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Abstract Shelf seas act as a significant sink of carbon within the global ocean. This occurs as carbon
is exported beneath the permanent oceanic thermocline through the downwelling circulation across the
shelf break. This downwelling circulation is quantified here using two regional ocean model configurations
of the European northwest shelf, with differing resolution (7- and 1.5-km grid spacing). The dominant
mechanisms and impact of model resolution are assessed along the length of the shelf break. The total
downwelling circulation is stronger at higher resolution, due to an increased on-shelf transport at internal
depths (20–150 m) and increased off-shelf transport at the base of the water column. At internal depths,
these differences increase seasonally, influenced by stratification. Key processes in cross-shelf exchange only
begin to be resolved at O(1 km), implying that global models currently used to assess the carbon cycles will
be missing these processes.

Plain Language Summary Shallow seas over continental shelves have a large impact on the
global environment, acting as a sink in the global carbon cycle. Despite their importance, shelf seas are not
well represented in global climate simulations. Climate models struggle to reproduce exchange between
the shelf seas and deep ocean, due to the combination of large and small-scale processes involved. Around
the European northwest shelf, water typically flows onto the continental shelf (toward the coast) in the
surface ocean and off-shelf (toward the deep ocean) at the bottom. This downwelling circulation allows
carbon to be exported into the deep ocean, away from the atmosphere. The strength of the downwelling
circulation is calculated here using two ocean models with different horizontal resolution (7- and 1.5-km grid
spacings). These models represent different processes, dependent on their resolution. The higher-resolution
model (1.5-km grid spacing) is found to have a stronger downwelling circulation, and these differences
increase seasonally during the summer. This shows that small-scale processes, which are missing in lower
resolution models, have a large impact on exchange between the shelf seas and deep ocean. These
processes are missing in many global models used for long-term climate projections.

1. Introduction

Shelf seas have a disproportionately large impact on the global environment. Turbulence, mixing, and river
runoff provide a large source of nutrients, fueling increased productivity (e.g., Muller-Karger et al., 2005). Shelf
seas then act as a net carbon sink, as carbon drawn down from the atmosphere can be isolated from the
surface and exported off shelf into the deep ocean (e.g., Bauer et al., 2013; Chen & Borges, 2009; Frankignoulle
& Borges, 2001; Laruelle et al., 2014). Accurate simulation of exchange between the shelf seas and deep ocean
is therefore not only important for understanding the local shelf environment but also critical for accurate
representation of the global climate and carbon cycle.

Despite their importance, shelf seas are still not well represented in many climate models (e.g., Holt et al.,
2017). Downwelling circulation occurs around the European northwest shelf (NWS), with net on-shelf trans-
port in the upper layer and off-shelf transport at the base of the water column. Many mechanisms contribute
to shelf break exchange. Previous studies have focused on a two-layer circulation, balanced between a
wind-driven surface layer and bottom Ekman layer (e.g., Holt et al., 2009). Small-scale processes, such
as eddies, fronts, and internal tides, are known to have a significant role but have not been resolved in
coarser-resolution models (∼10-km resolution; e.g., Huthnance, 1995; Huthnance et al., 2009).

As key processes in cross-shelf exchange only begin to be resolved at O(1 km), coarser-resolution regional
models, as well as global models used to assess the carbon and water cycle, are likely missing key processes.
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Higher-resolution models (<1-km grid spacing) are regularly used to study shelf break processes on local
scales, for example, at the Celtic and Malin shelf edges (e.g., Aslam et al., 2017; Stashchuk & Vlasenko, 2017;
Vlasenko et al., 2014). These models are valuable for process understanding but cannot be used to determine
shelf-wide transport budgets. A new generation of regional models has been developed, with kilometer-scale
resolution across the entire NWS domain (Graham et al., 2018; Guihou et al., 2018). In this study, downwelling
across the NWS is assessed with two regional models of differing resolution. This demonstrates the potential
impact of resolving small-scale processes, for shelf break exchange across the region.

2. Model Description and Simulations

This study uses two regional model configurations of Nucleus for European Modelling of the Ocean, at ver-
sion 3.6 stable (Madec, 2016). These configurations have been developed through the U.K. Joint Weather and
Climate Research Programme, for operational ocean forecasting as well as ongoing scientific research. The
existing operational domain is known as AMM7 (Atlantic Margin Model, 7-km resolution), with previous ver-
sions validated in O’Dea et al. (2012, 2017). A new domain, with increased horizontal resolution, has recently
been developed. AMM15 (1.5-km resolution) has been introduced and validated by Graham et al. (2018) and
will become operational in November 2018. Aside from the horizontal grid, AMM15 and AMM7 share many
features and parameterizations. Key differences and similarities are outlined here.

AMM15 bathymetry and coastline are derived from EMODnet (EMODnet Portal, September 2015 release).
Increased resolution allows increased detail to be represented in the model’s bathymetry. This can enable
improved representation of small-scale processes, particularly along the shelf break (e.g., Aslam et al., 2017).
AMM7 bathymetry is derived from the coarser North West Shelf Operational Oceanographic System (NOOS)
data set.

Both models use the same z∗-𝜎 coordinate system (Siddorn & Furner, 2013), with 51 vertical levels.
Terrain-following coordinates are fitted to a smoothed envelope bathymetry, with the level of smoothing
based on a specified rmax value (where r = (hi − hi+1)∕(hi + hi+1) and hi,i+1 are adjacent bathymetry points).
For AMM15, rmax was chosen to be 0.1, compared to 0.24 in AMM7. AMM15 has rougher bathymetry, resolv-
ing steeper gradients and canyons along the shelf break, so this lower value was chosen to ensure stability,
without the need to smooth the input bathymetry.

With similar vertical resolution, vertical parameterization schemes remain similar in the two configurations.
The generic length-scale scheme is used to calculate turbulent viscosities and diffusivities (Umlauf & Burchard,
2003). Dissipation under stable stratification is limited using the Galperin limit of 0.267 (Holt & Umlauf, 2008).
Bottom friction is controlled through a log layer, with a minimum drag coefficient of 0.0025 for both AMM15
and AMM7.

Horizontal resolution in AMM15 is sufficient for resolving the internal Rossby radius on the shelf. Therefore,
only minimal eddy viscosity is applied in the lateral diffusion scheme. For momentum and tracers, bi-Laplacian
viscosities are applied on model levels using coefficients of 6 × 107 and 1 × 105 m4/s, respectively. For AMM7,
as the Rossby radius is not resolved, additional viscosity and eddy diffusivity are parameterized. Bi-Laplacian
viscosity is applied on model levels for momentum, with a coefficient of 1 × 1010 m4/s. Horizontal eddy dif-
fusivity is applied for tracers, with a coefficient of 50 m2/s. Further information surrounding the core model
configurations can be found in Graham et al. (2018) and O’Dea et al. (2017).

For this study, a 2-year simulation was run using both configurations, for 2012–2013. In addition to these,
monthly simulations were run for each January and July during 1994–2011. Each simulation was initialized
from long hindcasts for each respective model (running for 1980s onward), with >8 years spin-up prior to
January 1994. Initial conditions differ between the two models, dependent on biases within the spun-up state.
However, both models have been forced with the same surface and Atlantic ocean boundaries, with the aim
of minimizing such differences. Both models were run without data assimilation. Surface forcing was provided
by the European Centre for Medium-Range Weather Forecasts (ECMWF) atmospheric reanalysis product,
ERA-Interim (Dee et al., 2011). Boundary conditions for the Atlantic are provided by the Global Seasonal Fore-
cast System (GLOSEA) version 5 (Jackson et al., 2016; MacLachlan et al., 2015). Baltic boundary forcing differs
between the two models, given by a mean climatology in AMM7, compared with daily forcing in AMM15
(Graham et al., 2018). For both models, full-depth output is obtained at hourly intervals throughout
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Figure 1. (a) Bathymetry across the AMM15 domain. Black dashed (solid gray) lines show location of shelf break for AMM15 (AMM7), defined as 200-m isobath,
with gates at northern and southern limits. Red crosses indicate sections used for further analysis (section 3.2.2). (b, c) Shelf break flux per unit depth (m2/s), for
AMM15 (blue) and AMM7 (red). Positive values indicate flux in the on-shelf direction. Panels show (b) the mean flux over 2012–2013 and (c) the monthly mean
fluxes over 1994–2013 for January (dotted) and July (dashed lines). Profiles shown are integrated along the shelf break shown in (a), excluding the gates. AMM =
Atlantic Margin Model.

2012–2013, as well as additional monthly simulations, to resolve transport across the shelf break and seasonal
variability during this period.

3. Results
3.1. Total Downwelling Circulation
Understanding the total downwelling circulation is critical for understanding cycling of water masses and
nutrients across the NWS. Following previous studies, the shelf break is defined as the 200-m isobath
(Figure 1a). At the northern and southern limits of the region, gates extend to the Norwegian and French
coastlines. These close the region, allowing calculation of total fluxes onto and off the shelf. The location of the
shelf break and gates differs slightly between the two models, due to differing model grids and bathymetry
(Figure 1a; Graham et al., 2018); however, the same end points are used for total transport calculations, to
enable model comparison. Total downwelling circulation is calculated as the net flux within the upper 150 m
along the shelf break, compared to the net flux within the base of the water column (>150 m). This transport
has been integrated along the shelf break and averaged over 2012–2013. The total downwelling circulation
across the NWS is then 1.37 ± 0.24 Sv for AMM15 and 1.13 ± 0.15 SV for AMM7. AMM15 has a stronger
downwelling circulation by 0.23 Sv, equivalent to a 21% increase from AMM7.

While the gates enable a closed transport to be calculated, the mechanisms responsible for transport along
the Brittany coast and within the Norwegian Trench (NT) differ to those acting along the shelf break (primar-
ily due to differing bathymetry). Therefore, to assess variability with depth, and mechanisms responsible for
increased transport, fluxes have been summed along the shelf break (200-m isobath), excluding the gates.
The resulting depth profiles (Figure 1b) show increased on-shelf flux in the upper portion of the water column
and increased off-shelf flux in the base, consistent with an increased downwelling circulation.

In this study, the water column will be assessed within three depth sections. These will be referred to as the
surface (<20 m), internal region (20–150 m), and base of the water column (>150 m). Transport within each
section is dominated by different processes. These are analyzed in turn in section 3.2. Note that unless stated
otherwise, any flux values that follow refer to totals calculated excluding the gates, for 2012–2013. Transport
through the gates will be discussed in section 3.2.4.

3.2. Mechanisms for Shelf Break Exchange
3.2.1. Surface Fluxes
While the total downwelling circulation and depth profiles may differ, both models have a similar flux within
the surface layer (<20 m; Figure 1b). The net on-shelf flux is 0.52 ± 0.08 Sv in AMM15 and 0.54 ± 0.08 Sv in
AMM7. This suggests that both models have similar representation of surface fluxes along the shelf break,
despite their different resolutions.
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Figure 2. Time-mean volume fluxes integrated over depth. Panels show fluxes in (a–d) surface layer, <20 m; (e–h) internal depths, 20–150 m; and (i–l) base of
the water column, >150 m. Each shaded marker represents the integrated flux (104 m3/s) along ∼60 km of the shelf break, for AMM15 (a, e, and i) and AMM7
(b, f, and j). Panels c and d, g and h, and k and l show the cumulative flux (Sv≡ 106 m3/s) with latitude (excluding the gates), for both AMM15 (blue) and AMM7
(red). Panels show (c, g, and k) mean fluxes over 2012–2013 and (d, h, and l) comparisons for January (vertical) and July (horizontal markers) over 1994–2013.
Filled markers indicate total cumulative flux for the respective simulations at that depth. Note that the shelf break in AMM15 is longer than AMM7, so the
number and position of markers is not consistent between panels.

The surface layer lies above the typical position of the pycnocline (Guihou et al., 2018). Fluxes here are then
likely dominated by wind-forced Ekman transport. Prevailing southwesterly winds lead to a net on-shelf flux
in the Ekman layer, due to the along-shelf component of wind stress. The average along-shelf component
of surface stress in the ocean is approximately 0.012 N/m2 in AMM15 and 0.016 N/m2 in AMM7 (note that
the shelf break is longer in AMM15, particularly along corrugated bathymetry around the Celtic Sea). This
implies an Ekman transport of approximately 0.44 Sv for AMM15 and 0.45 Sv for AMM7. The majority of surface
transport can then be attributed to Ekman transport.

The similarity in net surface fluxes is then not surprising since both models use the same surface forcing
(ERA-Interim). Both models also show similar seasonal variability, consistent with stronger winds during win-
ter (Figure 1c). Figures 2a–2d show the regional variability of surface fluxes along the shelf break. Stronger
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Figure 3. Mean barotropic current speed (m/s) for 2012–2013, for (a) AMM15, (b) AMM7, (c) AMM15 minus AMM7 anomaly, and (d) proportional anomaly,
(AMM15 to AMM7)/AMM7. Contours are shown in panels (a, b) 200-m isobath for respective models (gray) and (c, d) 200-m isobath for AMM15 (gray) and AMM7
(blue).

on-shelf transport is found where the shelf break is aligned with prevailing southwesterly winds and increases
during winter (Figure 2d).

Minor differences in surface stress likely occur due to the relative strength and direction of surface currents.
Larger differences between the two models may occur on smaller spatial or temporal scales, as differences
in surface currents become more significant. The total absolute flux in the surface layer shows an increase of
∼20% from AMM7 to AMM15 during 2012–2013 (not shown). Therefore, while there is negligible difference in
net flux, exchange of material across the shelf break does increase. Increased resolution of fine-scale currents
is visible in AMM15 compared to AMM7 (Figures 3a and 3b). However, on the spatial and temporal scales
considered here, wind forcing dominates the net surface transport.
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3.2.2. Internal Fluxes
Internal fluxes are defined here as those within 20- to 150-m depth and are considered to be dominated by
processes other than surface or basal Ekman forces. The net fluxes in this region are on shelf for both models
but stronger in AMM15 (Figure 1b). The fluxes are 1.52 ± 0.16 Sv in AMM15, compared with 1.14 ± 0.08 Sv
in AMM7, equivalent to a 31% increase. Both models have similar depth profiles in January, but differences
between the two are amplified in July, predominantly at internal depths (Figure 1c). This internal transport
forms a large majority of the total on-shelf flux.

While both models have similar representations of the large-scale circulation, resolution is likely to affect the
representation of small-scale features. For example, the representation of bathymetry along the shelf break
may affect the slope current, and increased resolution will allow AMM15 to resolve submesoscale processes
(Guihou et al., 2018). All these factors may contribute to AMM15 having increased transport at internal depths.

Figures 2e–2h show the spatial variability of internal shelf break fluxes. Both models have similar mean fluxes
and variability along the southern portion of the shelf break. However, AMM15 has much larger fluxes along
the northern portion (>58∘N; Figures 2g and 2h). Overall, there is an increased current speed in AMM15, com-
pared with AMM7 (Figure 3). This is consistent with AMM15 resolving more submesoscale processes, such as
eddies and fronts, throughout the deeper ocean. Along the shelf break, observations of the slope current have
shown a speed of approximately 0.1–0.3 m/s, increasing toward to the north (Huthnance, 1995; Pingree et al.,
1999; Souza et al., 2001). Both models reproduce this spatial variability, but the current is stronger in AMM15,
coinciding with increased shelf break fluxes.

The slope current is believed to be driven by the combined effects of a meridional density gradient, wind
forcing, and steep bathymetry (Huthnance, 1995; Marsh et al., 2017). Changes in current speed may then arise
due to a combination of these factors. Despite the same boundary forcing, model biases and therefore density
gradients may differ between the two configurations (Graham et al., 2018). However, the increased resolution
of bathymetry in AMM15 is also likely to be a significant factor. This likely also accounts for shifts in position
of the slope current, visible as dipoles in the anomaly field between ∼ 58∘N and 62∘N (Figure 3c).

Both models show evidence of potential meanders in their slope currents, particularly along the northern
half of the shelf break (Figures 3a and 3b). There is little evidence of increased persistence of such mean-
ders in AMM15, compared with AMM7, with little increase in currents crossing the shelf break (Figures 3c
and 3d). However, the increased speed in AMM15 suggests that any instabilities that do occur could result in
increased transport.

Internal tides can be generated as the water column moves up and down across the continental slope with
the barotropic tide. Displacement of the pycnocline generates oscillations that propagate away from the shelf
break. These internal waves are nonlinear and can lead to significant fluxes onto the shelf (e.g.,Aslam et al.,
2017; Vlasenko et al., 2014; Xing & Davies, 2001). Generation of internal tides is known to be stronger in par-
ticular areas, dependent on the continental slope (Huthnance, 1995). Around the NWS, increased energy has
been observed around the Celtic Sea and off the west coast of Scotland (Malin Sea; e.g., Huthnance et al.,
2009; Stashchuk & Vlasenko, 2017; Vlasenko et al., 2014). The M2 internal tide wavelength is∼10–20 km across
the shelf; therefore, propagation cannot be resolved with a 7-km grid spacing Guihou et al. (2018). These
processes begin to be resolved in AMM15, so may contribute to increased on-shelf fluxes at internal depths.

As internal tides are dependent on stratification, larger differences could be expected between the models
during summer. This is consistent with the variability shown in Figure 1c, with increased on-shelf transport
between ∼20 and 100 m in AMM15 during July. Figure 4 shows the variability of flux with depth and time for
two portions of the shelf break (Figure 1a). Sections were chosen for northwest Scotland (where the slope cur-
rent speed has increased) and along the Celtic Sea (region of increased tidal energy). Temporal variability on
submonthly time scales is similar between the two models, consistent with wind and tidally driven processes.
Residual flow varies with the spring-neap cycle. However, differences become more apparent following the
onset of stratification in May. For AMM15, there is an amplification of on-shelf transport along the pycno-
cline, at both locations. In addition to this, there is increased off-shelf transport in the lower portion of the
water column.

Despite this difference, both models show similar seasonal variability in Figure 2h. It is worth noting here that
increased off-shelf transport is not entirely confined to >150-m depth (Figures 1c and 4), thereby reducing
the net on-shelf transport within internal depths. Further work is needed to quantify the impact of individ-
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b) Celtic Seaa) NW Scotland

Figure 4. Flux per unit depth (m2/s) for March–October 2012, integrated over sections (a) NW Scotland and (b) Celtic Sea, defined in Figure 1a. Panels show
conditions in AMM15 (top row), AMM7 (middle row), and AMM15 minus AMM7 anomalies (bottom row). Positive values indicate on-shelf fluxes. Black lines
shown in lower panels indicate the mixed layer depth in AMM15 (defined following de Boyer Montégut et al., 2004), averaged over the same section.

ual processes throughout the water column. Differences may become more significant when considering
material transport in addition to volume fluxes. Figures 1c and 4 demonstrate that differences between the
configurations are amplified under stratified conditions and focused around the pycnocline depth.

3.2.3. Basal Fluxes
The base of the water column (>150 m along the shelf break) is dominated by the influence of the seafloor. As
the slope current flows northward, basal stress generates a bottom Ekman layer, producing a net off-shelf flux
known as the Ekman drain. This off-shelf flux is found in both models (Figures 1b and 1c) but with significant
differences in magnitude. The mean flux is −0.80 ± 0.13 Sv in AMM15 and −0.67 ± 0.08 Sv in AMM7. AMM15
has a stronger Ekman drain, ∼20% greater than AMM7.

Various factors can influence the strength of the Ekman drain. First, Ekman transport is determined by basal
stress and therefore the slope current. If we assume that basal stress is proportional to the velocity squared,
then a 20% increase in Ekman transport equates to a velocity increase of∼10%. There is no consistent increase
in the barotropic current along the shelf break (Figure 3). However, some regions show much larger changes,
with increased current to the northwest of Scotland coinciding with increased off-shelf flux (Figures 2i–2l).
Seasonal changes in the strength of the slope current (Marsh et al., 2017) likely account for an increased Ekman
drain in winter (Figures 1c and 2l).

Another factor which likely affects the basal fluxes is bathymetry. Aside from affecting the volume of water
available for off-shelf transport, the roughness of bathymetry may also impact basal stress. In the Celtic Sea,
off-shelf fluxes increase in AMM15 (Figures 2i–2l; 48–49∘N); however, the slope current appears weaker in this
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region (Figure 3). Increased detail of bathymetry may be a key factor here, as AMM15 resolves steeper slopes
and small-scale features such as canyons. These likely contribute to the increased Ekman drain along this
region. The seasonality in basal fluxes differs between the north and south (Figure 2l), suggesting differences
in either the slope current’s seasonality or dominant mechanisms. Figure 4b shows that increased basal fluxes
in the Celtic Sea during July may also be associated with internal tide processes.

3.2.4. Transport Through the Gates
Gates at the northern and southern ends of the shelf break are required to close transport within the region.
In addition to the Ekman drain discussed in section 3.2.3, the net on-shelf flux above the shelf break (sections
3.2.1 and 3.2.2) is balanced by off-shelf flow in the NT. The NT contains southward flow on the western side and
northward flow on the east. However, the net transport is off-shelf throughout the water column (Figure 2).
Transport through the NT is greater in AMM15, with a total flux of −1.23 ± 0.12 Sv, compared to −1.09 ± 0.08
Sv for AMM7. Of this total, the flux below 150 m is −0.57 ± 0.10 Sv for AMM15 and −0.46 ± 0.07 Sv for AMM7.

Flow through the NT is influenced by the balance of conditions between the Atlantic and Baltic Sea. Baltic
boundary forcing differs between the two models, so will likely contribute to the differences seen here. Quan-
tifying the impact of Baltic boundary conditions in these regional models is an ongoing topic of research
(Graham et al., 2018). However, while increased transport in the NT contributes to the total downwelling, it is
not sufficient by itself to explain increased circulation across the NWS.

Through the southern gate, there is a negligible net transport in AMM15, compared with a net on-shelf flow
in AMM7 (Figure 2), totaling −0.02 ± 0.02 Sv and 0.07 ± 0.01 Sv, respectively. This difference is likely due to
changes in the residual tidal flow, influenced by changes in coastline, bathymetry, and tidal boundary forcing,
between the models (Graham et al., 2018; Guihou et al., 2018).

4. Discussion and Conclusions

This study illustrates the potential impact of model resolution, and hence resolved processes, on exchange
between shelf seas and the deep ocean. These two configurations give similar representations of the mean
downwelling circulation, but it is significantly stronger at higher resolution, with an increase of ∼20% in
AMM15 compared to AMM7. Both models have similar wind-driven transport in the surface layer (<20-m
depth). Increased on-shelf flow occurs predominantly at internal depths above the shelf break (20- to 150-m
depth), where there is an average ∼30% difference between the two configurations. Increased off-shelf flux
occurs at the base of the water column along the shelf break and throughout depth within the NT. The depth
profile of shelf break fluxes differs between the models. Anomalies vary seasonally with the onset of strat-
ification, predominantly at internal depths. This suggests that model resolution is an important factor for
understanding water mass and nutrient exchange across the region.

Internal processes make a significant contribution to the strength and variability of the downwelling circula-
tion, contributing ∼70% of the total on-shelf flux. Simple linear models that consider only surface and basal
Ekman transports cannot accurately explain the behavior of this circulation. Understanding the processes
responsible for this internal transport, and their representation in ocean models, is crucial for understanding
variability of shelf break exchange.

Both models show similar regional variability, with the largest fluxes for both models (both on shelf and off
shelf ) found along the northern portion of the shelf break (>54∘N). This spatial pattern is consistent with pre-
vious studies (Holt et al., 2009; Huthnance et al., 2009). Results here show that this is also where the largest
differences occur between the two configurations, coinciding with a stronger slope current. Further analy-
sis of the slope current, its variability, and its influence on shelf break fluxes would therefore be particularly
worthwhile in this region. However, future model analysis should also investigate the impact of boundary
conditions on the shelf break current. This may have a greater impact on the Celtic Sea, being closer to the
southern boundary.

Variability of the downwelling circulation can have significant impacts on primary production as well as
carbon export into the deep ocean (Holt et al., 2009). The mean off-shelf transport shown here would be equiv-
alent to evacuating the bottom quarter of the water column across the shelf within 5 months for AMM15 (20%
slower for AMM7). However, it has been shown that this circulation is nonuniform, over both space and time.
With fluxes sensitive to seasonal stratification, this has implications for understanding shelf break exchange
through future climate scenarios.
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Overall, the increased downwelling in AMM15 suggests potential for increased draw down of carbon across
the NWS at higher resolution. Work is ongoing to couple AMM15 with a biogeochemical model, to enable
more thorough analysis of the impacts on productivity across the shelf (similar to Holt et al., 2016; Wakelin
et al., 2012). For example, with the time scales and volume transport considered here, impacts of resolution
were less significant for net surface fluxes. However, if nutrient content differs between opposing currents of
similar strength, this could lead to larger differences between the two configurations, despite there being a
negligible net volume flux.

Most global Earth system models use resolutions >7 km, lacking many processes acting at the shelf break
(including tides; Holt et al., 2017). If such models are unable to parameterize shelf break processes effectively,
then it is unreasonable to expect that they will accurately represent the downwelling circulation or its variabil-
ity. This has significant implications for the interpretation and development of such models, which are used
for long-term carbon cycle projections.
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