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ABSTRACT

Cold-water corals (CWCs) thrive in areas with complex and rough topography favoring the development of highly diverse benthic communities. Several biotic and
abiotic factors including organic matter supply, temperature, bottom roughness and currents are important drivers of ecosystem structure and functioning in deep-sea
environments at different spatial and temporal scales. Little is known, however, how basin-scale changes in the ocean climate affect these drivers at local scales. Here,
we use high-resolution implementations of the hydrodynamic model ROMS-AGRIF for estimating characteristic spatial and temporal scales of local hydrodynamics in
response to variations of basin-scale currents imposed by distinct changes of the Atlantic Meridional Overturning Circulation (AMOC) in the past century. We focus
on two CWC communities on the SE Rockall Bank slope and at Condor Seamount. We considered two contrasting AMOC states that were identified from the
1958-2009 hindcast of the 1/20° resolution VIKING20 North Atlantic basin-scale ocean circulation model and used as boundary conditions for the high-resolution
local area models. At SE Rockall Bank, variability of near-bottom currents in both regions was largely dominated by tidal dynamics, but strongly modified by AMOC
induced basin-scale variations of water mass properties and bottom currents. During strong AMOC years, waters in the main CWC depth corridor (600-1200 m) were
cooler and less saline but were dominated by stronger bottom currents when compared with conditions during weak AMOC years. At Condor Seamount, bottom
currents were largely unaffected by AMOC related changes close to the summit at water depths < 400 m. Kinetic energy dissipation rates derived from the 3D near-
bottom velocity field appeared to positively relate with the in-situ CWC distribution. Kinetic energy dissipation is therefore proposed as a mechanistic descriptor of
CWC presence as it provides a more mechanistic view of hydrodynamics driving organic matter supply to filter and suspension-feeding communities.

1. Introduction near-bottom physical environment, as experienced by sessile benthic
fauna, occur on different timescales. The characteristic timescale of

The distribution of benthic communities and their associated changes in currents and other physical parameters may itself be an

ecosystem processes are constrained by the physical and chemical
properties of the overlaying water masses. In particular, suspension-
feeding organisms (such as CWC) cannot themselves generate a signif-
icant feeding current and rely on the physical advection of water masses,
which renew their suspended food sources and flush the habitats with
fresh oxygenated water (Mienis et al., 2019). Temporal changes in the
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important driver of benthic ecosystem processes, thus shaping the
benthic faunal composition. Daily and seasonal variations (e.g., changes
in seasonal pycnocline depth and tidal dynamics) influence deep-sea
benthic communities (Juva et al., 2020; van der Kaaden et al., 2021).
The effect of climate change remains however less explored and un-
derstood but is expected to cause profound changes of deep-sea
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ecosystems (Sweetman et al., 2017). In the deep-sea, the spectrum of
temporal variability in currents is dominated by short-term predictable
cycles driven by tides as well as long-term, multi-annual changes over
geological timescales of tens to hundreds of thousands of years (Colin
et al., 2010, 2019). At intermediate (decadal) timescales, the possible
role of basin-wide ocean current systems on deep-sea variability remains
unclear. This lack of knowledge mostly responds to time-limited field
observations (not lasting long enough), and to paleo records, which are
too coarse in resolution to resolve the decadal time scale. Therefore, it is
currently unknown how this intermediate decadal variability in basin-
wide oceanic currents could affect benthic communities such as those
dominated by CWC reefs and deep-sea sponges.

Basin-scale variability of physical properties in the North Atlantic
often follows periodic decadal patterns, identified, and quantified by
ocean climate indices, which describe characteristic alternating states in
the circulation systems (Johnson et al., 2020). Amongst these, the
AMOC represents the strength of the overturning circulation through
winter convection in the North Atlantic and it is an important indicator
for the conversion of upper waters to dense intermediate and deep wa-
ters (Frajka-Williams et al., 2019; Petit et al., 2020). The AMOC is
characterized by periods of stronger and weaker states that are closely
linked to the dynamics of the overall North Atlantic gyre system.
Another important index is the subpolar gyre index (SPG) describing
variations in strength and lateral extension of the subpolar gyre across
the northern North Atlantic (Hat(in et al., 2005).

In the North Atlantic, the strongest AMOC end members generally
occur south of 40°N where negative phases were predficted from the
early 1960s to the late 1980s followed by a largely positive phase since
the late 1980s (Boning et al., 2016). North of 40°N, at mid and high
latitudes, AMOC variability is more pronounced on shorter time scales
and is occasionally out of phase with the subtropical and tropical part of
the Atlantic. Hindcast model simulations indicate that the weakest and
strongest AMOC states in the last decades appeared in 1978-1981 and
1992-1995, respectively. During these two periods, AMOC phases were
more or less synchronized across latitudes from 10°N to 60°N, including
at the two CWC areas studied here: the Rockall Bank (55°N) and Condor
Seamount (38°N). In recent years (from 1999 onwards) the AMOC has
followed a period of overall weakening, also at these two study sites
(Srokosz and Bryden, 2015).

The AMOC phases and other changes in the North Atlantic gyre
system cause a cascade of effects across all trophic levels of the North
Atlantic upper water ecosystems (Hattin et al., 2009a) including
important commercial fish stocks (Hattn et al., 2009) and seabirds
(Hatan et al., 2017). Changes in the basin-scale circulation and water
mass properties propagate to the deep sea and may affect ecosystem
processes in different ways (Puerta et al., 2020; Morato et al., 2020;
O’Brien et al., 2021). Several studies have highlighted linkages between
alternating phases of ocean current systems to long-term changes in the
growth rates and elemental composition of CWC reefs during Holocene
(e.g., Montero-Serrano et al., 2011; Dubois-Dauphin et al., 2019). Colin
et al. (2010, 2019) analyzed stable neodymium isotope composition in
Desmophyllum pertusum (D. pertusum hereafter) reefs to fingerprint the
dynamics of the water masses at the reefs during the Holocene. Likewise,
Bonneau et al. (2018) was able to link growth rates of D. pertusum reefs
and carbonate mounds to the long-term evolution of Atlantic Ocean
indices during the Holocene. This latter study suggested that the rela-
tionship between long-term effects of Atlantic Ocean indices on coral
growth was due to increased food availability during periods of strong
currents. Although there is discussion regarding the classification, we
follow WoRMS (dd 21-07-2022) and use the accepted name D. pertusum
(formely named Lophelia pertusa) and remark specifically that we refer to
the colonial form of D. pertusum.

Observational and experimental studies have shown that an impor-
tant environmental constraint on CWC growth is the supply of labile
suspended particulate organic matter (e.g., Davies et al., 2009; Eisele
et al., 2011). In general, food supply to suspension feeding organisms
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depends on the availability of food, as given by the concentration of
suspended food items, and on the supply rate to the benthic species.
Thus, food supply is directly related to hydrodynamics (e.g., current
speed and turbulence), bringing the food items in contact with the
benthic organisms (Shimeta and Jumars, 1991). Although organic
matter concentration in the deep-sea is related to the overall export from
the productive surface layers of the ocean, there can be considerable
local variation based on how efficient the fauna is in clearing the water,
which in turn depends on bottom roughness influencing local near-bed
currents and vertical mixing (Mohn et al. 2014; Cyr et al., 2016; Soe-
taert et al., 2016). Strong hydrodynamic activity may even cause
resuspension of organic material, thereby further increasing food con-
centration (Davies et al., 2009). The effect of near-field current speeds
on CWC feeding performance on plankton is documented in laboratory
(Purser et al., 2010; Orejas et al., 2016; Hennige et al., 2021) and in situ
experiments, where observations of the filtration activity of individual
D. pertusum polyps responded to tidal rhythms of near-bed currents
(Osterloff et al., 2019). The significance of currents has also been
inferred by comparing the spatial distributions of D. pertusum reefs and
near-bed current speeds (e.g., Rengstorf et al., 2014). Model studies
suggest that episodically intensified internal tidal mixing has the po-
tential of mixing productive surface waters down to a 600 m deep
summit of a carbonate mound, thereby transporting fresh organic matter
to the deep-sea benthos (Soetaert et al., 2016). In fact, van der Kaaden
et al. (2021) found that the size of the carbonate mounds hosting corals
controls mixing intensity and thus food supply. Likewise current speed
has repeatedly emerged as an important factor in the modelling of
suitable habitats of D. pertusum (Davies et al., 2008; Rengstorf et al.,
2014; De Clippele et al., 2017). Within areas of D. pertusum reefs, where
currents predominantly move in one direction, largest colony growth
rates were recorded upstream against the dominating current (Buhl-
Mortensen et al., 2010; Mienis et al., 2014), which may be a response to
a shading-off of the food flux for the down-stream corals (Wagner et al.,
2011; Mienis et al., 2019). Competition for accessing the food flux of the
current is even evident within colonies of D. pertusum even at the cm-
scale, with individual polyps in the colony orientated against the
dominant current (Purser et al., 2010; Orejas et al., 2016).

By acknowledging the growing evidence from field and laboratory
studies of the interplay between CWC distribution and the ambient hy-
drodynamic environment across different spatial and temporal scales,
we focus on model-based estimates of local hydrodynamics at interme-
diate scales with respect to both time and space. Spatially, we will aim at
resolving processes at the 100-1000 m scale. Temporally, we focus on
changes in the physical environment at the decadal time scale related to
basin-scale variations driven by the state of the AMOC. As climate
change may affect AMOC, modelling of decadal time scales may there-
fore also include more general predictions of climate change effects on
deep-sea ecosystems. We use the existing low-resolution basin-wide
North Atlantic model, VIKING20 to produce boundary conditions for
two high-resolution implementations of the ROMS-AGRIF model, which
covers the southeastern sector of Rockall Bank and the entire Condor
Seamount area. We analyze how characteristic basin-wide AMOC
anomalies propagate into tidal driven dynamics of near-bottom currents
at these two sites to study how this could modify the local physical
environment of the deep-sea benthos. Furthermore, in order to embrace
the various fine scale hydrodynamic processes that may be influenced by
the AMOC state, we calculate and map kinetic energy dissipation rates.
Energy conversion from basin-scale geostrophic currents and barotropic
tidal currents to internal tides and to higher frequency and turbulent
motions generates energetic internal motions in the deep ocean interior
at small dissipation length scales (Ledwell et al., 2000; Merrifield et al.,
2001; Nikurashin et al., 2013). Modelling of barotropic tides have sug-
gested that 25-30 % of the global tidal kinetic energy dissipation occurs
in the deep ocean (Egbert and Ray, 2000; Nikurashin et al., 2013).
Enhanced kinetic energy dissipation in the model by Egbert and Ray
(2000) was found at topographic features, suggesting that tidal energy
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conversion from barotropic to baroclinic tides is most energetic over
rough, smaller scale topography (Merrifield et al., 2001). We propose
kinetic energy dissipation as a predictive proxy for food accessibility and
suitable habitat of CWC in the deep-sea expanding on considerations and
methods described in van der Kaaden et al. (2021). Kinetic energy
dissipation rates can be calculated with a spatial resolution character-
istic of the model domain and changes of the near-bottom flow dynamics
induced by AMOC states can thus be mapped. We will test how well
distributions of kinetic energy dissipation under the different AMOC
states match the distribution of CWCs at SE Rockall Bank.
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2. Study sites
2.1. Southeast (SE) Rockall Bank

The Rockall Bank forms the western boundary of the Rockall Trough,
a semi-enclosed basin west of the European continental shelf, located
approximately 400 km NW of Ireland (Fig. 1 a). On the southeastern
slope of the Rockall Bank, numerous coral-capped carbonate mounds are
present between 500 and 1000 m water depth forming the Logachev
mound province (Kenyon et al., 2003; Mienis et al., 2006). These car-
bonate mounds can be ten to hundreds of meters high, several kilome-
ters wide, and are composed of dead coral fragments and sediment
(Mienis et al., 2009). Benthic communities living on and around the
mound summits consist of the corals D. pertusum and Madrepora oculata
with a high number of associated macrofauna species including

Fig. 1. Bathymetry of the wider study region and
local embedded ROMS-AGRIF model implementa-
tions. (a) Logachev mound province (SE Rockall Bank)
with locations (blue bullet points) of current meter
moorings used for model validation, (b) Condor
Seamount (Azores). The horizontal resolution of each
embedded grid is 250 m. The corresponding hori-
zontal resolution of the parent grids (not shown in this
figure) is 750 m. In (b) only part of the model domain
is shown. Please note that the two model grids are not
equally scaled. The orange lines indicate locations of
transects shown in Fig. 14. The yellow circles show
positions, where timeseries of modelled currents were
extracted to calculate power spectra as shown in
Fig. 12.
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polychaetes, sponges, and crinoids (Van Weering et al., 2003; Van Soest
and Lavaleye, 2005; Maier et al., 2021). The general water flow along
the SE slope of Rockall Bank is in SW direction driven by a combination
of an anticyclonic circulation circumventing Rockall Bank and advection
of water masses from the Northern Rockall Trough. Water masses in the
upper 600 m consist mainly of Eastern North Atlantic Water (ENAW),
which enters the Rockall Trough from the south (McGrath et al., 2012).
From the North, Wyville Thomson Overflow Water (WTOW) propagates
southwards as a boundary current along the eastern flank of the Rockall
Bank, at depths between 600 m and 1200 m (Penny Holliday et al., 2000;
Johnson et al., 2010; Schulz et al., 2020). The densest core of WTOW has
been reported even deeper at depths between 1200 m and 1500 m
(Johnson et al., 2017). Closer to the carbonate mounds ambient bottom
water temperatures are typically 7-9 °C, and the mound region is known
for distinct tidally generated hydrodynamic features such as energetic
internal waves and hydraulic jumps (Mohn et al., 2014; Van Haren et al.,
2014; Cyr et al., 2016). The distribution of carbonate mounds along the
continental margins of Rockall Bank and Porcupine Bank corresponds to
the depth corridor of the permanent thermocline in the NE Atlantic
(600-1000 m; White and Dorschel, 2010). In this depth range, the strong
density gradients at the base of the permanent thermocline in combi-
nation with the steep continental slope support both energetic internal
waves and enhanced residual near-bottom currents (White and Dor-
schel, 2010; Schulz et al., 2020). These dynamic conditions promote
stable organic matter supply through along-slope and cross-slope sedi-
ment transport (Duineveld et al., 2007; Mienis et al., 2007; Soetaert
et al., 2016).

2.2. Condor Seamount

Condor Seamount is an elongated seamount (26 km long, 7.4 km
wide) located 100 km east of the Mid-Atlantic Ridge (MAR) and 17 km
SW of the island of Faial in the Azores Archipelago (Fig. 1 b). It rises
from approximately 1500 m water depth to a narrow summit plateau at
an average depth of 185 m. Water masses and currents in the wider
Azores region are largely dominated by the Azores Current system and
inflow of waters from the subtropical gyre. The Azores Current is one of
the most prominent flow systems of the basin-wide circulation in the
subtropical Northeast Atlantic. The main current is defined as an up to
150 km wide eastward meandering jet in the upper 1000 m east of the
MAR between the Azores and Madeira Island (Klein and Siedler, 1989;
Lozier et al., 1995). The current’s central axis spans along the 35°~40°N
latitude range and is marked by intense mesoscale eddy activity from
baroclinic instabilities of the main Azores Current (Barbosa Aguiar et al.,
2011). Southwestward propagating Mediterranean Water eddies (Med-
dies) and their pathways along and across complex topographic features
including seamounts dominate deeper waters in the depth range be-
tween 800 m and 1500 m (Wang and Dewar, 2003; Bashmachnikov
et al., 2009). Water properties around the Azores archipelago are
characterized by the influence of three major water masses (Palma et al.,
2012), ENACW (Eastern North Atlantic Central Water, temperature
range 10-20 °C, salinity range 35.5-36.4), MW (Mediterranean Water,
5-10 °C, salinity range 35.3-35.6) and NADW (North Atlantic Deep
Water, 3-5 °C, salinity range 34.9-35.3). The local circulation at Condor
Seamount is dominated by different components of tidal and sub-tidal
flow generating an anticyclonic Taylor Cap along the upper slopes and
cross-isobath flow atop the summit (Bashmachnikov et al., 2013). The
stability of the vortex is to a large degree controlled by the variability of
the larger scale flow in the immediate far field of the seamount. Periods
during which the vortex is absent, are characterized by pronounced
short-term variations in the direction of the impinging flow. The anti-
cyclonic vortex is re-established after reconsolidation of the mean flow
(Bashmachnikov et al., 2013). Primary productivity is generally low
with elevated values in spring locally enhanced in areas with strong
upwelling around islands and seamounts (Santos et al., 2013), and thus
providing ideal conditions for the growth of filter and suspension-
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feeding organisms such as octocorals and sponges. Based on historical
and present coral records, the Azores have been described to host a
particularly high diversity of CWCs with 184 species identified to date
(Braga-Henriques et al., 2013; Sampaio et al., 2019). Biogeographically,
corals of the Azores have a greater affinity to the Lusitanian-
Mediterranean biogeographic region and to a lesser extent to the west-
ern North Atlantic. Condor Seamount hosts habitats of high conservation
importance including coral gardens and deep-sea sponge aggregations
(Tempera et al., 2012). Dense aggregations of octocorals are commonly
observed on the seamount summit, at water depths <287 m (Tempera
et al., 2012). The gorgonians Viminella flagellum and Dentomuricea c.f.
meteor are the most common and abundant coral species of the summit,
forming dense patches alongside the large gorgonians Callogorgia verti-
cillata and Paracalyptrophora josephinae, the small branching gorgonian
of the genus Acanthogorgia and hydrarians of the species cf. Polyplumaria
flabellate and cf. Lytocarpia myriophyllum (Tempera et al., 2012).

3. Material and methods
3.1. High-resolution local area model implementations (ROMS-AGRIF)

We use the Regional Ocean Modelling System with grid refinement
(ROMS-AGRIF) to describe near-bottom dynamics in contrasting AMOC
states for two areas with fundamentally different bathymetric land-
scapes. ROMS-AGRIF is a 3-D, free surface, finite difference, primitive
equation model employing orthogonal curvilinear coordinates on a
staggered Arakawa C-grid in the horizontal and stretched terrain-
following sigma coordinates (s-coordinates) in the vertical (Shche-
petkin and McWilliams, 2005). The model version in this study includes
the one-way grid nesting package AGRIF Fortran (Adaptive Grid
Refinement in Fortran; Debreu et al., 2008), permitting simultaneous
downscaled simulations across multiple numerical grids. The ROMS
implementations of the two study areas largely follow the setup
described in Mohn et al. (2014). We use a high resolution (250 m) small
model domain (child grid) embedded in a lower resolution (750 m)
larger model domain (parent grid) for each case study area (Fig. 1,
Table 1). All model domains have 32 terrain-following vertical layers
with higher resolution close to the surface (stretching parameter 65 =
3.4) and bottom (0 = 1.0). ROMS uses a third-order upwind scheme for
advection of momentum and tracers. Sub-grid scale vertical mixing
processes are parameterized by a non-local K-profile planetary (KPP)
boundary layer scheme (Large et al., 1994; Durski et al., 2004). The
parent grids receive physical properties from VIKING20 five-day aver-
ages of baroclinic velocities, temperature, and salinity across the open
lateral boundaries. The OSU inverse tidal model provides instantaneous
sea surface height and barotropic velocities for 10 tidal constituents
(Egbert and Erofeeva, 2002), through radiation terms along the open
lateral boundaries. Local solutions of water mass properties and currents
from the parent grids are transferred to the child grids at every time step
using the same open boundary radiation terms. Explicit lateral viscosity

Table 1
Grid metrics for local high-resolution ROMS-AGRIF model implementations.
Grid geometry ~ Rockall Rockall Condor Condor
Bank Bank (child Seamount Seamount
(parent grid) (parent grid) (child grid)
grid)
Horizontal 750 250 750 250
resolution
(m)
Grid size (km) 191 x 187 85 x 57 105 x 110 66 x 63
Number of 250 x 250 338 x 230 134 x 142 254 x 242
grid points
Longitude —17 to —14 —16.276 to —29.6 to —29.327 to
range (° W) —14.928 —28.4 —28.568
Latituderange  54.815 to 55.346 to 38 to 39 38.218 to
CN) 56.50 55.864 38.784
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is zero everywhere in the models except in 2400 m (parent grids) and
800 m (child grids) wide sponge layers to reduce numerical instabilities
along the open boundaries. COADS (Comprehensive Ocean-Atmosphere
Data Set, 0.5 x 0.5° spatial resolution) data was used as background
atmospheric forcing at the free surface. The total simulation time was set
to three years for each AMOC period representing conditions of weak
(1978-1980) and strong (1992-1994) AMOC state. The largest model
time step is 120 s, which is sufficient to capture tidal dynamics as an
important physical driver at these sites.

3.2. Basin-scale variability (VIKING20)

The VIKING20 model is an ocean-only nest of the polar and sub-polar
North Atlantic embedded in the global ocean general circulation and
sea-ice model ORCA025 (1/4° resolution) using the AGRIF package for
adaptive grid nesting (Debreu et al 2008). The VIKING20 model is eddy-
resolving with a spatial resolution of 1/20° with prescribed CORE2 at-
mosphere and covers the North Atlantic in the latitudinal range
30°N-80°N (Boning et al., 2016). The basin-scale circulation in the
upper and deep waters of the North Atlantic follows multi-annual spatial
and temporal patterns, which can be described in ocean climate indices
(Johnson et al., 2020). We used two of the most used indices as a basis
for our analysis, AMOC and SPG. The AMOC represents the strength of
the overturning circulation in the northern North Atlantic and is an in-
dicator for the conversion of upper waters to dense intermediate and
deep waters. The SPG index describes dynamic relationships between
the salinity of the poleward Atlantic Inflow and the strength and
extension of the subpolar gyre from analysis of sea surface height (SSH)
and salinity anomalies (Hattn et al., 2005; Johnson et al., 2020; and
references therein). In the North Atlantic, several studies suggest a link
between the AMOC and SPG. Phases of positive AMOC correspond to
phases of strong eastward extension of the SPG and negative salinity
anomalies (Hat(n et al., 2005; Johnson et al., 2020). South of 40°N,
periods of weak AMOC have been identified from the early 1960s to the
late 1980s and strong AMOC since the late 1980s. The most pronounced
end members appear in two periods, 1978-1981 (weak AMOC) and
1992-1999 (strong AMOC) respectively (Fig. 2 a) based on results in
Boning et al. (2016). North of 40°N, at mid and high latitudes, AMOC
variations are occasionally out of phase with conditions in the sub-
tropical and tropical Atlantic. However, the most intense weak and
strong AMOC states are also predicted for the late 1970s and early 1990s
(Fig. 2 a). EOF (Empirical Orthogonal Functions) analysis of the basin
wide SSH from the VIKING20 model shows that the two leading EOF
modes explain 28 % of the total variance of the 50 year data set
(1959-2009). The spatial and temporal distribution of the second EOF
mode represents the spatial extension of the large-scale N-Atlantic gyre
systems (Fig. 2 b). In general, twentieth century trends in the SPG
variability are considered exceptional exceeding the range of variability
during the last 10,000 years and suggesting a strong shift in the dy-
namics of the SPG circulation (Spooner et al., 2020). In our simulations,
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three years of VIKING20 model data from each AMOC end member
(1978-1980, 1992-1994) was extracted as boundary conditions for the
local area model implementations described in the previous section.

3.3. Model validation

The main objective of the high-resolution model simulations was to
assess the propagation of water mass properties and currents during
contrasting AMOC conditions in tidally dominated CWC areas. We did
not initially prioritize data availability for model validation. Validation
of the model physics is therefore not straightforward since well-
established datasets for the two AMOC periods in the areas under
consideration do not exist. To compensate for this lack of in-situ data in
time, modern day observations combined from several research cam-
paigns from SE Rockall Bank were compared with modelled data from a
period with a matching AMOC state (Table 2). Corresponding observa-
tions from Condor Seamount were not accessible to the public at the
time this study was completed.

From SE Rockall Bank, four data sets were available from three
different locations. The first data set was collected during a 6-week
deployment of two recording Aanderaa RCM7 current meters in
August and September 2000. Current velocities were recorded at 20-
minute intervals at discrete depths at 10 and 150 m above the bottom
in the NE Logachev province (White et al., 2007). The second data set
was recorded with long-range Acoustic Doppler Current Profilers
(ADCPs), which were deployed from May 2017 to May 2018 (Schulz
et al., 2020). One mooring line was deployed on the upper slope of SE
Rockall Bank and a second one above Oreo mound (Fig. 1). On both
moorings, an upward looking 75 kHz ADCP (RDI Workhorse) was
installed on a buoyancy unit, at a height of 41 m above the seabed.
Profiles of current velocities were stored every 20 min, with a vertical
resolution of 4 m (Rockall Bank) and 8 m (Oreo mound). The data was
internally converted into ENU (East-North-Up) coordinates. Table 2
summarizes the mooring locations, sampling periods, and respective
bottom and instrument depths. Both datasets were recorded close to
periods of reported AMOC weakening starting in the early 2000 s
(Srokosz and Bryden, 2015) and were compared with modelled currents
from corresponding periods of weak AMOC state for the years
1978-1980. As the most pronounced end members in their respective
AMOC periods, the years 1979 and 1993 were chosen for model vali-
dation and later analysis of seasonal and interdecadal variability
(Fig. 2a). To assess statistical model performance, we calculated a cost
function (CF) providing a measure of the goodness of fit between model
data and observations,

M—-D
p_ XD
NUD

where D is the observed data, M the corresponding model value, N is
the number of observed data points and op is the standard deviation of
data (Radach and Moll, 2006; Wan et al., 2012). Observations and model
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Fig. 2. (a) VIKING20 basin wide AMOC anomalies reproduced from Boning et al. (2016) from their supplementary information, Fig. S4c (a). Periods of weak
(1978-1981) and strong (1992-1999) AMOC state are shown across a range of subpolar and subtropical latitudes. Three years during each AMOC end member state
were extracted from the VIKING20 data for this study (1978-1980, 1992-1994). Black dashed lines indicate the latitudes of SE Rockall Bank and Condor Seamount,
respectively. (b) Spatial eigenfunctions of the second EOF calculated from VIKING20 SSH data for the period 1959-2009.
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Table 2
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Locations and sampling periods of current measurements used for validation of the SE Rockall Bank model (see Fig. 1 for an overview of station locations).

Location Longitude (W) Latitude (N) Sampling period Depth of seabed Instrument depth Data reference

SE Rockall Bank (Logachev province) 15°27.7" 55°36.4' 02-Aug to 15-Sep 2000 818 808 White et al. (2007)
SE Rockall Bank (Logachev province) 15°27.7' 55°36.4' 02-Aug 2000 to 15-Sep 2000 818 668 White et al. (2007)
SE Rockall Bank (Oreo mound) 15°51.968' 55°27.048’ 09-May 2017 to 05-May 2018 781 41 m above seabed Schulz et al. (2020)
SE Rockall Bank (upper slope) 15°55.839 55°38.448' 02-May 2017 to 05-May 2018 507 41 m above seabed Schulz et al. (2020)

data were sub-sampled at 3-hour intervals. CF is one of several score-
based measures used for model skill assessments ranking model per-
formance as very good (CF < 1), good (CF = 1-2), reasonable (CF = 2-3)
or poor (CF > 3).

3.4. Model data analysis

Time-averaged composites (3-year average of each AMOC state) and
time series of near-bottom potential temperature (8), salinity (S) and
currents from the ROMS-AGRIF model output were compared between
periods of weak and strong AMOC state in each study area. In addition to
mapping the domain-wide time-averaged distributions, the seasonal
evolution of 0, S and current magnitude in locations with steep terrain
gradients was analysed from daily averaged model data time series. For
this calculation, only areas inside prominent coral corridors at bottom
depths 600 m < H < 1200 m (SE Rockall Bank) and H < 400 m (Condor
Seamount summit area) were considered. Power spectra of 3-hourly
instantaneous modelled near-bottom currents were calculated to assess
the evolution of higher frequency currents in different seasons and
AMOC states at two single locations with known CWC presence (see
Fig. 1).

We hypothesize that topographically enhanced transfer of kinetic
energy and conversion towards higher frequency motions is potentially
important for sessile benthic organisms as a mechanism of food supply.
Hence, we use kinetic energy dissipation as a hydrodynamic indicator to
predict suitable habitat for suspension feeders at the seafloor (see also;
van der Kaaden et al., 2021). In our analysis, we estimate kinetic energy
dissipation rates from daily averages of the modelled 3D velocity field
expressed as in Nikurashin et al. (2013),

e=ren(5) () () (5)] oo |5 (2)

where horizontal viscosity A, = 1 m? s™! and vertical viscosity A, =
103 m?s! consider the large aspect ratio between horizontal and
vertical exchange of momentum, p = density of seawater (kg m~)
calculated from the modelled temperature and salinity fields, U (u, v, w)
is the 3D velocity vector (m s71) in directions east (x), north (y) and up

(2).
4. Results
4.1. Model-data comparison

The observed current velocities for August/September 2000 at the
Logachev mooring site (SE Rockall Bank) at 10 m and 150 m above the
bottom are shown in Fig. 3 a, b. The best agreement between model and
observations was found in the near-bottom layer, where flow dynamics
and variability are dominated by tidal dynamics. In this layer, modelled
current velocities extracted at the nearest grid point and closest depth of
the Logachev mooring agree well with observations, both in velocity
magnitude and orientation (Fig. 3 a). Higher frequency currents were
strongest in the semi-diurnal and diurnal tidal bands, as diurnal oscil-
lations are strongly intensified near the bottom and during spring tide
with maximum velocities up to 0.4 m s~* (Fig. 3 a; spectral analysis in
supplementary Fig. S1 a). At 150 m above the bottom, the 1979 model
results generally underestimate observed 2000 currents in the E-W di-
rection, whereas the model reproduces N-S current velocities rather

(a) 10 m above bottom
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Fig. 3. Time series (20-minute intervals, 35 days) of current velocities recorded
by moored current meters in August/September 2000 in the eastern Logachev
province (red lines and scatter points; White et al., 2007). Corresponding
modelled current velocities (August/September 3-hourly output from the 1979
simulations) are displayed as blue lines and blue scatter points (see Table 2 for
more information about mooring location and sampling period). (a) 10 m above
the seafloor, (b) 150 m above the seafloor. Please note supplementary Fig. S1
for a more detailed analysis of current spectra.

accurately (Fig. 3 b). Spectral analysis of current magnitude shows again
strongly enhanced diurnal oscillations as the dominant signal in both
observations and model output (supplementary Fig. S1 b). Daily mean,
depth-averaged current velocities from the long-term 2017/2018 ADCP
deployments in SE Rockall Bank are shown in Fig. 4. Maximum current
velocities were 0.2 m s~! at both locations with a more pronounced
seasonality at the deeper Oreo mound mooring. Observations were
compared with corresponding model data from the weak AMOC years
1979/1980. Major variability patterns at modelled locations agree well
with observed currents, particularly between May and November 2017
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Fig. 4. 345-day time series of current velocities recorded by ADCPs from May
2017 to April 2018 at the upper Rockall Bank slope and at Oreo mound (red
lines and scatter points; Schulz et al., 2020). Corresponding modelled current
velocities (daily averaged output, 1979/1980 simulations) are displayed as blue
lines and scatter points (see Table 2 for more information about mooring
location and sampling period). (a) Upper Rockall Bank slope, (b) Oreo mound.
Please note supplementary Fig. S2 for a more detailed analysis of cur-
rent spectra.

(Fig. 4 a, b). At Oreo mound, however, the model results could not
entirely reproduce the stronger variability in the observations during
periods of frequent changes in magnitude and direction between
January and April 2018 (Fig. 4 b). Despite the bias in time between
model simulations and observations, the results of the performance
statistics for individual velocity components and all available model-
observation pairs suggest a good level of model agreement (Table 3).
The analysis of current spectra from 3-hourly observed and modelled
timeseries at both mooring locations sub-sampled in July 2017 (obser-
vations) and July 1979 (model) confirmed that strongly amplified
diurnal tidal currents dominate the near-bottom tidal spectrum and its
higher harmonics (supplementary Fig. S2). Even though we applied
realistic boundary conditions and high vertical resolution close to the
seafloor, the intrinsic variability and tidal dynamics resolved by our
model does not include non-linear processes such as breaking internal
waves and turbulent mixing at very small spatial scales. As a conse-
quence, the model results likely underestimate realistic near-bottom
velocity shear and kinetic energy dissipation rates. We accepted this
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Table 3
Model performance statistics for all available model-observation pairs.

Location Number of model- CF (u velocity CF (v velocity
observation pairs component) component
)
SE Rockall Bank 353 (3-hourly) 1.54 1.38
(Logachev province),
10 m above bottom
SE Rockall Bank 353 (3-hourly) 1.69 1.46
(Logachev province),
150 m above bottom
SE Rockall Bank (Oreo 345 (daily) 0.93 1.24
mound)
SE Rockall Bank (upper 345 (daily) 1.34 1.22
slope)

trade-off due to computational limitations and for the benefit of incor-
porating basin-scale variations in contrasting AMOC states and their
propagation into the local CWC area models. Additional uncertainties in
our model solutions could be due to the choice of COADSO05 atmospheric
forcing instead of data from multi-year simulations, such as CORE2. We
accepted this limitation in our model approach because of the higher
spatial resolution of COADSO05 and our focus on evaluating AMOC states
(represented by the VIKING20 lateral boundary conditions).

4.2. Near-bottom water mass properties and currents

At SE Rockall Bank, the highest modelled near-bottom 6 and S values
appear in the 600-1200 m depth range and over the larger carbonate
mounds, but conditions differ considerably between periods of weak and
strong AMOC (Fig. 5). In weak AMOC years (1978-1980) water in this
depth corridor is warmer (1 °C) and saltier (0.15) than comparable 6 and
S characteristics in strong AMOC years (Fig. 5 e, ). The highest 6 and S
values are 9 °C and 35.5 in weak AMOC years (Fig. 5 a, b) and 8 °C and
35.35 during strong AMOC (Fig. 5 c, d).

Corresponding near bottom densities, expressed as potential density
anomalies o4 (kg m™3), vary between 27.5 kg m ™ along the upper slopes
and 27.9 kg m~> at water depths > 1800 m (Fig. 6). Modelled near-
bottom densities within the SE Rockall Bank carbonate mound depth
corridor (600-1200 m) are in the range 27.5-27.65 kg m3 (Fig. 6 a, b).
This density range agrees with the findings of previous studies reporting
a characteristic density envelope of 6y = 27.35-27.65 kg m > for CWC
presence in the Northeast Atlantic (e.g., Dullo et al., 2008). Near-bottom
differences of potential density between AMOC states are generally
small inside the depth range 600-1200 m (A o < 0.04 kg m™>) as
compared to the density envelope at which cold-water corals are found.

The near-bottom circulation is dominated by a southwestward along-
slope current (Fig. 7). During strong AMOC, current magnitudes are
intensified in the 600-1200 m depth range along the entire continental
slope (Fig. 7 ¢, d), whereas during weak AMOC stronger currents are
restricted to areas of abrupt topographic changes (Fig. 7 a, b). The
highest current magnitudes during strong AMOC are 0.4 m s}, an in-
crease of 0.1 m s~ ! when compared to maximum values seen in weak
AMOC years. A notable exception is Haas mound, a large carbonate
mound structure, where changes in current velocities between different
states of the AMOC are small above the summit and northeastern side,
but strong along the southern side of the mound.

At Condor Seamount, water mass properties in the bottom-most layer
over the summit and the upper slopes (<1000 m) are largely decoupled
from conditions at greater depths. Temperature and salinity differences
between periods of weak and strong AMOC at these shallower depths
show an opposite trend when compared to conditions at SE Rockall Bank
(Fig. 8). According to model predictions, waters in these upper layers are
up to 1 °C warmer and 0.15 saltier in the early 1990s (strong AMOC)
than in the late 1970s (weak AMOC). In contrast, 0 and S differences in
deeper waters at depths > 1000 m are much smaller. At intermediate
depths (400-1000 m), mean 6 and S values vary from 8.5 °C (weak



C. Mohn et al.

Progress in Oceanography 214 (2023) 103031

Fig. 5. Composites of potential temperature
0 (°C) and salinity S in the bottom-most layer
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of the SE Rockall Bank model. (a, b) Weak
AMOC years (1978-1980), (c, d) strong
AMOC years (1992-1994), (e, f) difference
between strong and weak AMOC state. The
composites are time averaged over AMOC
states from daily averaged model output.
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Fig. 6. Composites of potential density anomaly oo (kg m™>) in the bottom-
most layer of the SE Rockall Bank model. (a) Weak AMOC years
(1978-1980), (b) strong AMOC years (1992-1994), (c) difference between
strong and weak AMOC state. The composites are time averaged over AMOC
states from daily averaged model output. Depth contours in 200 m intervals
between 600 m and 2400 m depth are superimposed. The horizontal resolution
of the embedded model grid is 250 m.

AMOC years) to 9.5 °C (strong AMOC years) and 35.6 (weak AMOC
years) to 35.75 (strong AMOC years) respectively. Over the central
Condor seamount summit at depths < 400 m, 6 and S differences be-
tween AMOC states are considerably smaller, but 6 and S are still
elevated (A6 = 0.5 °C and AS = 0.05) in periods of strong AMOC (Fig. 8
e, f).

The corresponding near-bottom potential densities over the summit
are in the range 69 = 26.8-27.2 kg m~° increasing to oy = 27.5 kg m > in
the deep waters surrounding the Condor seamount summit region (Fig. 9
a, b). Again in contrast to conditions at Rockall Bank, the model pre-
dictions show lower density anomalies in near-bottom layers in years of

-15.6
Longitude

-154  -15.2 -15

strong AMOC (Fig. 9 c).

The largest differences in current magnitude are + 0.02 m s~! be-
tween strong and weak AMOC years and can be found around the
seamount at depths < 1000 m (Fig. 10 e). There is no consistent pattern
which can be clearly assigned to a specific AMOC state, but overall,
currents along the seamount rim seem enhanced in weak AMOC years
(Fig. 10 e). The time-mean circulation at depths > 400 m is along-slope
forming an anti-cyclonic vortex with maximum velocities of 0.05 m s~*
(Fig. 10 a-d). Atop the summit (<400 m) and at the deeper seamount
flanks to the Northwest and Southeast, the mean flow is largely across
isobaths and maximum velocities are up to 0.1 m s~ (NW and SE edges)
and 0.05 m s~ (atop the summit; Fig. 10 a-d). Both flow magnitudes
and directions are in good agreement with published (but not publicly
available) current measurements conducted during the Condor obser-
vatory project 2009/2010 (Bashmachnikov et al., 2013). This study
concluded that the vortex was stable over at least half a year during the
observation period and mainly driven by tidal dynamics.

4.3. Seasonal variations

At SE Rockall Bank, seasonal variations of near-bottom, daily aver-
aged currents during weak and strong AMOC years are comparable
except for strongly enhanced currents (magnitudes up to 0.35 m s 1)
between January and the end of February during strong AMOC years
(Fig. 11 e). Differences are smaller during the rest of the year with an
increase in current magnitudes towards the summer and a decrease in
autumn superimposed on a spring-neap tidal cycle during both AMOC
periods (Fig. 11 e). Seasonal bottom temperature and salinity variations
are in the range of 0.5-0.8 °C and up to 0.05 respectively (Fig. 11 a, ¢). In
contrast, 0 and S differences between weak and strong AMOC years can
be twice as high showing persistently elevated values in weak AMOC
years (Fig. 11 a, ¢). At Condor Seamount mean current magnitudes vary
only slightly throughout the year between 0.05 m s~! from January to
July and 0.08 m s~! from August to November modulated by the fort-
nightly spring-neap tidal cycle (Fig. 11 f). Differences in currents be-
tween weak and strong AMOC years are generally small with an almost
identical seasonal evolution of magnitude and phase (Fig. 11 f). Both
seasonal and inter-decadal variations in near bottom 6 and S are less
pronounced and reach only about half the magnitude of the changes at
Rockall Bank (Fig. 11 b, d). A particularly notable feature is that 6 and S
distributions show an inverse relationship when compared to SE Rockall
Bank with higher values during weak AMOC years.

Power spectra of instantaneous currents at two locations in the SE
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Fig. 7. Composites of currents in the bottom-most

layer of the SE Rockall Bank model. (a) Current
magnitude U (m s~1) and (b) current vectors in weak
AMOC years (1978-1980), (c, d) strong AMOC years
(1992-1994), (e) difference of current magnitude
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Fig. 8. Composites of potential temperature 6 (°C)
and salinity S in the bottom-most layer of the Condor
Seamount model. (a, b) Weak AMOC years
(1978-1980); (c, d) strong AMOC years (1992-1994);
(e, f) difference between strong and weak AMOC
states. The composites are time averaged over
different AMOC states based on daily averaged model
output. Depth contours in 200 m intervals between
200 m and 1800 m depth are superimposed (see Fig. 1
b for depth label numbering). The horizontal resolu-
tion of the embedded model grid is 250 m (only part
of the model domain is shown).
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Rockall Bank area (Oreo mound) and Condor Seamount (central sum-
mit) are presented in Fig. 12 to describe variations in the tidal spectrum.
At SE Rockall Bank, the current spectra in the tidal frequency band show
the clearest peaks at diurnal frequencies with additional peaks at less
energetic semidiurnal frequencies and higher harmonics (Fig. 12 a, b).
There is little variation between seasons and AMOC states in the diurnal
frequencies (Fig. 12 a, b). At Condor Seamount, the most energetic tidal

-28.8

Longitude

frequency currents are dominated by semi-diurnal oscillations that
exhibit only small seasonal and inter-annual variations. At diurnal fre-
quencies, however, the spectral peaks show considerably higher sea-
sonal variability with generally enhanced spectral densities in summer
during both AMOC states (Fig. 12 ¢, d). It should be noted that seasonal
and AMOC related variations in tidal dynamics at these two locations
have to be considered as snapshots largely controlled by local
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Fig. 9. Composites of potential density anomaly o, (kg m~>) in the bottom-
most layer of the Condor Seamount model. (a) Weak AMOC years
(1978-1980); (b) strong AMOC years (1992-1994); (c) difference between
strong and weak AMOC states. The composites are time averaged over different
AMOC states based on daily averaged model output. Depth contours in 200 m
intervals between 200 m and 1800 m depth are superimposed (see Fig. 1 b for
depth label numbering). The horizontal resolution of the embedded model grid
is 250 m (only part of the model domain is shown).

stratification and bottom slope.

4.4. Local energy conversion and dissipation

Near-bottom distributions of rates of kinetic energy dissipation for
both sites and AMOC states are presented in Fig. 13. At SE Rockall Bank,
mean kinetic energy dissipation is enhanced in the strong AMOC state
above the large carbonate mounds of the Logachev province in the 600
m-1000 m depth range. Kinetic energy dissipation in these regions is up
to two orders of magnitudes higher than the largest dissipation rates
outside this depth corridor in the shallower and deeper parts of the SE
Rockall Bank slope (Fig. 13 a, c). Kinetic energy dissipation rates are
generally enhanced during strong AMOC, but do not always show a
consistent pattern upstream and downstream of the larger coral mounds
(Fig. 13 e). At Condor Seamount, near-bottom kinetic energy dissipation
is highest along the major axis of the seamount with maximum rates
above the summit regions (bottom depths < 400 m) and along the
deeper parts of the northwestern and southeastern slopes (Fig. 13 b, d).
Kinetic energy dissipation rates at Condor Seamount are generally much
smaller than the high near-bottom kinetic energy dissipation rates
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predicted above the large carbonate mounds at SE Rockall Bank.
Consistent with the results from SE Rockall Bank, differences between
AMOC periods in the near-bottom layers are small (Fig. 13 f).

Vertical distributions of mean kinetic energy dissipation rates along
two cross-slope transects at the SE Rockall Bank slope and along a N-S
transect across the central part of Condor Seamount summit are shown
in Fig. 14. Kinetic energy dissipation rates in all areas are surface
intensified in the upper 50 m driven by seasonal and shorter-period
changes of the near-surface circulation due to variations in the wind
field, passing sub-mesoscale fronts and eddies and the annual warming
and cooling cycle. In the deeper ocean, kinetic energy dissipation rates
are enhanced above rough topography dominated by tide-topography
interaction. High rates of kinetic energy dissipation above Haas
mound (the largest carbonate mound along the SE Rockall Bank) extend
>300 m into the water column with larger excursions during strong
AMOC (Fig. 14 a, b, ¢). Thus, interior ocean mixing is potentially
intensified in periods of both weak and strong AMOC. This strong
coupling of surface and near-bottom kinetic energy dissipation rates is
less intense in regions of shallower slopes, but still amplified in strong
AMOC years (Fig. 14 d, e, f). At Condor Seamount, maximum rates of
kinetic energy dissipation are limited to water depths shallower than
400 m indicating local amplification of tide generated seamount trapped
waves inside a stable Taylor Cap as the main contributing mechanism
(Bashmachnikov et al., 2013). Kinetic energy dissipation rates drop to
lower levels on the deeper seamount flanks below 500 m depth. There is
little difference in kinetic energy dissipation rates between periods of
weak and strong AMOC indicating that near-bottom dynamics at summit
level and above is largely dominated by tide-topography interactions
(Fig. 14 g, h, 1).

5. Discussion
5.1. AMOC variability, local response and ecological implications

In this study, we aimed to investigate the relative influence of tidal to
multi-decadal, basin-scale variability on near-bottom hydrodynamics at
two contrasting regions hosting rich and diverse cold-water coral com-
munities. At SE Rockall Bank, large coral assemblages of the genus
Desmophyllum exist in a narrow depth corridor (600-1200 m; Kenyon
et al., 2003) matching the depth range of the strongest near-bottom
currents observed above and around large carbonate mounds (White
and Dorschel, 2010). Oceanic motions at SE Rockall Bank exist along a
broad spectrum of frequencies and magnitudes and include along-slope
residual currents, bottom-trapped diurnal waves amplified to magni-
tudes of 0.45 m s~!, breaking internal waves and turbulent mixing
(Mienis et al., 2007; Cyr et al., 2016; van Haren et al., 2014; Schulz et al.,
2020). The Rockall Trough including Rockall Bank is an area of deep-
reaching winter convection down to depths of 500-700 m (Penny Hol-
liday et al., 2000), which marks the upper boundary of dense CWC ag-
gregations and carbonate mounds in the region. Convection is most
intense during the winter-spring transition descending into the perma-
nent thermocline promoting strongly enhanced residual currents and
baroclinic waves (White and Dorschel, 2010). These conditions of
intensified currents involve high turbidity levels in bottom waters
(suggesting sediment resuspension) and lead to enhanced organic mat-
ter and sediment fluxes both along and across slope, favoring food
supply and mound growth (Mienis et al., 2009; Soetaert et al., 2016;
Schulz et al., 2020).

In our model simulations, AMOC related changes of bottom-water
temperature and salinity in the CWC corridor at 600-1200 m depth
(while less sensitive to CWC distribution) are marked by significant
cooling and freshening during strong AMOC years (parameters 6 and S in
Fig. 15 a, b). In the North Atlantic, thriving CWC reefs have been linked
to well defined physical and hydrochemical boundaries inside a narrow
density envelope of potential density 6y = 27.35-27.65 kg m~> (Dullo
et al., 2008; Flogel et al., 2014). Our model results in CWC presence
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Fig. 10. Composites of currents in the bottom-
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Fig. 11. Time series (daily averages) of near-bottom distributions of potential temperature 6 (°C), salinity S and, current magnitude U (m s 1) at SE Rockall Bank (a,
¢, e) and Condor Seamount (b, d, f). The time series represent an annual climatology calculated from model data averaged over each respective AMOC period at
bottom depths 600 m < H < 1200 m (SE Rockall Bank) and H < 400 m (Condor seamount).

locations fall well within this proposed density envelope with only small
variations between AMOC states (parameter oy in Fig. 15 a). Bottom
current magnitudes were generally enhanced at predicted CWC presence
locations and during periods of strong AMOC in comparison with cor-
responding pseudo absence locations and weak AMOC state (U in Fig. 15
a, b). In contrast, differences in kinetic energy dissipation rates between
periods of weak and strong AMOC are much smaller at CWC presence
locations (parameter € in Fig. 15 a), but magnitudes are almost one order
of magnitude higher than in modelled CWC pseudo absence locations
(parameter ¢ in Fig. 15 b).
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These predicted changes in near-bottom water mass properties and
currents agree well with previously reported principal patterns of basin-
scale and regional-scale ocean climate variations in the subpolar NE
Atlantic. For example, the northeastward SPG expansion in a strong
AMOC state contributed to intensified currents and lower salinities in
the upper and bottom waters of the Rockall-Hatton Plateau and corre-
sponded to enhanced biological production (Hattn et al., 2009b, 2016;
Johnson et al., 2020). Notable periods of higher salinity in upper ocean
waters (<600 m) were observed in the Northern Rockall Trough be-
tween 1980 and 1986 and after 1995 (Holliday et al., 2015). Bottom
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Fig. 12. Power spectra calculated from 3-hourly modelled near-bottom cur-
rents (31 days) at two locations in the SE Rockall Bank and Condor Seamount
area. The locations are indicated in Fig. 1. The time series represent conditions
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(1979) and strong (1993) AMOC. The x-axis displays the frequency f (s !) and
the y-axis displays the power spectral density scaled by the frequency f (m?
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kinetic energy differences between weak and strong AMOC periods
(Fig. 16) show a clear increase in bottom kinetic energy during strong
AMOC associated with overflow regions (Faroe Bank Channel overflow,
Denmark Strait overflow) and boundary currents (Irminger Current
south of Greenland, Shelf Edge Current poleward along the eastern
Rockall Trough). Bottom kinetic energy is also enhanced around the
Wyville Thomson Ridge and the NW Rockall Trough stretching out over
the Rockall-Hatton Bank as a narrow belt confined to a depth range of
1000 m-2000 m (Fig. 16).

Shifts in the future ocean climate beyond the largest present day
AMOC displacements might move environmental extremes towards
critical tipping points, likely impeding deep-sea benthic species to adapt
to the new environmental conditions, even though benthic fauna (and
CWCGs in particular) is occasionally exposed to large changes in their
physical environment (Mienis et al., 2014). Adverse effects of long-term
climate change in the deep-sea will degrade biodiversity through a
reduction of organic matter flux because of an intensified stratification,
which could eventually block nutrient supply to surface layers in a
warmer upper ocean (Sweetman et al., 2017). Predicted distributions of
suitable CWC habitats in a future ocean exposed to high levels of
emissions indicate a substantial decline of the areas occupied by coral
species, limiting the sites that could be considered climate refugia by
2100 (Morato et al., 2020). Even on shorter time scales, interannual
changes in bottom temperature, bottom salinity and NAO (North
Atlantic Oscillation) rather than seabed morphology were found to
explain variations in macrofaunal communities in the Mingulay CWC
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reef in the NE Atlantic (Kazanidis et al, 2021). There, differences in
community composition and diversity were attributed to interannual
variability in bottom temperature, whereas no or only small differences
were observed in species richness (Kazanidis et al., 2021). Thus, un-
derstanding ecological tipping point crossings requires consideration of
multiple factors, spatial and temporal scales, as well as integration of
different disciplines (Hebbeln et al., 2019). Such a multi-factor approach
could not only involve the assessment of functional relationships be-
tween CWC ecosystem components and changes in physical and
hydrochemical water properties over space and time but should also
consider the role of physical processes and mechanisms that drive food
supply.

At Condor Seamount, our model results indicate little variation of
near-bottom dynamics in response to basin-scale changes of the AMOC.
The combination of energetic internal tides and associated local mixing
has the potential to retain an important, high quality food supply for
suspension feeders atop the Condor summit and along the upper
seamount flanks. This is in line with results of Rovelli et al. (2022), who
suggested that the residence times of water (and thus suspended matter)
within benthic communities at the seamount summit plays an important
role for maintaining coral gardens. Flow velocities within the gardens
were found to be significantly lower (i.e., longer residence times) than
sandy reference sites, both within the summit area and just 10 s of
meters off the coral gardens.

Reefs and other CWC habitats (such as coral gardens) have been
recognized as hotspots for carbon cycling (van Oevelen et al., 2009;
White et al., 2012; Rovelli et al., 2015, 2022; Cathalot et al., 2015; de
Froe et al., 2019; De Clippele et al., 2021). The enhanced supply and
turnover of organic carbon in these communities result from an inter-
play and coupling between the community’s ability to draw down
available food from the water column and the physical processes that
focus and replenish food supplies to CWC habitats. Biophysical coupling
at shallow seamounts has often been discussed in the context of tracer
retention inside stable Taylor caps accompanied by enhanced primary
and secondary production (e.g., White et al., 2008). However, effects of
seamount flow dynamics on biological distribution patterns takes many
forms. These include retention and loss of plankton, resuspension of
sediments by enhanced turbulent mixing and current shear in the
seamount bottom boundary layer, which support food supply to sus-
pension feeders like corals and filter feeding sponges (Genin, 2004;
Genin and Dower, 2007; Mohn et al., 2021). The general assumption of
enhanced and persistent aggregation of biological material over
seamount summits, however, is not often supported by observations and
strongly varies between seamounts (e.g., McClain, 2007).

At Condor seamount, Bashmachnikov et al. (2013) largely excluded
the potential for enhanced primary production over the summit, as the
Taylor cap was confined to depths below 170 m, well under the euphotic
zone and the seasonal thermocline. Santos et al. (2013) confirmed this
assertion as they could not find evidence of increased phytoplankton
concentrations at depths < 100 m above Condor seamount. In contrast,
there was clear evidence of strong acoustic backscatter over the summits
of Condor seamount, which could be attributed to the presence and
retention of resident micronekton (Cascao et al., 2017). These are not
necessarily contradicting findings — previous results have highlighted
the importance of swimming micronekton for maintaining seamount-
associated population distributions (e.g., Wilson and Boehlert, 2004).
The episodic shedding and restoration of Taylor caps reported at Condor
seamount may support trophic enrichment over the seamount by sub-
sidy of planktonic material through horizontal advection from the far
field towards the seamount (Genin and Dower, 2007).

However, multi-decadal changes in sea-surface temperature, chl-a
and net primary productivity (NPP) in the Azores region showed a
clear warming trend, combined with negative trends in chl-a and NPP
over the past 40 years (Signorini et al., 2015; Siemer et al., 2021).
Analysis of the surface geostrophic velocity from EN4 monthly data in
the oceanic far field surrounding Condor Seamount since 1990 indicates
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Fig. 13. Mean near-bottom kinetic energy

(Wkg™)
65  dissipation rate logio(e) (W kg’l) for weak
7 (a, b) and strong (c, d) AMOC years in the
bottom-most layer of SE Rockall Bank and
= Condor Seamount, respectively, calculated
-8

from daily averaged model output of the 3D

-85  current velocity field. Differences in € be-

tween weak and strong AMOC years (e, f) are
not log transformed and in units W kg~ '.
Depth contours in 200 m intervals between
200 m and 2400 m depth are superimposed.
The horizontal resolution of the model grid is
250 m. At Condor Seamount, only part of the
model domain is shown with a focus on the
central seamount area.

Fig. 14. Mean kinetic energy dissipation rate
logio (€) (W kg’l) for different AMOC periods
along cross-slope (North-South) transects. (a, b,
c¢) SE Rockall Bank (Haas mound, longitude
15.808 °W); (d, e, f) SE Rockall Bank (longitude
15.25 °W); (g, h, i) Condor Seamount (longitude
29.027 °W). The analysis is based on daily aver-
aged model output of the 3D velocity field. The
horizontal resolution of each embedded model
grid is 250 m. The regions are not equally scaled
due to their different size. (c, f, i) are not log
transformed and in units W kg’l. Subplots (c, f, i)
represent the difference between strong AMOC
and weak AMOC.



C. Mohn et al.

(a) CWC presencelocations

Weak Weak Weak Weak
9 AMOC AMOC AMOC AMOC
: 35.5) | L] 04 :
i a [T g Y
| | 2765t | i { 03}
l | . gl 27erh O o2 H
7han 5 H .
i|ss3p {27995 o4l T |
5 S 27.5] g, U
6 Strong Strong Strong 0 Strong
AMOC AMOC AMOC AMOC
(b) CWC pseudo absencelocations
Weak Weak Weak Weak
9 AMOC AMOC AMOC AMOC
gl | H 27.65 03} ;
i 3541 L P
; D 27.6 02t i
7t G ' H
B R A R B
& s || 275}, U
6 Strong Strong Strong 0 Strong
AMOC AMOC AMOC AMOC

that the observed warming trend is accompanied by a continuous
weakening of the southward surface flow in the vicinity of the seamount
(Fig. 17). This weaker surface flow will reduce the flux of organic matter
to the seamount in a future scenario of a warmer North Atlantic as a
consequence of reduced advection and enhanced stratification.

5.2. Kinetic energy dissipation as a mechanistic proxy for species
distribution

Due to their structural complexity, fragility, and critical exposure to
various potentially adverse anthropogenic impacts (fisheries, climate
change), CWCs and sponges are considered indicators of vulnerable
marine ecosystems (VMEs) with a high conservation value. Yet, we still
only have scattered knowledge about their global distribution (Roberts
and Cairns, 2014). Species distribution models (SDMs) are increasingly
used to improve our often sparse knowledge of the distribution of VME
indicator species, for which fragmented data on their ecology, envi-
ronmental preferences and tolerances is generally available. Complex
interactions of multiple environmental variables must be accurately
evaluated as each variable may have opposite effects on species occur-
rence (Wienberg and Titschack, 2017). SDMs employ different methods
to predict species distributions based on relationships between envi-
ronmental predictor variables and species presence locations, usually
involving machine learning algorithms (Davies and Guinotte, 2011; Chu
et al., 2019; Sundahl et al., 2020, de Clippele et al., 2021, Morato et al.,
2020). Still rather few species distribution modelling studies, however,
include near-bottom currents in their collection of suitable predictor
variables.

Local and persistent hydrodynamic hotspots and high advection
rates of suspended organic material therefore seem prerequisite for the
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Fig. 15. Box plots of near-bottom temperature 0 (°C),
salinity S, potential density oo (kg m~3), current

Weak magnitude U (m s™!) and kinetic energy dissipation
AMOC logio (6) (W kg’l) at (a) CWC presence and (b)
6.5 T T randomly selected (pseudo) absence locations at SE
* : Rockall Bank during periods of weak and strong
: AMOC. Black bars in the center represent the median.
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-7.5 T T maximum across the interquartile. CWC presence data
: : were extracted from the habitat suitability model by
-8 : i Rengstorf et al. (2014) and Soetaert et al. (2016).
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build-up and structuring of deep-sea scleractinan reefs, such as those
made by D. pertusum (Roberts et al., 2006; White et al., 2007; White and
Dorschel, 2010). The most frequently proposed mechanism behind the
formation of such hotspots in the deep sea is the conversion of kinetic
energy from large-scale currents and barotropic tides to internal tides
and enhanced turbulence over rough topography (Nikurashin and Legg,
2011; Nikurashin et al., 2013). Frederiksen et al. (1992) found that the
depth distribution of CWCs coincided with the zone where internal
waves break and hypothesized that this phenomenon created local hy-
drodynamic hotspots. Since then, model studies have indicated that
internal waves are in fact an important source for locally enhanced
currents and vertical mixing at coral sites (Mohn et al., 2014; Soetaert
etal., 2016; van der Kaaden et al., 2021) and this has been confirmed by
observations across different spatial and temporal scales (Davies et al.,
2009, Osterloff et al. 2019; Wienberg et al., 2020; De Froe et al., 2022).
Typically, hydrodynamics in SDMs is represented as a depth-related
function of current speed and current direction, used as proxy vari-
ables for sediment flux and food supply (Rengstorf et al., 2014; Sundahl
et al., 2020). Our capacity to understand and predict the distribution of
VME indicator species and their functioning at increasingly small
management scales (<1 km), however, might require a more mecha-
nistic and functional representation of hydrodynamics in SDMs. In this
regard, SDMs should acknowledge internal wave dynamics, 3D velocity
shear and dissipation of kinetic energy over rough terrain as important
drivers of turbulent mixing and the supply of organic matter. This
knowledge is increasingly delivered by predictions from mechanistic
models (like those presented in this study) as well as cutting-edge in-situ
sampling. For example, from high resolution temperature and current
measurements at SE Rockall Bank, van Haren et al. (2014) concluded
that turbulent mixing generated by breaking internal waves is more
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linear fit with the 95 % confidence limits plotted as dashed black lines.

relevant for understanding CWC growth than current magnitude. Our
model results indicate that locations of enhanced kinetic energy dissi-
pation rates correspond well with modelled distributions of CWC habitat
at SE Rockall Bank (Fig. 18). At Condor Seamount, the dip in kinetic
energy dissipation from summit to slope also marks the boundary be-
tween an observed deep sponge belt around Condor at depths > 500 m
and the dense coral gardens of the summit region (Tempera et al., 2012).
This strong correlation between CWC distribution and enhanced kinetic
energy dissipation suggests that there is a strong dependence of CWC
distribution to an efficient and stable food supply mechanism and that

15

Progress in Oceanography 214 (2023) 103031

< w =

-15.8

-15.6
Longitude

-154 152 -16

strong AMOC

-16.2 -16

-16.8  -156

Longitude

-15.4

Fig. 18. Modelled distribution of near-bottom kinetic energy dissipation
log10(e) (W kg’l) at SE Rockall Bank (colored contours) during weak (a) and
strong (b) AMOC years superimposed on predicted CWC occurrences (areas
inside black lines) from the habitat suitability model by Rengstorf et al. (2014).

kinetic energy dissipation may therefore be a useful proxy for food
supply. It also highlights the benefit of high-resolution hydrodynamic
models in combination with detailed terrain data to resolve the 3-D
velocity field at spatial scales that are relevant for the filtering effi-
ciency of CWC reefs and larger sponge assemblages.

Flume experiments investigating the feeding habits of coral branches
that include framework-building stony coral D. pertusum (Purser et al.,
2010; Orejas et al., 2016), garden-forming octocorals Dentomuricea aff.
meteor and Viminella flagellum (Rakka et al., 2021) and colony-building
black coral Antipathella wollastoni (Rakka et al., 2020) have all indi-
cated that feeding efficiency tends to be the highest under relatively low
flow velocities (<7 cm s~1). Moreover, the type of food source also plays
an important role on feeding strategies. For example, D. pertusum might
capture predominantly zooplankton at low flow velocities (2 cm s™1)
and phytoplankton at slightly higher flow velocities (5 cm s~ 1), possibly
allowing the corals to more efficiently exploit diverse food supply
mechanisms, such as tidal driven and advective pathways (e.g., Orejas
et al., 2016).

Preference of CWCs for intermediate current speeds is in interesting
contrast with the numerous reports of CWC reefs occurring in areas with
very strong bottom currents (Khripounoff et al., 2014; Roberts et al.,
2009; White et al., 2007) or very low bottom currents (Lim et al., 2020).
Non-invasive flow measurements at coral heights via the aquatic eddy
covariance technique have shown that CWC assemblages mostly expe-
rience mean flows below 15 cm s~ ! and down to 2-5 cm s, in line with
corals’ optimal feeding efficiency (Rovelli et al., 2015, 2022). CWC
framework also causes reduced bottom current speeds in its wake field
(Mienis et al., 2019). Due to the structural and topographical complexity
of CWC habitats, however, it remains challenging to generalize such
findings. At Rockall Bank, coral-height mean flow velocities on top of
Oreo mound were in excess of 80 cm s, yet the mound thrived with
dense assemblages of live CWC patches, while on the summit of the
nearby Haas mound, CWCs showed a patchy distribution (de Froe et al.,
2019; Maier et al., 2021), despite flow velocities were within the pre-
sumed optimal coral feeding range. CWC framework reducing bottom
current speeds in its wake field could cause this patchy distribution
(Mienis et al. 2019). Overall, our findings suggest that bottom kinetic
energy dissipation might be a more suitable proxy for CWC biomass than
bottom current speed, even if the modelled energy dissipation rates
cannot be compared to realistic values due to the lack of measurements
or other realistic studies from these areas.
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6. Conclusions

In our study, we investigated the influence of AMOC related basin-
scale changes in water mass properties and currents propagating into
local-scale CWC and sponge areas dominated by tidal dynamics based on
results from high-resolution model simulations. Our findings indicate
different feedback of contrasting AMOC states in near-bottom waters of
SE Rockall Bank and Condor Seamount. At SE Rockall Bank, basin-scale
variations generate intensified bottom currents and kinetic energy
dissipation bathing coral reef communities in cooler and less saline
waters during periods of strong AMOC. At Condor Seamount, however,
bottom currents appear largely unaffected by contrasting AMOC states
at summit depths < 400 m, where the largest aggregations of coral
gardens formed by the octocorals Viminella flagellum and Dentomuricea
aff. meteor are observed. This study also highlights the need of incor-
porating processes driven by small-scale tide-topography interactions in
species distribution modelling. In recent climate projections from SDMs,
changes in small-scale hydrodynamics are not yet included. Oscillating
flows along the spectrum from internal to fortnightly tides episodically
intensified over steep topographic features would likely amplify AMOC
induced changes in bottom currents and potentially further reduce
suitable coral and sponge habitat. Accurate climate model data can
narrow data gaps and improve both local high-resolution model hind-
casts and future projections. To further investigate such complex in-
teractions of live corals and coral framework with their turbulent
environment at the coral patch scale, hydrodynamic models can be
useful tools. It would be desirable that such models are capable to
resolve the non-linear spectrum of physical processes including breaking
internal waves and turbulent mixing at meter scales. Kinetic energy
dissipation derived from our modelled 3D near-bottom velocity field
appeared to relate closely with observed CWC locations. Hence, even
though our model does not explicitly include non-linear dynamics such
as turbulence and internal wave breaking, enhanced kinetic energy
dissipation rates from our model may serve as a useful proxy to identify
areas where kinetic energy transfer from lower to higher frequencies and
non-linear motions may occur and thus may provide a dynamical link to
coral ecology. This parameter is therefore proposed as part of a new class
of functional descriptors of CWC distribution as it provides a more
mechanistic view of hydrodynamics driving organic matter supply to
filter and suspension-feeding communities.

Research data

The data set for set up, initial and boundary conditions of the high-
resolution local area model implementations in two case study areas,
Rockall Bank and Condor Seamount, are available online at zenodo
(https://doi.org/10.5281/zenodo.3582932; Mohn et al., 2019). The
data include the computational grids, initialization fields (temperature,
salinity) and boundary conditions (temperature, salinity, currents, sea
surface height) for the ROMS-AGRIF simulations presented in this study.
EN.4.2.1 data with the gl0 bias corrections were obtained from
https://www.metoffice.gov.uk/hadobs/en4/ and are © Crown Copy-
right, Met Office, provided under a Non-Commercial Government
Licence  https://www.nationalarchives.gov.uk/doc/non-commercial-
government-licence/version/2/.
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