = − h = − 200 m to the surface
z = η( y) and neglecting the small term ∫

η
0 ρʹ/ρ0 dz gives the following expression for η (e.g., Wang et al., 2018):

η( y) =
pb́ − pa
gρ0⏟⏞⏞⏟
ηm

−
1
ρ0
∫

0

− h
ρʹ dz

⏟̅̅⏞⏞̅̅⏟
ηs

, (3)

where pa is the surface (atmospheric) pressure and pb́ = pb − gρ0h is the bottom pressure perturbation. Equa-
tion 3 splits the total sea level η into a dynamic manometric component ηm, associated with mass loading from the
combined water and air columns (see Piecuch et al., 2022, for details), and a steric component ηs, associated with
the depth‐integrated density structure.

3. Geostrophic Transport Across the Shelf Edge
In this section, we analyze the along‐isobath and temporal variability of the geostrophic transport across the
NWES shelf edge and the mechanisms maintaining it. We begin by examining the time‐averaged (1975–2024)
and seasonal shelf‐edge hydrography, cross‐isobath geostrophic transport and its relation to the along‐isobath sea
surface height structure in Section 3.1, as well as the associated ocean‐shelf nitrate fluxes in Section 3.2. We then
examine decadal variability of the geostrophic transport in Section 3.3.

3.1. Seasonal Stratification and Cross‐Isobath Geostrophic Flow

The hydrography at the NWES edge has important along‐isobath gradients. From the southern Armorican Shelf
(segment 1) to the northern West Shetland Shelf (segment 6), warm and saline Eastern North Atlantic Water
(ENAW) originating from the adjacent deep ocean occupies the shelf edge (e.g., W24 and Figures 2f, 2k, and 2p).
ENAW has been observed on the Malin Shelf, transported onshore by the Atlantic Inflow Current (Porter
et al., 2018). A hint of this intrusion pathway seems to be visible in the mean surface geostrophic circulation
(Figure 1b at 56°N, 9°W). East of Shetland, fresher water influenced by mixing with the Baltic Outflow (BO) is
found along the edge of the North East North Sea Shelf (NENSS, segment 7), along the southern rim of the
Norwegian Trench.

This mean shelf‐edge stratification has pronounced seasonal variability (e.g., Holt & Proctor, 2008; Ruiz‐Castillo
et al., 2019; Figures 2f–2y). Strong wintertime surface heat loss and winds nearly homogenize the water column
along most of the shelf edge's extent (Figure 2, second column). In the summer, a developed pycnocline in the
upper ≈100 m exists (Figure 2, fourth column), with onset and erosion in the spring and autumn, respectively
(Figure 2, third and fifth columns). But despite these seasonal changes in vertical stratification, robust along‐
isobath density gradients persist, both in the annual average and across all seasons. Less dense water is pre-
sent toward the south, especially south of the Rockall Trough (off of the AS and CSS edge) and toward the
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northeast, just offshore of the NENSS edge. Between these two density minima, denser water occupies the shelf
edge adjacent to the Faroe‐Shetland Channel and the WSS edge (Figures 1a and 2p–2t).

The 1975–2024 time‐mean bulk vertical stratification (quantified by the PEA, Equation 1) in the warmer southern
segments (1, 2) and in the fresher NENSS (7) is 2–5 times stronger than in the central section of the shelf edge
(segments 3–6, Figure 2u). The PEA values are consistent with other observational estimates on the NWES (Holt
et al., 2022; Jones et al., 2018). The along‐isobath lateral density gradient magnitudes |∂yρ| vary by similar
amounts, but on shorter scales. Importantly, while the shelf edge‐averaged PEA increases by a factor of 11 from
winter to summer, |∂yρ| is more persistent, changing only by a factor of 1.8 (Figures 2v–2y). So while the only

Figure 2. Time‐mean and seasonal hydrographic variability along the NWES edge from the bin‐averaged shelf‐edge climatology. (a–e) Vertical mean of valid EN4 data
points used in each along‐isobath bin. Gray lines are the 200 and 1000 m isobaths. (f–j) Conservative Temperature Θ, (k–o) Absolute Salinity SA, (p–t) potential density
anomaly σ0, and (u–y) Potential Energy Anomaly and vertically‐averaged along‐isobath density gradient magnitude |∂yρ|, smoothed with a 200 km‐wide running mean.
The columns respectively group, from left to right, the annual mean (1975–2024), winter, spring, summer, and autumn climatological fields. Vertical dashed lines are the
segment boundaries indicated as black dots on panels (a–e), and enumerated 1–7 on panel (c). ENAW = Eastern North Atlantic Water, BO = Baltic Overflow.
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permanently vertically‐stratified segment is the NENSS, thermal wind‐
balanced cross‐isobath flow is present year‐round in all segments.

The low and high density shelf edge regions are collocated with high and low
mean sea level, respectively (Figure 1b), suggesting that much of the mean sea
level variability along the shelf edge is steric (see also Wise et al., 2024).
Figure 3a compares the 1993–2024 time‐mean ηADT from satellite altimetry
with the ηs derived from the new EN4‐based shelf‐edge climatology
(Figure 2p) and the WOA23 climatology. For the time‐mean fields, the
squared correlation coefficient between ηADT( y) and ηs( y) derived from the
EN4 (WOA23) climatology is 0.83 (0.90), indicating that the large‐scale sea
level structure along the shelf edge is mostly determined by along‐isobath
steric variations rather than by the manometric component known to be
dominant in a shelf‐averaged sense (Wise et al., 2024). The EN4‐based ηs is
bin‐averaged, and thus includes smaller‐scale structure than the WOA23‐and
ADT‐based fields. The WOA23‐derived ηs has higher correlation with the
ADT because both fields were constructed with objective mapping tech-
niques, thus filtering smaller spatial scales (Ballarotta et al., 2019; Levitus
et al., 2012). While they miss smaller‐scale along‐isobath structure, the EN4
profile density is too low to support finer resolutions everywhere, and finer
resolutions would approach the time‐mean local deformation radius in some
segments. We therefore use the WOA23 along‐isobath fields to better
combine the hydrographic and altimetric fields to derive geostrophic veloc-
ities. The absolute geostrophic cross‐isobath velocity u⊥

g ( y, z) can be diag-
nosed from the along‐isobath density and sea level structures:

u⊥
g ( y, z) =

1
f
∂yΦs

⏟⏞⏞⏟
u⊥
gbc( y,z)

+ u⊥
g0( y), (4)

where f is the Coriolis parameter, Φs = ∫
p

0 δ dp is the surface‐referenced geopotential anomaly due to the water
column's density structure (with δ being the specific volume anomaly calculated with the TEOS‐10), and
u⊥
gbc( y, z) is the baroclinic cross‐isobath velocity relative to the sea surface. The surface geostrophic velocity

u⊥
g0 ≡ −

g
f ∂yηADT (shown in Figure 3b) is derived from the ADT. The large‐scale flow is generally on‐shelf

between the AS and the WSS and off‐shelf in the NENSS with several local reversals. Importantly, along‐
isobath gradients in η are remarkably persistent year‐round, making u⊥

g0 very steady. The along‐isobath median
of the u⊥

g0 standard deviation is 0.27 cm/s, significantly smaller than the O(1 cm/s) mean amplitudes in most
along‐isobath locations. The WSS has localized larger on‐shelf/off‐shelf geostrophic velocities of up to 6 cm/s.
Rather than developing localized slopes during particular seasons, the entire sea surface structure “breathes” up
and down preserving a coherent along‐isobath structure (Figure 3a). This picture is consistent with dominant
modes of shelf‐wide sea level variability in the NWES (Diabaté et al., 2025; Wise et al., 2024).

Figures 4a–4e show the cross‐isobath geostrophic flow's vertical structure. Like the surface flow, it has weak
seasonal variability and is mostly onshore from the AS to the WSS and offshore in the NENSS, with magnitudes
of O(1 cm/s). It also has little vertical shear, with the amplitude of the absolute geostrophic velocity u⊥

g being
typically 2–10 times greater than the baroclinic geostrophic velocity relative to the surface, u⊥

gbc. Some vertical
structure in u⊥

gbc develops near the surface over the spring/summer with the pycnocline's formation and enhanced
freshening of the NENSS. This causes a modest increase in the offshore velocity in the NENSS and a similar
increase in the onshore velocity elsewhere (Figures 4c and 4d). But these seasonal departures from the annual
mean are small (Figures 4b–4e, the medians of the seasonal anomalies' absolute values are ≤0.1 cm/s), suggesting
that the sea surface height variability measured with satellite altimetry gives a good proxy for the depth‐integrated
cross‐isobath transport's structure along the NWES edge.

Figure 3. Seasonal sea surface height and surface geostrophic velocity along
the NWES edge. (a) Satellite‐derived time‐averaged Absolute Dynamic
Topography ηADT (seasonal and annual averages) and steric height ηs,
derived from the EN4 along‐isobath climatology (dotted magenta line) and
from WOA23 (red line, shading indicates ±1 standard deviation about the time
mean). (b) Surface geostrophic cross‐isobath velocity (positive onshore)
associated with ηADT (shading indicates ±1 standard deviation about the time
mean).
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3.2. Ocean‐Shelf Geostrophic Nitrate Transport

The shelf‐edge nitrate concentration has a more complex structure (Figures 4f–4j). Mean nitrate values near the
surface are low, ≈3 mmol/m3 toward the south (AS/CSS) and northeast (NENSS) ends of the 200 m isobath, and
about twice as large in between. Near the bottom, nitrate concentrations are higher, around 10 mmol/m3. Con-
centrations also have significant seasonal variability, with a winter (summer) excess (deficit) of 1–5 mmol/m3

relative to the annual mean. In the HS, the climatological nitrate concentration (≈10 mmol/m3 in the winter and
≈5 mmol/m3 in the summer) is consistent with high‐resolution moored measurements taken in 2017–2018
(Johnson et al., 2024, their Figure 4b).

In a depth‐averaged sense, shelf‐edge annual‐mean nitrate increases by ≈3 mmol/m3 between the AS and WSS,
with NENSS concentrations marginally lower (Figure 5a). Although the nitrate distribution along the shelf edge
changes, the steadiness of the cross‐isobath velocity's structure results in a persistent on‐shelf/off‐shelf nitrate
transport pattern (Figures 5b and 5d). Depth‐integrated nitrate transport averaged within segments is onshore
between AS and WSS (ranging from 5.5 mmol/m/s to 27.4 mmol/m/s), and strongly offshore in the NENSS
(− 37.5 mmol/m/s), along the Norwegian Trench's southern rim. The seasonal standard deviations are everywhere
O(1 mmol/m/s), emphasizing the persistence of this nitrate transport mechanism. The seasonal variation is more
significant in the western NWES (PSBS, MS, HS, WSS) due to the smaller mean values (standard deviation
≈20%–40% of the mean value), and less significant in the AS, CSS, and NENSS (standard deviation ≈10% of the
mean value).

The nitrate concentrations on the shelf, averaged between the 200 and 100 m isobaths (Nshelf) are mostly
1–5 mmol/m3 lower than at the shelf edge (Nocean), except for the WSS and NENSS in the winter (dashed
lines in Figure 5a). This cross‐shelf nitrate gradient is essential for an actual nitrate change on the shelf,
since the strength of the ocean‐shelf geostrophic transport u⊥

g is irrelevant if off‐shelf and on‐shelf nitrate
concentrations are the same. We therefore quantify the depth‐averaged nitrate transport convergence (across
a typical cross‐shelf distance Lx)

Figure 4. Vertical structure of cross‐isobath geostrophic velocity (a–e) and nitrate concentration (f–j) along the NWES edge. (a) Time‐mean absolute geostrophic
velocity u⊥

g (positive onshore). (b–e) Seasonal anomalies of the baroclinic geostrophic velocity, u⊥
gbc, relative to its annual mean. (f) Time‐mean nitrate concentration.

(g–j) Seasonal nitrate concentration anomalies. In panels (a–e), the black contours are isopycnals, while in panels (f–j) they indicate nitrate concentrations.
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TgN ≡ −
1
h
∫

0

− h
u⊥
g × (Nshelf − Nocean)/Lx dz, (5)

averaged within each segment in Figure 5c. We use Lx = 100 km as a representative distance between the 200 and
100 m isobaths (Figure 5d), and note that variations in Lx across segments may introduce factors of ≈1/2 to ≈ 2 in
TgN. Between the CSS and the HS, TgN is positive in all seasons, varying between 0.2 − 2.7 × 10− 7 mmol/m3/s.
Without nitrate sinks such as biological uptake by phytoplankton, this nitrate flux would result in a volume‐
averaged concentration increase of 0.2–2.1 mmol/m3 over 3 months. The magnitude of this variation is impor-
tant, considering that the observed seasonal amplitude of the near‐bottom nitrate concentration in the middle and
outer shelf is ≈2–4 mmol/m3 (Ruiz‐Castillo et al., 2019, W24). For comparison, combining typical nitrate con-
centrations in the HS (Figure 5a) with eddy diffusivity coefficient estimates (Huthnance et al., 2022, their Table 10)
yields diffusive nitrate flux convergence values that are an order of magnitude smaller than our geostrophic nitrate
transport convergence estimates.

In the WSS (NENSS), the nitrate transport convergence TgN increases to ≈ 6.7 × 10− 7 mmol/m3/s
(≈− 6.8 × 10− 7 mmol/m3/s) in the spring and summer. In both the WSS and the NENSS, the ocean‐shelf nitrate
gradient switches sign in the winter (shelf nitrate concentrations become ≈2 mmol/m3 greater than offshore,
Figure 5a), temporarily contributing to a nitrate decrease (increase) in the WSS (NENSS). The WSS and NENSS
fluxes approximately cancel each other, but still impact the local shelf nitrate tendencies. While these fluxes are a
reliable source/sink of nitrate, the redistribution of nitrate between different regions of the NWES depends on the
details of the shelf circulation and biogeochemistry, which we are unable to examine with our data sets.

3.3. Interannually Persistent Cross‐Isobath Geostrophic Flow

The seasonal cross‐isobath flow patterns at the shelf edge (Figure 3b) are also found at longer timescales. Figure 6
shows decadal averages of the ADT ηADT and the surface cross‐isobath geostrophic flow u⊥

g0. Similarly to the
seasonal variability, u⊥

g0 has been steady since the start of the altimetry record with decadal changes smaller than
1 cm/s, as the large‐scale structure of ηADT mostly preserves the along‐isobath gradients associated with cross‐
isobath flow. Between 1995 and 2022, the along‐isobath averaged ηADT has risen at an average rate of
2.2 mm/year, close to the ≈3 mm/year trend observed in global mean sea level (e.g., Nerem et al., 2018;

Figure 5. Nitrate concentration and ocean‐shelf geostrophic transport averaged in different NWES segments. (a) Depth‐averaged nitrate concentration, where solid lines
are WOA23 averages along the 200 m isobath (Nocean) and dashed lines are NSBC area‐averages of all nitrate profiles between the 200 and 100 m isobaths within each
segment (Nshelf) . For Nshelf , profiles with depth‐averaged salinity smaller than 34.5 are excluded, and spatial averages are only calculated for segments with more than 20
profiles available in a given season. (b) Depth‐integrated cross‐isobath geostrophic nitrate transport across the 200 m isobath (positive onshore). (c) Depth‐averaged ocean‐
shelf nitrate transport convergence (positive means nitrate increase on the shelf). (d) Depth‐averaged annual mean nitrate concentration between the surface and 200 m or
the bottom, whichever is shallower (color scale and black contours). Nitrate concentrations are from WOA23 (NSBC) gridded fields offshore (inshore) of the 200 m
isobath. The red (yellow) line is the 200 m (100 m) isobath. Shelf‐edge depth‐integrated nitrate transports (black line in panel (b)) are plotted as arrows (green onshore, blue
offshore). The numbers shown in the boxes adjacent to the arrows are the annual mean ± the standard deviation, in mmol/m/s.
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Frederikse et al., 2020). In contrast, the steric component ηs (not shown) has
risen only by 0.38 mm/year in the same period. This is a 17% contribution to
the total NWES edge sea level change, significantly smaller than the globally‐
averaged estimates of 36% (Frederikse et al., 2020, their Table 1) or 56%
(Nerem et al., 2018, their Table 2). So although the large‐scale along‐isobath
sea surface height gradients are mostly determined by the steric component's
spatial structure (Figure 3a), the along‐isobath mean and its seasonal and
decadal changes in recent decades have been controlled by NWES‐wide mass
changes, that is, the manometric component. This result is consistent with the
finding that local and remote winds are important drivers of these mass
fluctuations on monthly‐to‐decadal timescales (Diabaté et al., 2025; Wise
et al., 2024), where the manometric component dominates over the steric
component (Wise et al., 2024). The trend also reflects global mass inputs to
the ocean.

Despite the steadiness in the shelf‐edge sea‐level gradients and geostrophic
transport patterns, the NWES edge hydrography has experienced significant
inter‐decadal variability in the past five decades. Figure 7 shows decadal
anomalies (1975–1984, 1985–1994, 1995–2004, 2005–2014, 2015–2022) of
shelf‐edge hydrography (Θ, SA, σ0) and baroclinic cross‐isobath flow, u⊥

gbc

relative to the 1975–2022 mean. Since the late 1990s, the NWES edge has
seen strong warming (likely associated with a greater presence of subtropical

waters in the Rockall Trough, e.g., Clark et al., 2022), with associated salinification between 1995 and 2014. The
2015‐2022 decade, on the other hand, shows the imprint of a major low salinity event that originated in the
Subpolar North Atlantic in the mid‐2010s (Holliday et al., 2020) and was observed in the northern Rockall Trough
around 2017 (Fraser et al., 2022). However, the density change caused by this event is very uniform along the
shelf edge (Figure 7o), and the magnitude of the associated u⊥

gbc changes (<0.5 cm/s, Figure 7t) is similar to the
magnitude of seasonal anomalies (Figures 4b–4e) and to the surface u⊥

g decadal variations observed in the
altimetry era (Figure 6b). The decadal u⊥

gbc anomalies since 1975 (Figures 7p–7t) are generally not strong enough
to cancel the time‐mean geostrophic flow locally (Figure 4a).

This picture suggests that the imprint of large‐scale Subpolar North Atlantic changes on the cross‐isobath
geostrophic flow may be less significant than the variations in the ocean‐shelf nitrate gradients (Figure 5) for
the convergence of ocean‐shelf transports and temporal changes in shelf nitrate levels. Deep‐ocean nitrate
concentrations adjacent to the NWES edge show interannual variations of 1–2 mmol/m3 in the western and
northern segments (from PSBS to NENSS) and up to 4–5 mmol/m3 in the southern segments AS and CSS (see
W24's Figure 5 and Section 1). This should be taken as speculative though, as there do not seem to be published
estimates of the ocean‐shelf nitrate gradient variability at interannual and longer timescales.

4. Discussion
In the following, we compare our geostrophic transport estimates in the NWES to previous results on wind‐driven
nitrate transports and discuss their implications in a broader context in Section 4.1. We then discuss the reasons
for the persistent signature of geostrophic cross‐isobath transport in Section 4.2, consider the potential relevance
of the process to other regions in Section 4.3, and discuss the limitations involved in our analysis in Section 4.4.

4.1. Geostrophic and Wind‐Driven Ocean‐Shelf Transport Mechanisms

While the geostrophic cross‐isobath flow represents a reliable on‐shelf nitrate transport mechanism across most of
the NWES, the wind‐driven circulation is more variable. The time‐mean winds are downwelling‐favorable, with
onshore (offshore) surface (bottom) Ekman transport north of the CSS. When combined with deep mixed layers
extending below the shelf edge's depth in late winter, the on‐shelf Ekman transport is a source of nitrate for the
shelf (W24). The AS and CSS segments tend to have more upwelling‐favorable winds (e.g., Graham et al., 2018;
Huthnance et al., 2022), resulting in offshore winter nitrate Ekman transport (W24).

Figure 6. Decadally‐averaged sea surface height and surface geostrophic
velocity along the NWES edge. (a) Satellite‐derived time‐averaged Absolute
Dynamic Topography (ηADT). (b) Surface geostrophic cross‐isobath velocity
(positive onshore) associated with ηADT. Shadings (panels (a, b)) indicate ±1
standard deviation about each decadal time mean.
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It is therefore useful to compare our winter geostrophic transport estimates with W24's wind‐driven Ekman
transport estimates (Table 1). W24 find off‐shelf wind‐driven nitrate transports of − 3.7 mmol/m/s and
− 5.4 mmol/m/s in the AS and CSS, respectively. The winter onshore geostrophic transports (14.8 mmol/m/s and
6.4 mmol/m/s) compensate part of this off‐shelf flow, making the combined (geostrophic + wind‐driven) nitrate
transport on‐shelf. The geostrophic transport in the south is also on‐shelf during the rest of the year, and the cross‐
shelf nitrate gradient is negative (Figure 5). The combined mechanisms thus represent an annually‐averaged

source of nitrate for the southern NWES. From the PSBS to the HS, both
processes are associated with on‐shelf, convergent nitrate transports, thus also
representing a nitrate source for the western NWES. This is also the case in
the WSS between spring and autumn, but the ocean‐shelf nitrate gradient
switches sign in the winter (Figures 5a–5c). This creates a net nitrate sink for
the WSS during the winter. In the NENSS, The sea surface slopes upward
toward the Baltic Sea, sustaining off‐shelf geostrophic flow (Figures 3 and 6).
This removes nitrate from the shelf between spring and autumn (when the
ocean‐shelf nitrate gradient is negative), but that process reverses during the
winter (Figures 5a–5c). To our knowledge, cross‐isobath wind‐driven nitrate
transport estimates are not available for the NENSS edge.

A key distinction between the two mechanisms is that shelf‐edge surface
Ekman transport is a strongly seasonal nitrate delivery mechanism that de-
pends on wintertime deep mixed layers and strong winds, while the
geostrophic transports are present year‐round. The dominant source of

Figure 7. Decadal variability along the NWES edge. (a–e) Conservative Temperature Θ, (f–j) Absolute Salinity SA, (k–o) potential density anomaly σ0, and baroclinic
geostrophic velocity u⊥

gbc (p–t). The color scale in each row is the decadal anomaly relative to the long‐term (1975–2022) mean. The black contours overlaid are the Θ,
SA, σ0, and u⊥

gbc values for each decade. In panels (p–t), only the u⊥
gbc = 0 contour is plotted.

Table 1
Comparison Between NWES Segment‐Averaged Winter Wind‐Driven and
Geostrophic Nitrate Transports, in mmol/m/s (Positive on‐Shelf)

Segment Wind‐drivena Geostrophic Combined

AS − 3.7 14.8 11.1

CSS − 5.4 6.4 1.0

PSBS 1.1 15.7 16.8

MS 13.1 5.4 18.5

HS 6.9 7.3 14.2

WSS 6.6 18.4 25.0

NENSS – − 34.5 ‐
aFrom Wei et al. (2024)'s Figure 7a.
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seasonal variability in NWES geostrophic ocean‐shelf nitrate exchange is thus the cross‐shelf nitrate gradient
(Figures 4b–4e, 5a, and 5c). At interannual timescales, W24 find significant variation in shelf‐edge nitrate
concentrations, as well as in wind‐driven Ekman volume and nitrate transports (especially in the southern seg-
ments, their Figures 5 and 6). Future changes in wind patterns and storminess in the Eastern North Atlantic and the
NWES could have impacts on the wind‐driven nitrate recharge through changes in the on‐shelf volume transport,
the winter mixed layer depth, or both (W24).

In a more eutrophic NWES, ocean‐shelf nitrate gradients might weaken or even reverse. While there are
insufficient nitrate measurements to estimate the ocean‐shelf nitrate gradient variability at decadal timescales, the
sensitivity of geostrophic nitrate transport convergence to the cross‐shelf nitrate gradient means that ocean‐shelf
geostrophic nitrate transport (and potentially other mechanisms) might weaken in future climates. This is a
possible scenario for the North Sea, which is projected to become significantly more stagnant, hypoxic, and
eutrophic by 2100 under some future climate scenarios. This possible regime shift is linked to a weakened
geostrophic ocean‐shelf volume transport caused by the presence of fresher North Atlantic waters and associated
changes in the topographically‐steered geostrophic NWES edge circulation (Holt et al., 2018).

From a modeling perspective, low‐frequency cross‐isobath geostrophic transports should be relatively compu-
tationally affordable to simulate, as the scales involved do not require eddy‐resolving resolutions. However, the
versions of the Atlantic Margin Model with 7 and 1.5 km horizontal resolution (AMM7 and AMM15, respec-
tively) show differences in the interior cross‐isobath transport (part of which is geostrophic) that can be partly
attributed to AMM15's improved representation of stratification, bathymetry, and the European Slope Current,
which influence the magnitude and position of shelf‐edge pressure gradients (Graham et al., 2018).

There is also the possibility of change in deep‐ocean nitrate concentrations. Biogeochemical North Atlantic
simulations suggest a potential decrease of ≈1–4 mmol/m3 in annual maximum nitrate concentrations at the
NWES edge by the 2090s (Kelly et al., 2025, their Figure 3h). This emphasizes the need to understand both
biogeochemical and circulation changes to predict the effects of deep‐ocean imprints of North Atlantic variability
on the NWES's carbon pump at climate scales, as it depends on nitrate primarily sourced from the adjacent deep
ocean.

4.2. Why Is the Ocean‐Shelf Geostrophic Transport so Persistent?

The remarkable persistence of cross‐isobath geostrophic transport patterns along the NWES edge is linked to
steady along‐isobath sea surface gradients (Figures 3 and 6). Although the mean along‐isobath structure of the sea
surface is mostly steric (Figure 3a), its temporal changes along the shelf edge and on the shelf follow large‐scale
modes of variability, controlled both locally by Ekman volume transport convergence on the NWES and remotely
via perturbations originating upwave of the NWES, along the Portuguese coast (Calafat et al., 2012; Diabaté
et al., 2025; Wise et al., 2024). These signals are transmitted quickly along the boundary by Kelvin and coastal‐
trapped wave modes with phase speeds O(1 m/s), and thus take O(10 days) or less to cover the entire extent of the
NWES edge (e.g., Hughes et al., 2019). These short time scales are consistent with the observed along‐isobath
uniformity of seasonal and inter‐annual sea surface height variations, as the adjustment process largely pre-
serves the along‐isobath gradients (and hence the cross‐shelf geostrophic flow) at these time scales.

4.3. Ocean‐Shelf Geostrophic Nitrate Transport in Other Regions

It is useful to consider whether ocean‐shelf geostrophic nutrient transport might also be important in other re-
gions. Classical eastern boundary systems with large‐scale alongshore pressure gradients such as the California
Current System (e.g., Connolly et al., 2014) are likely candidates, and the geostrophic flow may complement the
seasonal wind‐driven upwelling. Western boundary current systems also have large‐scale meridional baroclinic
pressure gradients that sustain cross‐isobath and vertical transport (Liao et al., 2022). In a western boundary shelf
(South China Sea) decadal variability of the cross‐isobath geostrophic transport has been attributed to the along‐
isobath pressure gradient's variations in response to El Niño‐Southern Oscillation‐related forcing (Song
et al., 2025). A primary knowledge gap appears to be the implications of these cross‐isobath flows for nitrate
fluxes, especially on interannual and longer timescales. Our NWES results show that even modest cross‐isobath
flow can result in important nitrate input for the continental shelf, suggesting that this nutrient supply mechanism
should be investigated in other regions.
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4.4. Limitations

The main limitation of this work comes from the sparsity of available observations. The climatological fields
(WOA23 hydrography and gridded satellite altimetry) are constructed using objective‐mapping techniques that
tend to smooth spatial variability. However, since along‐isobath decorrelation scales are much longer than cross‐
isobath scales on the shelf (e.g., Brink, 2023), along‐isobath structure can be estimated with greater accuracy than
cross‐isobath structure, considering the same sparse data distribution. The fact that the bespoke bin‐averaged EN4
climatology captures the same large‐scale along‐isobath features as the objectively‐mapped climatologies
(Figure 3a) gives confidence in this approximation, but some cross‐isobath variability could still remain in the
along‐isobath distributions. The coverage of the historical nitrate measurements (Figures S1 and S2 in Supporting
Information S1) also limits analysis of the temporal nitrate variability beyond seasonal means (see also W24 and
Hinrichs et al., 2017), and some NWES segments lack a minimum number of profiles to produce meaningful
averages. For example, we are only able to estimate the on‐shelf nitrate concentration in the PSBS segment in the
spring (Figure 5a and Figure S2 in Supporting Information S1). The ocean‐shelf nitrate gradient might also be
sensitive to the choice of inshore isobath (100 m), but available cross‐shelf resolving measurements (e.g., Ruiz‐
Castillo et al., 2019; Painter, 2024) suggest modest cross‐shelf nitrate gradients between the 200 and 100 m
isobaths.

Another limitation is that the data sets are not available on the same time periods. The ADT, WOA23/EN4, and
NSBC data sets cover respectively the 1995–2022, 1975–2022, and 1960–2014 periods. However, considering
the steadiness of the cross‐isobath geostrophic velocity derived from the decadal altimetry and hydrography fields
and the weak decadal nitrate variability in the deep ocean since 2000 (W24's Figure 5), we believe the impact of
the different time periods on the geostrophic velocities and geostrophic nitrate transports is small.

It is also worth considering how resolving higher frequency/smaller scale processes might influence our results.
At sub‐seasonal timescales, we expect mesoscale eddies and coastal‐trapped wave modes to project on the density
and sea surface height fields, which could lead to important net nitrate transports if those changes covary with
nitrate fluctuations. Eddies can induce cross‐isobath nitrate transport by cross‐isobath advection or isopycnal
stirring (e.g., Stewart & Thompson, 2016). At seasonal to decadal timescales, smaller‐scale motions (smaller than
≈40–50 km) can also influence along‐isobath pressure gradients, especially topographically‐steered along‐iso-
bath flows associated with unresolved shelf‐edge features such as canyons.

5. Summary and Conclusions
We find evidence of persistent ocean‐shelf geostrophic volume and nitrate transports in the North West European
Shelf (NWES) from climatological fields and satellite altimetry. These transports are maintained by a large‐scale
steric sea surface structure associated with lighter water masses present at both ends of the NWES edge (Figure 1).
Warmer Eastern North Atlantic Water occupies the southern and western segments of the NWES edge, and
fresher Baltic outflow‐influenced waters occupy its northeast end, along the southern rim of the Norwegian
Trench (Figures 2f, 2k, and 2p). Despite strong changes in vertical stratification due to seasonal homogenization
and re‐stratification, lateral density gradients and sea surface slopes have weak variability (Figures 2f–2y, and 3a).
The weakly‐varying sea surface slopes and lateral density gradients result in seasonally‐persistent surface cross‐
isobath geostrophic flow patterns, with weak vertical shear (Figures 3b and 4a–e).

Nitrate distributions show stronger seasonality, both along the shelf edge and on the shelf (Figures 4f–4j, 5a). As a
result, seasonality in ocean‐shelf nitrate gradients dominates cross‐shelf nitrate transport convergence, and hence
potential temporal changes in shelf nitrate concentrations. In the northern segments of the NWES, the ocean‐shelf
nitrate gradient reverses in the winter, thus reversing the local nitrate tendency on the shelf (Figures 5a–5c). The
magnitude of the geostrophic transports is O(1–10 mmol/s) of nitrate per meter along‐isobath distance, similar to
that of winter nitrate recharge by wind‐driven Ekman transport (Figures 5b–5d, Table 1, W24). Importantly,
however, the geostrophic ocean‐shelf transport is steady year‐round, while the wind‐driven nitrate recharge is a
wintertime mechanism.

At decadal timescales, the surface cross‐isobath velocity and the sea surface height structure show a persistence
similar to that observed at seasonal timescales, with the shelf‐edge sea surface rising uniformly at a rate close to
that of the global mean sea level (Figure 6). The NWES edge hydrography does show important decadal changes
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related to the imprint of gyre‐scale processes in the Subpolar North Atlantic, such as the recent subtropicalization
of water masses in the Rockall Trough (e.g., Clark et al., 2022) and the large freshwater anomaly in the mid‐2010s
(e.g., Holliday et al., 2020). However, these steric imprints on the NWES edge result only in modest changes in
steric height and cross‐isobath geostrophic shear/transport, partly because the stratification changes have large
along‐isobath scales (Figure 7). This is consistent with the idea that the shape of the along‐isobath sea surface
height is set by time‐mean density gradients modulated by shelf‐wide, wind‐driven modes of sea surface height
variability transmitted by fast Kelvin and coastal‐trapped waves (Diabaté et al., 2025; Hughes et al., 2019; Wise
et al., 2024).

The picture that emerges is that of a perennial cross‐shelf geostrophic circulation that represents a reliable source
of new nitrate for the southern and western NWES, with wintertime reversals in the northern NWES associated
with changes in ocean‐shelf nitrate gradients. This low‐frequency mechanism adds to our present understanding
of ocean‐shelf exchange on the NWES, where the contributions of several other processes have been estimated
(e.g., Huthnance et al., 2022, and references therein, W24). Figure 8 summarizes our main findings schematically.

While shelf‐wide estimates of exchange processes and their biogeochemical effects often require closed budgets
derived from numerical models (e.g., Wakelin et al., 2012), mechanistic understanding of individual processes is
essential for evaluating the realism of model estimates and for understanding their physical drivers. This un-
derstanding is thus necessary for predicting changes in circulation, primary production, atmospheric CO2
drawdown, carbon burial, and carbon export to the deep ocean on the NWES and other continental shelves, with
significant implications for the global carbon cycle (Legge et al., 2020; Roobaert et al., 2024). Geostrophic cross‐
isobath transport is likely an important component of these fluxes and their climate‐scale variability on the
NWES, and potentially elsewhere in the global coastal ocean.
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Figure 8. Schematic representation of the mechanisms involved in ocean‐shelf geostrophic nitrate transport on the NWES.
The ( x̂, ŷ, ẑ) directions are respectively cross‐isobath (positive onshore), along‐isobath (positive toward the Baltic Sea), and
vertical (positive upward). (a) Along‐isobath/vertical view (y, z). (b) Horizontal plan view (x, y). The large‐scale slope in sea
surface height η is indicated schematically, along with the sign of the depth‐averaged cross‐isobath geostrophic flow (u⊥

g ) and of
the nitrate tendency due to geostrophic cross‐shelf nitrate transport convergence/divergence (∂tN). Red (blue) indicates the
autumn/spring/summer (winter) nitrate tendency regime. AS = Armorican Shelf, CSS = Celtic Sea Shelf, PSBS = Porcupine
Sea Bight Shelf, MS = Malin Shelf, HS = Hebrides Shelf, WSS = West Shetland Shelf, NENSS = North East North Sea Shelf.
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Data Availability Statement
Code necessary to reproduce all results is available from https://github.com/apaloczy/xshelfGeostrophicTranspo
rtNWES, archived under https://doi.org/10.5281/zenodo.18199136. The World Ocean Atlas 2023 temperature,
salinity, and nitrate data sets are available from the National Centers for Environmental Information/NOAA
website, https://www.ncei.noaa.gov/access/world‐ocean‐atlas‐2023/ (Garcia et al., 2024; Locarnini et al., 2024;
Reagan et al., 2024). The North Sea Biogeochemical Climatology is available from the University of Hamburg
website, https://www.cen.uni‐hamburg.de/en/icdc/data/ocean/nsbc.html (Hinrichs et al., 2017). The EN4 tem-
perature and salinity profile data set includes the bias correction from Gouretski and Reseghetti (2010) and is
available from UKMO (2025). The regional ADT and MDT products for European seas are distributed by the
Copernicus Marine Environment Monitoring Service (CMEMS, 2024a; CMEMS, 2024b). The SRTM15+ data
set is available from the Institute of Geophysics and Planetary Physics (IGPP, 2025).
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