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A B S T R A C T   

Cold-water corals rely on currents to transport food towards them and when external conditions are favourable, 
they can form coral mounds. These structures, which can be over 300 m high, influence the hydrodynamics 
around the reefs that grow on the mounds, which feeds back to affect coral- and therefore mound-growth. We 
investigated these feedbacks at the Logachev coral mound province, by running simulations with a 3D hydro-
dynamic model (Roms-Agrif), using different seafloor bathymetries that represent consecutive stages of mound 
development. Simulations ranged from a fully smoothened bathymetry without mounds, to a coral mound (Haas 
mound) at 1.5 times its current size. The effect of mound height on coral growth was investigated by looking at 
the baroclinic (internal) tide, turbulent energy dissipation, vertical velocities, and horizontal bottom currents. 
The simulations suggest that with increasing mound height horizontal velocities increase, while turbulent energy 
dissipation and vertical velocities around the mound foot decrease. This supposedly limits coral growth at the 
mound foot and hence lateral mound extension in later stages of development. An increase in turbulent energy 
dissipation and vertical velocities on the mound top and upper flanks, indicates vertical mound growth at all 
subsequent stages. Our findings of continued vertical mound growth provide an explanation for recently pub-
lished data on benthic cover from a transect over Haas mound, that show a dominance of live corals on the 
mound top. We find areas of increased energy conversion rates from the barotropic (surface) to the baroclinic 
tide on the bathymetry where we artificially eliminated the mounds from (i.e. smoothened bathymetry). Inter-
estingly, these areas overlap with the region where coral mounds are located at present. So, the baroclinic tide is 
likely an important mechanism in the process of coral mound establishment. Given the relative ease with which 
the energy conversion rate from the barotropic to the baroclinic tide can be deduced from hydrodynamic model 
simulations, our results provide opportunities to investigate where coral mounds may be initiated worldwide.   

1. Introduction 

Cold-water corals rely on currents to transport food towards them, 
because they are sessile organisms that feed passively on particles 
flowing past their feeding tentacles (Mortensen, 2001). A logical 
deduction is then that stronger currents lead to a higher food supply rate 
and larger coral growth rates. A number of studies have indeed shown 
that cold-water coral reefs are often found in energetic hydrodynamic 
regimes (Juva et al., 2020; Mienis et al., 2007; Mohn et al., 2014). When 

the hydrodynamic conditions are favourable over long time periods, 
extensive reefs are formed on the seafloor. The reefs trap sediments (de 
Haas et al., 2009; Dorschel et al., 2005) by baffling currents within their 
complex three-dimensional structures (Huvenne et al., 2009; Mienis 
et al., 2019). Where reef growth and sedimentation within these reefs 
exceed ambient sedimentation rates, cold-water coral reefs can form 
coral mounds (van der Land et al., 2014). 

Studies on the geological history of coral mounds also underline the 
importance of a strong current regime for coral reef growth, as coral 
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extinction events often happened when hydrodynamic conditions 
became weaker (e.g. Rüggeberg et al., 2007; Dorschel et al., 2005; Matos 
et al., 2017; Wienberg et al., 2020). 

Coral mounds can be tens of meters to over 300 m high (Mienis et al., 
2006) and their presence directly influences the hydrodynamics in coral 
mound regions: The large structures partially block or deflect the (tidal) 
flow around them (Cyr et al., 2016; Juva et al., 2020), so that internal 
waves can be generated, amplified, and locally converted to turbulent 
motions, increasing the rate at which corals encounter suspended food 
particles (Mienis et al., 2009; Mohn et al., 2014; van Haren et al., 2014). 
With isopycnal-displacements of 100–200 m (Mienis et al., 2007; Mohn 
and White, 2007), downward velocities are increased (Mohn et al., 
2014) and hydraulic jumps and internal bores emerge over mound 
slopes during the turn of the tide (Jackson et al., 2012; Legg and Klymak, 
2008). Internal waves are also an important mechanism causing vertical 
mixing (Jackson et al., 2012) and transport of fresh organic matter from 
higher up in the water column towards the deep reefs (Davies et al., 
2009; Duineveld et al., 2007; Findlay et al., 2013; Kenchington et al., 
2017). 

The control of hydrodynamics on coral- and mound-growth, com-
bined with the impact of the mounds on the hydrodynamics around the 
reefs, can be considered as a positive feedback mechanism: Corals 
themselves increase the rate at which they encounter suspended food 
particles by affecting the hydrodynamics (van der Kaaden et al., 2020). 

There are indications that this coupling between hydrodynamics and 
reef food uptake changes with mound size and even affects the shape of 
the mounds. At the Logachev coral mound province (SE Rockall bank 
margin) for instance, most mounds and mound clusters are elongated in 
the direction of the tidal currents (White et al., 2007). Such alignment to 
the current direction has also been observed at other locations (e.g. 
Hebbeln et al., 2014; Correa et al., 2012; Somoza et al., 2014). Also, 
since most coral mound tops at Logachev are situated around the depth 
of the permanent pycnocline, it has been hypothesized that the mounds 
stop growing taller around this depth there (Mienis et al., 2006; Wheeler 
et al., 2007; White and Dorschel, 2010). In a 2D modelling study Cyr 
et al. (2016) compared flow over a small and a large protrusion in the 
area and suggested that this stabilization of the mound top is controlled 
by the way the mounds grow: vertically when small until they “outgrow” 
themselves, after which they mainly grow sideways. This finding was 
supported by observations of large mounds in the area that seemed to be 
lacking any live corals on the top. However, due to the inherent sym-
metry implied in a 2D model, the results of Cyr et al. (2016) represent 
hydrodynamics around an infinitely long ridge rather than a conical 
mound. 

The feedbacks between mound formation, coral growth and hydro-
dynamics is challenging to investigate, because of the strongly con-
trasting time-scales on which these processes occur. Coral mounds form 
over ten-thousands of years and often over several cycles of coral reef 
development and extinction (Dorschel et al., 2005; Douarin et al., 2014; 
Eisele et al., 2011; Titschack et al., 2015). Growth of individual corals, in 
contrast, changes seasonally (Maier et al., 2020), while hydrodynamics 
vary over hourly, daily, annual, and even geological time-scales (Colin 
et al., 2019; Frank et al., 2011; Sherwin et al., 2012). 

In this study, we investigate the general process of how hydrody-
namics change as a coral mound grows and how this feeds back on coral 
growth. We simulated the hydrodynamics at the Logachev coral mound 
province using 3D Regional Ocean Modelling Software (Roms-Agrif), 
starting with simulations on a bathymetry from which all currently 
existing mounds were smoothed out. Subsequently, we performed runs 
where we reintroduced a coral mound of a certain height, by modifying 
the bathymetry such that the mound height represents different stages of 
coral mound development. Since hydrodynamic (e.g. stratification) and 
biological (e.g. algal blooms) conditions differ considerably between 
seasons (Mohn and White, 2007), we performed winter (February) and 
summer (August) simulations. This model approach allowed us to study 
the two tightly-linked processes of mound height and local 

hydrodynamics in isolation of long-term external changes, e.g. in 
climate and ocean circulation. 

2. Study site 

2.1. Mound morphology and distribution at Logachev 

The Logachev coral mound province is situated on the south-eastern 
slope of the Rockall Bank, which is a submerged shallow-summit 
plateau, elongated in SW-NE direction and situated to the northeast of 
Ireland (Fig. 1). The Rockall Bank is separated from the continent by the 
Rockall Trough, which is about 3000 m deep at the southern entrance 
and about 500 m in the northeast, where it is bounded by the Wyville 
Thomson Ridge. 

The Trough is about 1200 km long, of which the Logachev coral 
mound province constitutes only a small part of about 80 km long. It 
consists of clusters of mounds, situated between 600 m and 1000 m 
depth, that are generally elongated, for several kilometres, perpendic-
ular to the depth contours. Two mounds have been used in this study. 
The 300 m high Haas mound, and the adjacent, smaller Oreo mound 
(Fig. 1). The foot of Haas mound is located at around 850 m depth and its 
top around 550 m depth. Oreo mound is situated to the west of Haas 
mound, with its foot at around 1000 m depth and its top around 860 m 
depth. 

2.2. Hydrodynamic setting in the Rockall Trough 

Water masses show a complex circulation in the Rockall Trough. 
Around the depth of the Logachev coral mounds, Eastern North Atlantic 
Water (ENAW) enters the Through in the south and exits in the north 
(Holliday et al., 2000; Johnson et al., 2010; McGrath et al., 2012; 
Ullgren and White, 2010). Also entering the Trough in the south are 
Sub-Arctic Intermediate Water (SAIW) and Mediterranean Water (MW) 
(Johnson et al., 2010; Ullgren and White, 2010), which mix in the 
Trough, causing mesoscale activity (i.e. eddies at spatial scales of <100 
km), so that their signature is lost above 53◦N (Ullgren and White, 
2010). In the north of the Rockall Trough, Wyville Thomson Overflow 
Water (WTOW) enters from the Wyville Thomson Ridge between 600 m 
and 1200 m depth and flows southward along the eastern flank of the 
Rockall Bank. Its signature can be found as far south as 55◦N, where it 
disappears, probably because it leaves the Trough to the west and 
because of mixing with other water masses (Johnson et al., 2010). 
Recent observations confirmed a residual current consisting of WTOW in 
the Logachev coral mound province, flowing from the northeast to the 
southwest (Schulz et al., 2020). 

The surface signature of the barotropic (surface) tides in the region is 
semi-diurnal (Gerkema, 2019), but the dominant baroclinic (internal) 
tide at the Rockall Bank has a diurnal character (van Haren et al., 2014). 
At the latitude of the Rockall Trough (i.e. above the critical latitude of 
30◦), these diurnal tidal waves are trapped and travel through the 
Trough as a Kelvin wave with a wavelength of 300 km. They have the 
topography on their right and induce currents going up and down the 
northern trough margin (Cyr et al., 2016; Huthnance, 1974; Pingree and 
Griffiths, 1984). 

The permanent pycnocline extends to about 600 m depth in the 
Rockall Trough and the water column in the upper 600 m is well-mixed 
in winter (Ellett and Martin, 1973; Holliday et al., 2000; Ullgren and 
White, 2010). White and Dorschel (2010) argue that the permanent 
pycnocline is important for coral mound formation, because at this 
depth enhanced residual and tidal currents have been measured. 
Furthermore, because current speeds are maximal around the depth of 
the pycnocline, divergence above and convergence below the 
pycnocline-depth cause a conveyer belt-like process whereby organic 
matter is transported towards the benthic boundary layer (White and 
Dorschel, 2010). This may also increase organic matter transport to-
wards the seabed (Thiem et al., 2006). The seasonal pycnocline extends 
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to about 100 m depth (Mienis et al., 2007; White and Dorschel, 2010). 

3. Methods 

We mimicked mound growth by gradually changing the bathymetry 
in a number of successive stages. At each of these stages, the hydrody-
namics was simulated using a Regional Ocean Modelling Software 
(Roms-Agrif) model that was validated in a previous study (Mohn et al., 
2014). We ran the model for the months of February and August and 
visualized these winter and summer situations by calculating the 
Brunt-Väisälä (buoyancy) frequency (N), using the seawater library 
version 3.3 (©CSIRO 2010). To get insight into how cold-water coral 
growth is affected by the mound growth stage, we analysed several 
hydrodynamic parameters that are considered proxies for good coral 
growth conditions (see section 3.3). 

Finally, we make a direct comparison with the present-day favour-
able conditions for coral growth on Haas mound, by comparing hydro-
dynamic model results of the present-day Logachev coral mound 
province with benthic cover on the mound. The data on benthic cover 
came from an annotated video transect that ran from the upper southern 
flank to the upper northern flank of Haas mound (Maier et al., 2021). 

All computations and pre- and post-processing of the Roms-Agrif files 
and data were performed in Matlab R2018a. 

3.1. Bathymetry 

To mimic mound growth, we gradually changed the shape of the 
bathymetry from no mounds (0 × present size) to 1.5 times the present- 
day mound size with steps of 1/8 (1/4) for Haas (Oreo) mound, resulting 
in 13 (7) different stages of coral mound development. Only one (Haas 
or Oreo) mound was simulated at a time, to avoid interference with the 
hydrodynamics from the presence of other, nearby mounds. 
Figures detailing the parameters in side- and top-view are produced for 
the zero (i.e. “no mound”), 0.5 (“smaller mound”), 1 (“present mound”) 
and 1.5 times (“larger mound”) present-day size bathymetries; line 
graphs show how the hydrodynamic parameters change with mound 
growth using all 13 (7) stages. As a comparison, all simulations, analyses 
and calculations were also performed for the unmodified Logachev ba-
thymetry (i.e. all mounds present). 

Bathymetric data were derived from Irish National Seabed Survey 

(INSS), see Mohn et al. (2014) for details. Topographic heights were 
removed from the original bathymetry by applying a Gaussian filter, 
leaving behind a smooth continental slope without coral mounds 
(Fig. 2). The bathymetry of the mounds was isolated by subtracting the 
actual bathymetry from the smoothened bathymetry and using 
connected-component labelling. The isolated Haas or Oreo mounds were 
then modified and subsequently placed back on the “no mounds” ba-
thymetry. To check that the modified bathymetries were not unrealistic, 
we plotted maximum and mean mound slope (%) against mound height 
(m) for the modified Haas mound bathymetry and present-day Logachev 
mounds. The data show a clear height - slope relationship (R2 > 0.7) that 
the modified mound followed as well (Fig. 3). 

3.2. Hydrodynamics 

Hydrodynamics was simulated in 3D using the free-surface, hydro-
static equations, 3D Regional Ocean Modelling System with grid 
refinement (Roms-Agrif). Roms-Agrif solves the equations of motion on 

Fig. 1. Contour plot of the Logachev area. The 
mounds are situated on the southwestern slope of 
the Rockall Trough. The inset shows that the 
Rockall Trough is situated west of Ireland. The 
bathymetry here shows the nested model domain 
used in the hydrodynamic (Roms) model. The 
green line depicts the transect used in Fig. 5. At 
the depth of the mounds, a residual current of 
Wyville Thomson Overflow Water flows from the 
northeast to southwest (Schulz et al., 2020). (For 
interpretation of the references to colour in this 
figure legend, the reader is referred to the Web 
version of this article.)   

Fig. 2. Smoothened, “no mounds” bathymetry of the Logachev area.  
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a staggered Arakawa-C grid in the horizontal and topography-following 
coordinates in the vertical (Shchepetkin and McWilliams, 2005). 
Roms-Agrif employs one-way embedding of multiple grids using the 
AGRIF package (Adaptive Grid Refinement in Fortran; Penven et al., 
2006). Our central model domain covers an area of 85 × 58 km (Fig. 1), 
with a horizontal resolution of 250 m, nested into a lower resolution 
(750 m grid size) model grid of 190 × 188 km. The number of vertical 
topography-following levels is 32 everywhere, with enhanced resolution 
at the surface and the near-bottom layers. We used an identical setup of a 
previously described and validated model for the same area and refer to 
Mohn et al. (2014) for a more detailed description. 

The model applies barotropic tidal forcing for 10 major tidal com-
ponents (M2, N2, S2, K2, K1, O1, P1, Q1, Mf and Mm) along the open 
lateral boundaries of the lower resolution model, based on the TPXO7 
global tidal solution of the Oregon State University (OSU) inverse tidal 
model (Egbert and Erofeeva, 2002). Water column temperature and 
salinity were obtained from the monthly World Ocean Atlas (WOA 
2005) climatology (i.e. not specific to a certain year). COADS 
(Comprehensive Ocean-Atmosphere Data Set) data provided atmo-
spheric forcing at the free surface. Water mass properties and currents 
from the parent grid are transferred as lateral boundary conditions to the 
child grid at every time step. At the nested grid boundaries, we used a 
sponge layer of 400 m with a prescribed kinematic viscosity of 40 m2 s− 1 

to prevent numerical errors at the edges originating from the modified 
bathymetry. The model was run for 1 year as a spin-up using climato-
logical forcing and the unmodified bathymetry. The simulations with 
modified bathymetries were started using the conditions at the end of 
the spin-up. Model output was then obtained every 6 h in February and 
August of the climatological year and used for further analysis. 

3.3. Derived hydrodynamic parameters 

3.3.1. Energy conversion from barotropic to baroclinic tide 
When stratified water interacts with the topography, part of the 

energy from the barotropic (surface) tide is lost to the generation of 
baroclinic (internal) tides. This conversion from barotropic to baroclinic 
tidal energy relates to the magnitude of internal tide formation, an 
important factor causing deep-ocean mixing (de Lavergne et al., 2019; 
Garrett and Kunze, 2006; Vic et al., 2019). 

At Logachev coral mound province, we are interested in the baro-
clinic K1-tide because it is the dominant component in the area and 
trapped at the topography. The latter means that instead of travelling 
away to the interior of the ocean (de Lavergne et al., 2019; Vic et al., 
2019), most of the energy is dissipated locally (MacKinnon et al., 2017; 

Musgrave et al., 2016). To single out the K1 tidal component from the 
full tidal signal in the model output, we need to calculate the energy 
conversion without other tidal signals. We therefore calculated the 
barotropic vertical velocities (W) at the seafloor from depth-averaged 
horizontal velocities (see appendix A) and fitted them to the K1-tide 
(see appendix B). Vertical velocities in the other depth layers were ob-
tained by linear interpolation, assuming zero vertical barotropic veloc-
ities at the surface. A tidal fit was also produced for the variation of 
potential density in time, in every layer. 

Internal waves are regarded as perturbation of the static equilibrium 
state. This static equilibrium state, denoted by the subscript “0”, is 
described by the hydrostatic balance: 

dp0

dz
= − ρ0g (1) 

Density perturbations to this equilibrium state, denoted with a 
prime, can be introduced as superpositions of their static value: 

ρ= ρ0(z) + ρ′

(t, x, y, z) (2) 

In the hypothetical case of a barotropic tide over a horizontal sea-
floor, water moves essentially horizontal and thus leaves the isopycnals 
unperturbed. Baroclinic tides (i.e. internal waves at the frequency of the 
barotropic tide) are created by vertical motions from the barotropic tide 
induced by a sloping bottom. The energy conversion rate from baro-
tropic to baroclinic tides can then be calculated by multiplying the 
vertical barotropic velocity (W, in m s− 1) by the buoyancy force (b) that 
acts on these density perturbations, and integrating over one tidal cycle 
(Gerkema, 2019; Gerkema et al., 2004). The buoyancy force is defined as 
minus effective gravity: 

b= − g ρ′

/ρ*
(3)  

with ρ* = 1025 kg m− 3 and g = 9.81 m s− 2. 
The energy conversion rate is calculated as (Gerkema, 2019; Ger-

kema et al., 2004): 

C= − ρ*bW (4)  

with: … = T− 1 ∫
T

0
(…)dt. Here t is time and the averaging interval T is 

taken as one tidal cycle. C has units of W m-3. 
We used the potential density in the calculation (4), because this is 

the quantity available from the model. This is however equivalent to 
using the perturbation density ρ′ (as in ()4), via b). Introducing C′ based 
on the potential density, we find: 

C
′

= − ρ* −
g
ρ*

ρW (5)  

C
′

= − ρ* −
g
ρ*

(ρ0(z)+ ρ′

(t, x, y, z))W (6)  

C′

= − ρ* −
g
ρ*

ρ0(z)W + − ρ* −
g
ρ*

ρ′

(t, x, y, z)W (7) 

Since W = 0 and ρ0(z) is a constant, the first term on the right side of 
(5.3) disappears and hence C′

= C. 
We tested whether the 6-hourly resolution of the Roms-output was 

precise enough to adequately represent the K1-tide, by comparing these 
results with energy conversion rates obtained using 3 days of hourly 
output. Both datasets produced qualitatively and quantitatively similar 
values for energy conversion rates (see Supplementary Figs. S1 and S2), 
showing that the 6-h resolution suffices for the calculation of these rates. 

3.3.2. Turbulent energy dissipation 
Turbulence can greatly enhance mixing of particles through the 

water column and increase the particle encounter rate of feeding corals. 
The turbulent energy dissipation rate (Thorpe, 2007) describes the 

Fig. 3. Maximum (top) and mean (bottom) slope for the present-day Logachev 
mounds (blue crosses) and for the modified Haas mound (black dots), as a 
function of mound height (in m). Red line: best fits to the present-day data 
(solid) with confidence interval (dotted). R2: variation in the present-day data 
explained by the fit. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.) 
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potential of turbulent mixing from current shear of both tidal and mean 
flow. Following Thorpe (2007) it is estimated as: 

ε=(ν / 2)sijsij (8)  

where ν is the kinematic viscosity and: 

sij =
(
∂ui

/
∂xj + ∂uj

/
∂xi

)
(9)  

where i and j range from 1 to 3 and … indicates the sum of the product of 
all nine tensors (i.e. s11s11 + s12s12 + … + s33s33). The velocity- 
components are: u = u1, v = u2, w = u3, for the different directions 
x = x1, y = x2 and z = x3. The kinematic viscosity is calculated as ν =

μ/ρ, with ρ the actual density, and μ = 1.4⋅10− 3 N s m− 2. 

3.3.3. Vertical velocities 
The interaction between coral mounds and waterflow around the 

mounds can cause downward water motions (Davies et al., 2009; Dui-
neveld et al., 2007; Findlay et al., 2013; Kenchington et al., 2017) that 
can rapidly transport organic matter from higher up the water column 
towards the coral reefs. This coupling between the surface and the deep 
ocean was further investigated using the vertical velocities from the 
Roms-output between 250 and 300 m depth. We chose this depth range 
of 250–300 m to be below the seasonal and permanent pycnocline that 
can hamper vertical mixing. 

Vertical velocities are typically directed upward during half of the 
tidal cycle and downward during the other half. Averaging over the 
vertical velocities of a perfect (i.e. without a mean flow) tidal cycle, 
would result in an average of 0 m s− 1: the tidal signal is lost during 
averaging over time. To include both the tidal signal and the effect of the 
mean flow, we calculated the monthly averages of upward and down-
ward velocities separately. 

3.3.4. Horizontal velocities 
As the encounter rate of food particles with feeding appendages of 

passive suspension feeders is related to the current speed, we also ana-
lysed horizontal current speed (S), calculated as S =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
u2 + v2

√
at the 

bottom layer of the model. Like with vertical velocities, averaging over 
time of one of the horizontal velocity components would remove the 
tidal signal. To include both the effect of the tidal signal and mean flow, 
we calculated S before taking the monthly average. 

3.4. Video transect 

The benthic cover of a coral mound provides information on the 
present-day growth conditions of the mound. For example, where live 
corals prevail, the mound will likely be actively growing, whereas it will 
not be growing, or even eroding, where dead framework and sediment 
prevails. Maier et al. (2021) analysed a video transect from the southern 
to the northern flank of Haas mound, detailing the percentage cover of 
live reef-building corals, dead coral framework, sediment, large erect 
sponges, and other macro- or megafauna. We used the data and plotted 
the coral cover against the hydrodynamic parameters (i.e. energy con-
version rate, turbulent energy dissipation rate, vertical velocities, and 
bottom current speed) from a simulation with the present-day Logachev 
bathymetry. This allowed us to relate our hydrodynamic parameters to 
coral mound benthic cover. Values for the hydrodynamic parameters 
were obtained for every lon-lat coordinate point from the video transect, 
by selecting the nearest lon-lat coordinate in the Roms-output. 

4. Results 

4.1. Stratification 

The permanent pycnocline, characterized by a maximum buoyancy 
frequency (N), is located between 700 m and 900 m depth in February 

(Fig. 5A). Above 600 m depth, the water column is well-mixed in 
February. The permanent pycnocline is also present in August (Fig. 5B), 
but mixing above this depth is suppressed by a strong seasonal pycno-
cline around 100 m depth. 

4.2. Energy conversion rate 

When there are no mounds, energy is converted to the internal tide 
on the smooth Rockall Through margin. Interestingly, this band of en-
ergy conversion corresponds fairly well with the present-day position of 
the coral mounds (Fig. 4), especially in February (Fig. 4A). 

A transect over Haas mound (see the green transect line in Fig. 1) 
shows that energy conversion rates are highest near the bottom in 
February (Fig. 5C–F) and near the bottom and in the seasonal pycnocline 
in August (Fig. 5K-N). When there is no mound (Fig. 5C and K), little 
energy is converted to the internal tide, but the region south of where 
Haas mound formed shows slightly elevated energy conversion rates as 
compared to the rest of the area. For the smaller Haas mound (Fig. 5D, 
L), most energy conversion occurs on the southern flank, whereas more 
energy is converted on the northern flank for the larger mound. No 
energy is converted at the mound top in all cases, because the barotropic 
vertical velocities vanish there. On the mound, more energy is converted 
in August than in February, but in August some of the baroclinic energy 
is converted back to barotropic energy (i.e. negative values), especially 
around the seasonal pycnocline and at the mound foot. The energy 
conversion rate from the baroclinic to barotropic tide (negative values) 
around the mound foot increases with mound height. 

Depth-averaged energy conversion rates over Haas mound increase 
with mound height (Fig. 6A–D), especially at the northern and southern 
flanks, in the direction of the tide that travels over the mound in the NW- 
SE direction. 

Energy conversion rates on Oreo mound show a similar pattern as 
described for the smaller Haas mound stage (see Supplementary Figs. S3 
and S4). 

Fig. 4. Top view of monthly averaged energy conversion rates (W/m3), aver-
aged through the water column for the smoothened Rockall Trough margin 
bathymetry (i.e. the bathymetry without mounds as shown by the black contour 
lines). White dotted lines depict the presennt-day position of the mounds. 
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4.3. Turbulent energy dissipation rate 

Turbulent energy dissipation rate is highest around the seafloor in 
February (Fig. 5G–J) and in August around the seafloor and the seasonal 
pycnocline (Fig. 5O–R). It increases with mound height, especially in the 
water column and north of the mound at the seafloor. 

Depth- and time-averaged turbulent energy dissipation rates over 
Haas mound are low when no mound is present (Fig. 6E). It increases 
with mound height at the southern mound flank and to the east of the 
mound. In August, depth- and time-averaged turbulent energy dissipa-
tion rates also increase at some distance from the mound in the north 
(Fig. 6bH). In February turbulent energy dissipation is lower and de-
creases on the mound for the larger-mound stage (Fig. 6aH). Turbulent 
energy dissipation rates on Oreo mound show a similar pattern as 
described for the smaller Haas mound stage in February (see Supple-
mentary Figs. S3 and S4). 

4.4. Vertical velocity 

Depth- and time-averaged upward velocities between 250 and 300 m 
depth, are strongest at the southern foot (northern flank) of the mound 
in August (February) and become stronger with increasing mound 
height (Fig. 6J–L). Downward velocities between 250 and 300 m depth 
are situated around the mound top and western and eastern mound 
flanks for August and February (Fig. 6N–P). Vertical velocities are 
generally stronger in August. Again, the results for Oreo mound are 

similar to the smaller Haas mound stage (see Supplementary Fig. S4). 

4.5. Horizontal bottom current speed and direction 

Bottom current speeds at Haas mound are elevated compared to the 
surrounding area, already for the scenario without mounds (Fig. 6Q). 
They intensify along the southeastern and southwestern flank of Haas 
mound as the mound grows higher. At the smaller-mound stage bottom 
current speeds decrease at the northern flank and at the larger-mound 
stage, bottom current speeds also decrease at the southern flank. This 
pattern is similar for August and February, but currents are generally 
stronger in August. Results for Oreo mound are similar to the smaller 
Haas mound stage (see Supplementary Fig. S4). 

4.6. Overall changes with mound height 

The relationship between the derived hydrodynamic parameters and 
mound height was further investigated by averaging them for the area 
around the mound as depicted in Fig. 6, for all 13 (7) stages for Haas 
(Oreo) mound (Fig. 7). The curves are plotted against the depth of the 
mound top, to facilitate comparison with the depth of the permanent 
pycnocline. We calculated the same hydrodynamic parameters for the 
entire present-day Logachev coral mound province (i.e. the area on the 
Rockall Trough margin between 500 m and 1200 m depth). 

Energy conversion rates increase with mound height for February 
and August, but this trend levels off around the depth of the permanent 

Fig. 5. South to north transect (see the green transect line in Fig. 1) over the tops of different sized Haas mounds. From left to right: no mound, Haas mound at half its 
present-day size (smaller mound), Haas mound at present size (present mound), and Haas mound at 1.5 times its present size (larger mound). The left two figures 
show the Brunt-Väisälä (buoyancy) frequency (N), in February (A) and August (B), at the deepest part of the transect (left, denoted by * in C and K). The top two rows 
show the energy conversion rate (W m− 3) and turbulent energy dissipation rates (on a log10-scale) in February. The bottom two rows show the same parameters for 
August. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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pycnocline (600 m) in February (Fig. 7A). The energy conversion rate 
lies well above the Logachev average (dotted grey line) when no mound 
is present in February. In August it lies above the Logachev average 
when the mound is around 100 m tall. Energy conversion rates are 
higher in February than in August, until the mound top reaches around 
550 m depth. Average turbulent energy dissipation rate also increases 
with mound height and this trend levels off in August, when the mound 
top reaches around 600 m depth (Fig. 7B). Turbulent energy dissipation 
rate is higher in August than in February, but lies well above the 
Logachev average (which is near 0) for both months. 

For small mounds, the average vertical velocities between 250 and 
300 m depth fall below the Logachev average. The average vertical 
velocities become stronger with increasing mound height and are above 
the Logachev average at a mound height larger than 250 m (Fig. 7C). 
Vertical velocities are generally stronger in August than in February and 
intensify with increasing mound height, but the increase levels off for 
up- and downward velocities in both months when the mound top rea-
ches the permanent pycnocline around 600 m depth. Average horizontal 
bottom currents are also stronger in August than in February (Fig. 7D). 
Horizontal currents for both months lie above the Logachev average, 
increase only slightly with mound height in February, and decrease with 
mound height in August. Horizontal currents over Oreo mound, which is 
positioned slightly lower on the Rockall Trough margin, are stronger 
than on Haas mound. 

4.7. Coral cover on the present Haas mound 

Live coral cover on Haas mound, derived from an annotated S–N 
video transect in Maier et al. (2021), shows where the present-day living 
conditions are suitable for coral growth (Fig. 8A). The transect runs from 
the southern flank to the northern flank, where the mound steeply 

increases at first, until it reaches its highest point just below 500 m depth 
(Fig. 8B). The southern flank and especially the mound top have the 
highest live coral cover. North of the top, the transect shows a relatively 
flat plateau that is mostly covered with dead coral framework and 
sediment. At the final 250 m of the transect in the north, the mound 
descends steeper again, with a small peak in live coral cover after which 
sediment cover prevails. 

Most hydrodynamic parameters are highest around the mound top 
where live coral cover peaks, except for the depth-averaged energy 
conversion rate (Fig. 8C). The energy conversion rate is lowest in the 
transect centre (i.e. on the plateau) and highest on both flanks, with 
slightly higher values on the northern flank than on the southern flank. 
Upward velocities (Fig. 8E) are also lowest in the transect centre (i.e. on 
the plateau). The other parameters are highest in the south and decrease 
towards the north. 

5. Discussion 

Most organic matter in the deep sea is transported from the ocean 
surface. This organic matter supports benthic life, including so-called 
hotspot ecosystems such as cold-water coral reefs (Cathalot et al., 
2015; Rowe and Staresinic, 1979; van Oevelen et al., 2009). We inves-
tigated how hydrodynamic parameters that are related to food supply 
and coral growth, change with mound height and what this implies for 
coral mound formation. We used several parameters as indicators for 
good coral growth. 

We used the energy conversion rate from the barotropic (surface) to 
the baroclinic (internal) tide (Gerkema et al., 2004) as an indicator for 
internal tidal wave activity. Baroclinic tides (i.e. internal waves at the 
frequency of the barotropic tide) may either radiate away from the 
topography in internal tidal beams, thereby dissipating most of their 

Fig. 6b. From top to bottom: top view of monthly averaged energy conversion rate and turbulent energy dissipation rate (on a log10-scale), averaged through the 
water column on Haas mound, upward and downward velocities between 250 and 300 m depth, and bottom current speed in August. Depth contour lines are at 100 
m level. 
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energy in the interior of the ocean (de Lavergne et al., 2019; Vic et al., 
2019) or be trapped at the topography. When trapped, as is the case for 
the K1 tide at the Logachev coral mound province, their energy is 
dissipated locally (MacKinnon et al., 2017; Musgrave et al., 2016). The 
high energetic regime that comes with these trapped baroclinic tides 
increases the exchange between surface and deep ocean, enhancing both 
productivity in the upper layers (Frederiksen et al., 1992) and the con-
centration of fresh organic matter in deeper water layers (White and 
Dorschel, 2010). 

Other hydrodynamic indicators for favourable food supply are tur-
bulent energy dissipation rate (Thorpe, 2007), vertical velocities be-
tween 250 and 300 m depth, and horizontal current speed at the 
seafloor. Here, we discuss how the hydrodynamic parameters change 
with different stages of mound development and what the implications 
are for coral- and mound growth. 

5.1. Baroclinic tides as a driver of coral mound initiation 

How cold-water corals are able to survive in the food-limited deep- 
sea (Cathalot et al., 2015; Van Engeland et al., 2019), and what de-
termines their spatial distribution (e.g. Eisele et al., 2011; Flögel et al., 
2014; Hovland et al., 2012) is still poorly understood. We found that the 
smoothened Rockall Trough margin bathymetry (i.e. the seafloor 
without coral mounds) has comparatively high energy conversion rates 
(Fig. 4) as compared to the surrounding area. This indicates that the 
mounds seem to have formed at a location with increased baroclinic 
tidal activity. 

Wienberg et al. (2020) noticed, from geological records, that coral 
mound initiation was linked to internal waves at the other (continental) 
margin of the Rockall Trough. They attributed the internal wave activity 
to the transition zone between Mediterranean Outflow Water (MOW) 

and Eastern North Atlantic Water (ENAW). Wang et al. (2019) made the 
same connection between coral mound initiation and internal waves, 
based on geological records in the Alboran Sea. We here show that the 
correlation between coral mounds and internal waves might be a glob-
ally relevant feature, as it seems to be related to the baroclinic tide. 

5.2. Coral food supply increases with mound height 

Internal wave activity has been linked to coral presence (Frederiksen 
et al., 1992; Wang et al., 2019; Wienberg et al., 2018), because it in-
creases vertical transport of fresh material from higher water towards 
the deep sea (Jackson et al., 2012; Mohn et al., 2014) and resuspension 
(Mienis et al., 2009). Our results show highest internal tide activity in 
winter, when the seasonal pycnocline has not yet developed. Highest 
activity in winter is not typical of internal tides, but little is still known 
about the specific nature and dynamics of internal tides above the 
critical latitude. Wu et al. (2013) found more mixing in winter by the 
trapped K1 tide in the South China Sea as compared to the summer, 
which corroborates with our results that the trapped internal K1 tide is 
more important in February than in August. Furthermore, strong strat-
ification, like the summer stratification, is known to suppresses vertical 
mixing (Garrett and Kunze, 2006; Kaneda and Ishida, 2000; Legg and 
Klymak, 2008). In the seasonal pycnocline, internal tides can also scatter 
into smaller scale waves (Gerkema et al., 2004) and dissipate their en-
ergy there, as turbulence (Althaus et al., 2003). This scattering thus also 
leads to lower vertical mixing and less dissipation around the coral 
mounds in summer. 

Since the other hydrodynamic parameters are less strong in our 
February than in our August simulation, internal wave activity that is 
related to the baroclinic tide might be an important food supply mech-
anism during the winter months. Indeed, it has been suggested that 

Fig. 6a. From top to bottom: top view of monthly averaged energy conversion rate and turbulent energy dissipation rate (on a log10-scale), averaged through the 
water column on Haas mound, upward and downward velocities between 250 and 300 m depth, and bottom current speed in February. Depth contour lines are at 
100 m level. 

A.-S. van der Kaaden et al.                                                                                                                                                                                                                   



Deep-Sea Research Part I 178 (2021) 103641

9

feeding on resuspended material is an important alternative food source 
for cold-water corals during winter months (Maier et al., 2020). 
Furthermore, at Logachev, the spring bloom lasts from February to July 
(Duineveld et al., 2007) and early in the spring bloom more material is 
available for downward mixing (Davies et al., 2009; Duineveld et al., 
2007; Thiem et al., 2006). So, the baroclinic tide might be important for 
resuspension and for mixing down of fresh material early in the spring 
bloom. Since we found that the energy conversion from barotropic to 
baroclinic tide increases with mound height (Fig. 7A), internal tidal 
waves are likely an important and consistent food supply mechanism 
throughout the mound formation process. 

Turbulent energy dissipation rate and vertical velocities between 
250 and 300 m depth intensify as the mound grows higher (Fig. 7C and 
D), whereas horizontal currents decrease (August) or change little 
(February) with mound height (Fig. 7E). This suggests that, with 
increasing mound height, the flow around a mound becomes more tur-
bulent, with enhanced vertical transport, but with reduced horizontal 
transport. Turbulence and vertical motions throughout the water col-
umn around the mound, stimulate downward transport of fresher food 
sources from higher up the water column towards the reefs (Soetaert 
et al., 2016). The observed increase in turbulence and vertical motions 
in our simulations suggests that the corals on the mounds benefit from 
the enhanced vertical food supply, irrespective of the reduced horizontal 
current velocities. Interestingly, the mounds affect the vertical velocities 
between 250 and 300 m depth already when they are only several tens of 
meters high. This suggests that coral reefs/mounds can affect 
benthic-pelagic coupling already from an early stage. 

Sessile, passive suspension feeders such as corals rely on currents to 
transport food towards them, but the idea that passive suspension 
feeders always benefit from stronger (horizontal) currents is by no 
means certain (Rubenstein and Koehl, 1977). Experiments show that 
corals capture food more efficiently and effectively at weak flow con-
ditions below 7 cm s− 1 (Orejas et al., 2016; Purser et al., 2010), 
modelling experiments show an optimum ambient flow for food capture 
between 10 and 30 cm s− 1 (Hennige et al., submitted) and field evidence 
showed that more corals live within lower flow conditions and that live 
corals did not directly face the prevailing current (Lim et al., 2020). 
Horizontal flows might also be less suited to designate optimal coral reef 
conditions than vertical flows and turbulence, because food depletion 
generally occurs downstream of reefs (Wagner et al., 2011). 

Tidal downwelling is a known phenomenon around cold-water coral 
mounds (Davies et al., 2009; Frederiksen et al., 1992) and a previous 
study observed tidally induced organic matter transport towards Haas 
mound when simulating organic matter transport (Soetaert et al., 2016). 
Considering also that organisms living on higher mounds can feed 
higher in the water column, where organic matter concentration and 
quality is higher, it can be concluded that the food supply towards or-
ganisms living on a coral mound increases with mound height. 

Our results for Oreo mound were similar to our results for the smaller 
Haas mound stage (see supplementary information), which suggests that 
the results are not typical for the shape of Haas mound, but might be a 
more general feature of coral mounds at the south-eastern slope of the 
Rockall Bank. So, in the next section (5.3), we will make some inferences 
about mound formation at the south-eastern slope of the Rockall Bank. (caption on next column) 

Fig. 7. Shown is how average energy conversion rate (A), average turbulent 
energy dissipation rate (B), average vertical velocities between 250 and 300 m 
depth (C), and average horizontal speed at the bottom layer (D), change with 
increasing mound height (i.e. decreasing depth of mound top). Averages were 
taken over the area around the mound, as depicted in Fig. 6, for the entire water 
column (A&B), between 250 and 300 m depth (C), or in the bottom layer (D). 
Vertical dotted lines show the depth at which the tops of the mounds are 
located at present. The average values for the entire present-day Logachev area 
are plotted in dotted grey lines. 
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5.3. No indications for a negative feedback limiting mound height 

van der Kaaden et al. (2020) proposed that mound formation is 
subject to spatial feedbacks: positive feedbacks on a coral mound stim-
ulate coral growth, and thereby mound growth, while negative feed-
backs hamper lateral mound expansion. Our results show that turbulent 
energy dissipation rate and vertical velocities become stronger with 
mound height. Furthermore, horizontal currents decrease markedly to 
the north of the mound at an early stage of mound growth, possibly 
leading to a sediment infill as observed by Mienis et al. (2006). Hori-
zontal currents increase at the eastern and western foot and flank as the 
mound grows higher. This implies that especially the southern mound 
flank is favourable for coral growth on smaller mounds, suggesting 
mound expansion in that direction. This could explain why most Loga-
chev coral mounds are elongated in that direction (Mienis et al., 2006). 
At present, more life coral is observed at the southern than northern 
upper-flank (Fig. 8), also suggesting mound expansion towards the 
south. 

If the main food supply is due to vertical mixing, our results further 
imply that the top of Haas mound at and above its present size becomes 
more favourable for mound growth, as the mound grows higher. This is 
in line with the present-day Haas mound cover of live corals on the top 
and upper southern flank (Fig. 8). However, if the main food source 
would come from lateral transport, horizontal currents, which are more 
pronounced at the eastern and western flanks would pinpoint these 
areas to become more favourable with mound growth. 

Cold-water corals have variable food sources from pelagic origin 
(Maier et al., 2019), but also resuspended material and migrating 
zooplankton (Duineveld et al., 2007; Maier et al., 2020; Van Engeland 
et al., 2019). The supply of these food sources towards the corals is 
stimulated especially by high vertical velocities, turbulence and internal 
waves and most likely intermediate horizontal currents (section 5.2). 
Therefore, it seems that coral growth is stimulated at the mound top and 
upper flanks as the coral mound grows higher, which is at least true for 
the present-day Haas mound (Fig. 8). De Clippele et al. (2019) also re-
ports low (i.e. 0.01–1.71%) live coral cover on the lower east and west 

flanks of the present-day Haas mound. This suggests that lateral mound 
growth prevails during the earlier stages of mound formation, and as the 
mounds grow higher and coral growth is stimulated closer to or on the 
mound top, vertical growth would be more prominent during all sub-
sequent stages. Consequently, we expect the mound slope to increase 
with mound height, which can indeed be seen for the present-day 
Logachev mounds (Fig. 3). 

All this leaves the question of why most mound tops are situated 
around similar depths, just above the permanent pycnocline in the 
Logachev area (White et al., 2007). White and Dorschel (2010) argue 
that below the permanent pycnocline, cold-water coral reefs benefit 
from nutritious water that is transported downward, whereas above the 
permanent pycnocline the transport is mainly upward. A shift from 
downward to upward transport with increasing mound height cannot be 
seen in our results, because both upward and downward velocities in-
crease equally with mound height (Fig. 7C). Furthermore, when the 
mound breaches through the permanent pycnocline, it is itself situated 
in these more nutritious waters. Stratification is known to limit vertical 
water motions, preventing vertical mixing of nutritious water, but this 
would hamper mound growth already before the mound tops reach the 
permanent pycnocline. Thus, in our interpretation, the permanent pyc-
nocline is unlikely to limit coral growth, unless coral mounds need large, 
local vertical water motions to grow, but as of yet there is no evidence to 
support this latter idea. 

Hydraulic drag (causing mound erosion) has been used to explain 
mound size at the other (continental) Rockall Trough margin (O’Reilly 
et al., 2003), but is unlikely to limit vertical mound growth at Logachev: 
hydraulic drag is proportional to the current speed and turbulent flow 
squared and would thus be expected especially around the eastern, 
western, and northern mound foot, posing another possible negative 
feedback around the foot, but not for growth of the mound top. 

Another solution to the question of why most tops are situated at 
similar depth may be that the flow around the mound top becomes less 
favourable as the structure grows from a situation of partially blocked 
flow with vertical motions, towards a situation with complete flow 
blocking and horizontal motions (Cyr et al., 2016; Juva et al., 2020). 

Fig. 8. Data on live coral (‘Coral’), sponge, 
dead coral framework (‘DF’), and sediment 
(‘Sed’) cover on a South (left) to North 
(right) transect over Haas mound (A). 
Benthic cover data from Maier et al. (2021) 
is plotted as bars with percentage cover on 
the left y-axis. Panels show different vari-
ables along the transect. B: depth in m as 
measured by the ROV. C: energy conversion 
rate (W/m3). D: turbulent energy dissipation 
(W/m3). E: upward velocities between 250 
and 300 m depth (m/s). F: downward ve-
locities between 250 and 300 m depth (m/s). 
G: horizontal bottom current speed (m/s). 
For modelled variables (panels C–G) the 
mean of February and August is shown.   
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Although our results show a slight levelling off of the increasing trend in 
vertical velocities (Fig. 7C), vertical velocities generally increase 
whereas horizontal currents decrease (Fig. 7D). Furthermore, this pro-
cess, which suggests a mechanism that is intrinsic of coral mound 
growth, would be related to the mound height. However, the Logachev 
mounds differ in height since their tops are situated around the same 
depth, while their foots are situated at different depths. It seems more 
likely that not intrinsic, but external factors are limiting upward mound 
growth. It could be the result of the mounds growing out of the reach of 
the Wyville Thomson Overflow Water (as suggested by Schulz et al., 
2020). However, the fact that most tops are situated around the same 
depth can also be reminiscent of past environmental conditions and does 
not necessarily mean that those mounds stopped growing. The results 
from the video analysis by Maier et al. (2021) indeed do not provide any 
evidence that Haas mound stopped growing, since live coral reefs are 
present at its top. 

6. Conclusion 

Using a novel combination of mechanistic and conceptual modelling 
techniques, we studied the interaction between mound height and hy-
drodynamic conditions at different stages of mound development. In-
ternal waves have been proposed as an important mechanism fostering 
coral mound growth. We here show that internal tidal waves might be an 
important mechanism in the process of coral mound initiation and at the 
same time can provide a stable food supply mechanism during winter for 
established mounds. Given the relative ease with which the energy 
conversion rates from the barotropic (surface) to the baroclinic (inter-
nal) tide can be inferred from hydrodynamic outputs, this poses an 
interesting new perspective for cold-water coral research, e.g. to esti-
mate the impact of global environmental changes on cold-water coral 
occurrence. 

Turbulent energy dissipation rate and vertical velocities were shown 
to increase with mound height, creating a possible positive feedback to 
mound growth, because these parameters are thought to stimulate coral 
growth. Assuming that cold-water corals feed optimally in intermediate 
currents, the western and eastern mound foot become less favourable 
with mound height, since horizontal bottom currents greatly increase 

there. This creates a possible negative effect for lateral mound growth. 
We therefore conclude that mounds mainly grow sideways during early 
stages of mound development. A positive feedback around the mound 
top and upper flanks, in combination with a negative feedback around 
the mound foot, at later stages of mound development, suggests that 
mounds mainly grow vertically at later stages. 

The top of Haas mound being covered with live coral underlines our 
results that suggest no limiting effect of hydrodynamic parameters on 
mounds growing higher than the permanent pycnocline, or other 
intrinsic negative feedbacks limiting mound height. The reason that 
most mound tops at the Logachev coral mound province are located 
around similar depths is probably related to external factors, such as the 
mounds growing out of the reach of the Wyville Thomson Overflow 
Water mass, or a feature reminiscent of past environmental conditions 
such as changes in the climate or circulation patterns. In order to more 
precisely understand coral mound initiation and growth, it is necessary 
to obtain a better understanding of how coral- and mound growth is 
linked to certain hydrodynamic parameters. 
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Appendix A. Calculation of vertical velocities 

For the calculation of the energy conversion rate from barotropic to baroclinic tide (see eq. (1)), we are looking for the purely barotropic signal 
(denoted by ‘bt’) of vertical velocities, at the seafloor (denoted by an asterisk*). 

To calculate vertical velocities at the seafloor, we apply the material time derivative ( d
dt = ∂

∂t + u ∂
∂x+ v ∂

∂y+ w ∂
∂z) to z = − h(x, y) at the bottom, to 

obtain: 

w* = − u*
∂h
∂x

− v*
∂h
∂y

(A1) 

The horizontal velocities obtained from the Roms-output contain both a barotropic (bt) and baroclinic (bc) signal. The velocities can thus be split 
into a barotropic and baroclinic signal: 

u* = u*bt + u*bc, v* = v*bt + v*bc (A2) 

Combining (A1.2) and (A2) it follows that vertical velocities at the bottom are given by: 

w* = − (u*bt + u*bc)
∂h
∂x

− (v*bt + v*bc)
∂h
∂y

(A3) 

Similarly, we split w into a barotropic and baroclinic part, and hence it is natural to assume that: 

wbt* = − ubt*
∂h
∂x

− vbt*
∂h
∂y

(A4) 

We assume that the horizontal barotropic velocities do not change with depth: 

∂ubt

∂z
= 0 ,

∂vbt

∂z
= 0 (A5.1) 

Hence, depth averaged horizontal barotropic velocities are the same as their value at the bottom: 
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ubt = u*bt, vbt = v*bt (A5.2) 

where the bar denotes depth averaged values. 
To calculate the barotropic vertical velocities at the bottom, we assume that the depth averaged baroclinic horizontal velocities are zero: 

ubc = 0, vbc = 0 (A5.3) 

Since the averaged sum of the barotropic and baroclinic component is the same as the sum of the averaged components, we find that the depth- 
averaged horizontal velocities are the same as the barotropic component at the bottom: 

u= ubt + ubc = ubt + ubc = u*bt, v= vbt + vbc = vbt + vbc = v*bt (A5.4) 

Using (A4), we can calculate the pure barotropic signal of vertical velocities at the bottom as: 

− wbt* = u
∂h
∂x

+ v
∂h
∂y

(A6) 

The vertical barotropic velocity in the higher layers were obtained by linear interpolation, assuming that it vanishes at the surface; thus we obtain 
W. To investigate the energy conversion for the dominant barotropic K1-tide we produced tidal fits for the change in vertical velocity and density over 
time. 

Appendix B. Procedure to fit tide 

The procedure to obtain a tidal fit for a variable q starts by calculating, for one tidal period T, the constant component c0 = T− 1 ∫
T

0
qdt and then 

subtracting it from q, to shift the variable so that its mean is at 0. The amplitude (a) and phase (φ) can then be calculated for tidal frequency (σ) as: 

a=
2
T

⋅
̅̅̅̅̅̅̅̅̅̅̅̅̅̅

c2
1 + c2

2

√

(10)  

φ= tan− 1
(

− c2/c1

)

(11)  

with: c1 =
∫T

0
q⋅sin(σt)dt and c2 =

∫T

0
q⋅cos(σt)dt and σ = σK1 = 7.2921⋅10− 5. 

Which produces the tidal fit 

q′

= a⋅sin(σt − φ) (12) 

Fitted time series were visually inspected for several locations and were judged to be good fits. 

Appendix C. Supplementary data 

Supplementary data to this article can be found online at https://doi.org/10.1016/j.dsr.2021.103641. 
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